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Abstract 
A numerical model application was developed for the coastal area inland of the Ten Thousand Islands (TTI) in southwestern 

Florida using the Flow and Transport in a Linked Overland/Aquifer Density-Dependent System (FTLOADDS) model. This 
model couples a two-dimensional dynamic surface-water model with a three-dimensional groundwater model, and has been 
applied to several locations in southern Florida. The model application solves equations for salt transport in groundwater and 
surface water, and also simulates surface-water temperature using a newly enhanced heat transport algorithm. One of the pur-
poses of the TTI application is to simulate hydrologic factors that relate to habitat suitability for the West Indian Manatee. Both 
salinity and temperature have been shown to be important factors for manatee survival. The inland area of the TTI domain is the 
location of the Picayune Strand Restoration Project, which is designed to restore predevelopment hydrology through the filling 
and plugging of canals, construction of spreader channels, and the construction of levees and pump stations. The effects of these 
changes are simulated to determine their effects on manatee habitat.

The TTI application utilizes a large amount of input data for both surface-water and groundwater flow simulations. These 
data include topography, frictional resistance, atmospheric data including rainfall and air temperature, aquifer properties, and 
boundary conditions for tidal levels, inflows, groundwater heads, and salinities. Calibration was achieved by adjusting the 
parameters having the largest uncertainty: surface-water inflows, the surface-water transport dispersion coefficient, and evapo-
transpiration. A sensitivity analysis did not indicate that further parameter changes would yield an overall improvement in 
simulation results. The agreement between field data from GPS-tracked manatees and TTI application results demonstrates that 
the model can predict the salinity and temperature fluctuations which affect manatee behavior. Comparison of the existing condi-
tions simulation with the simulation incorporating restoration changes indicated that the restoration would increase the period of 
inundation for most of the coastal wetlands. Generally, surface-water salinity was lowered by restoration changes in most of the 
wetlands areas, especially during the early dry season. However, the opposite pattern was observed in the primary canal habitat 
for manatees, namely, the Port of the Islands. Salinities at this location tended to be moderately elevated during the dry season, 
and unchanged during the wet season. Water temperatures were in close agreement between the existing conditions and restora-
tion simulations, although minimum temperatures at the Port of the Islands were slightly higher in the restoration simulation as a 
result of the additional surface-water ponding and warming that occurs in adjacent wetlands.

The TTI application output was used to generate salinity and temperature time series for comparison to manatee field track-
ing data and an individually-based manatee-behavior model. Overlaying field data with salinity and temperature results from the 
TTI application reflects the effect of warm water availability and the periodic need for low-salinity drinking water on manatee 
movements. The manatee-behavior model uses the TTI application data at specific model nodes along the main manatee travel 
corridors to determine manatee migration patterns. The differences between the existing conditions and restoration scenarios can 
then be compared for manatee refugia. The TTI application can be used to test a variety of hydrologic conditions and their effect 
on important criteria.

Development, Testing, and Application of a Coupled 
Hydrodynamic Surface-Water/Groundwater Model 
(FTLOADDS) with Heat and Salinity Transport in the Ten 
Thousand Islands/Picayune Strand Restoration Project 
Area, Florida

By Eric D. Swain and Jeremy D. Decker



2  Development, Testing, and Application of a Coupled Hydrodynamic Surface-Water/Groundwater Model (FTLOADDS) 

1–Introduction
 The Picayune Strand Hydrologic Restoration Project (PSRP) is part of a much larger effort known to as the Compre-
hensive Everglades Restoration Plan (CERP), which provides a framework and guide to restore, protect, and preserve the water 
resources in central and southern Florida. CERP projects cover 16 counties and affect an area over 46,600 km2, with the overall 
goal of capturing unused freshwater flow and redirecting it to areas in need. The majority of the water will be used for environ-
mental restoration, and any remaining water will be used to benefit agriculture and urban supply.

The purpose of the PSRP is to restore the natural hydrology of a 220 km2 rural area in western Collier County in southwestern 
Florida. This area was overdrained during the 1960s as part of a failed housing development (Southern Golden Gate Estates), 
and still retains the associated canals, structures and roadways. The proposed restoration process involves the removal or modi-
fication of these features with the goal of restoring the predevelopment hydrology and improving downstream coastal areas by 
reducing freshwater drainage and elevating groundwater levels. The effects of the restoration are difficult to predict, due to the 
complicating factors of groundwater/surface-water interactions, flat hydraulic gradients and topography, salinity exchange at the 
coast, and the complex coastal geometry. A numerical model that properly simulates these factors is needed to determine how 
PSRP water redistribution affects the frequency and duration of inundation (hydroperiod), salinity, and coastal discharge.

The Ten Thousand Islands (TTI) are a chain of islands and mangrove islets off the coast of southwestern Florida, just 
offshore from the PSRP area (fig. 1), and are an important coastal ecosystem. The Faka Union Canal is the major hydraulic con-
nection between the PSRP and TTI areas (fig. 1). The Port of the Islands is a resort and marina on the Faka Union Canal and an 
important habitat for manatees and other aquatic life. Numerous field studies incorporating aerial surveys and satellite telemetry 
have been implemented to track manatee migration and determine the factors that affect their behavior (Langtimm and others, 
2006). Transmitters attached to the manatees allow them to act as mobile temperature and salinity probes (Stith and others, 2007). 
The Port of the Islands basin is used as a passive thermal refuge by manatees during periods of cold weather. Consequently, any 
changes to the hydrologic system must be considered in relation to their effects on these refugia if adverse changes to manatee 
habitat are to be avoided. 

An individually based manatee-behavior model is being developed that uses environmental data, including salinity and 
temperature, on a network structure using a Markov-Chain approach to predict manatee movement (Stith and others, 2006). For 
a hydrologic model to supply information to the manatee-behavior model, the ability to simulate heat and salinity transport in 
the PSRP and TTI areas is essential (Swain and Stith, 2006). In 2005, the U.S. Geological Survey (USGS) initiated a study to 
develop a coupled surface-water and groundwater model that incorporates salt transport and surface-water heat transport. The 
effort is conducted as part of the USGS Priority Ecosystems Science (PES) Initiative, with the purpose of understanding and 
predicting the results of the proposed PSRP changes. Model results will help quantify the effects to the ecosystem of the PSRP 
and supply input for the individual-based manatee-behavior model. Consequently, the model is an essential tool for providing 
reliable scientific information for the management of the water and biological resources of southern Florida.

1.1–Purpose and Scope

The purpose of this report is to describe the development, testing, and application of a flow and transport simulation model 
for the TTI area in support of ongoing Everglades restoration projects. The simulation code is summarized, including a descrip-
tion of the code structure and input requirements. The characteristics of the study area are presented, in addition to physical and 
hydrologic data used to develop a simulation of the period 1998–2005, and the calibration and sensitivity analysis. Measured 
and simulated values of two ecologically important parameters (salinity and temperature) are presented for current conditions 
and compared with corresponding values from simulations of proposed restoration changes.

1.2–Description of Study Area and Water-Management History

The TTI area is located within western Collier County and includes the TTI model domain (fig. 1). This application domain 
includes the Southern Golden Gate Estates (SGGE) area, South Belle Meade, Rookery Bay National Estuarine Research Reserve, 
Collier Seminole State Park, Ten Thousand Islands National Wildlife Refuge, and Fakahatchee Strand Preserve State Park. The 
SGGE area is of particular interest and encompasses about 243 km2, bordered by I–75 to the north and U.S. Highway 41 to the south. 

During the early 1960s, the Gulf American Corporation initiated work on the SGGE development, eventually dredging 
about 77 km of canals and constructing 467 km of shell-rock roads. Construction of the canal system began in 1968, and the 
main canal (Faka Union Canal) and the western feeder canal (Miller Canal) were completed by 1970. The two eastern feeder 
canals (Merritt Canal and Prairie Canal) were excavated in 1970–71, and the expansion of Prairie Canal was finished in 1973. 
Seven weir control structures were constructed to limit drainage from the area (fig. 1); however, annual surface-water runoff is 
typically more than double preconstruction amounts (Swayze and McPherson, 1977). 
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Figure 1. Ten Thousand Islands model domain, Picayune Strand Restoration Project area, and water-management features.
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Canal construction efforts for the SGGE development predate State and Federal laws concerning drainage standards or the 
regulation of wetlands, and led to the over-drainage of adjacent lands, including the Fakahatchee Strand Preserve State Park 
(U.S. Army Corps of Engineers, 2004). Groundwater levels were lowered as much as 1.2 m near Prairie Canal and the low-water 
level was reduced by 0.6 m in the center of Fakahatchee Strand. Before channelization, groundwater gradients in the study area 
were oriented to the southwest toward Okaloacoochee Slough. These gradients shifted westward following canal construction, 
indicating that channelization affected groundwater movement in the area (Swayze and McPherson, 1977). Channelization also 
decreased inundation areas and periods within the study area (Klein, 1980). Examination of pollen and spore content in core 
samples from Fakahatchee Strand Preserve State Park indicate a gradual shift from a wet to relatively dry pollen and spore 
assemblage in the area during the past hundred years. This drying began after the construction of the first canals in the area in 
1928, and accelerated after logging burrows and tramways were built during the late 1940s and early 1950s. Completion of the 
SGGE canal system in 1973 further affected the drying process. This drying trend can be explained by comparing the timing of 
these construction efforts with observed changes in the gathered pollen samples (Donders and others, 2005).

1.3–Proposed Restoration Efforts

The changes implemented within the TTI application for the restoration scenario are intended to represent the recommended 
plan for the restoration of Picayune Strand as described by the U.S. Army Corps of Engineers (2004). This project is a part of 
the Comprehensive Everglades Restoration Plan (CERP) and proposes hydrologic changes to produce the following benefits: 
the restoration of historic wetland ecosystems, improved sheetflow and overland flow toward coastal areas, reduced surge flows 
through existing canals, improved aquifer recharge and reduced surface drainage, improved habitat for fish and wildlife, and a 
reduction in exotic species. Within the documentation, the final plan is referred to as Alternative 3D, shown in figure 2. This plan 
involves installing 83 canal plugs to the four canal reaches to restrict canal flow, three pump stations to supply spreader chan-
nels connected to Miller, Faka Union, and Merritt Canals, creating levees for lands adjacent to the Port of the Islands and two 
other residential areas, and removing roads in the SGGE area. The South Florida Water Management District (SFWMD) plans 
to maintain existing inflow quantities and patterns into Miller, Faka Union, and Merritt Canals at I–75 along the northern model 
boundary (fig. 1).

Figure 2. Major features of management or restoration Alternative 3D proposed for the Picayune Strand 
Restoration Project (PSRP). Modified from U.S. Army Corps of Engineers (2004).
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2–Model Code Enhancements
Several model code enhancements were necessary to meet the objectives of the study. These enhancements included inte-

grating surface-water and groundwater flow and transport models, incorporating heat transport into the surface-water model, and 
representing surface-water flow over hydraulic barriers.

2.1–Integration of Surface-Water and Groundwater Flow and Transport Models

The numerical model applied to the TTI area is referred to as Flow and Transport in a Linked Overland/Aquifer Density-
Dependent System (FTLOADDS). Two preexisting models were combined to form FTLOADDS: the two-dimensional hydrody-
namic surface-water model SWIFT2D (Schaffranek, 2004), and the three-dimensional groundwater model SEAWAT (Guo and 
Langevin, 2002). Both models can simulate variable-density salinity transport, and the coupling involves representing leakage 
and salt flux between surface water and groundwater. SWIFT2D computes vertically integrated two-dimensional forms of the 
equations of surface-water mass and momentum conservation, and transport equations for salt, heat, and other constituents. The 
equations for mass and momentum conservation in two dimensions are as follows (Leenderste, 1987):
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where: 
 C  is the Chezy resistance coefficient,
 f  is the Coriolis parameter,
 g  is acceleration due to gravity, 
 H  is temporal depth (h + ζ),
 h  is the distance from a horizontal reference plane to the channel bottom,
 k  is the horizontal exchange coefficient,
 U  is the vertically averaged velocity component in the x direction,
 V  is the vertically averaged velocity component in the y direction,
 W  is wind speed,
 ζ  is water-surface elevation relative to horizontal reference plane,
	 θ  is the wind stress coefficient,
	 ρ  is water density,
	 ρa  is air density, and
 ψ  is the angle between wind direction and the positive y direction.

In these equations, x and y are Cartesian coordinates in the horizontal plane, and t represents time. Equation 1 expresses mass 
conservation, and equations 2 and 3 express momentum conservation in the x- and y-coordinate directions.
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The equation for constituent transport and conservation in two-dimensions is as follows (Leenderste, 1987):
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where Dx and Dy are the diffusion coefficients of dissolved substances, P is the vector of vertically averaged dissolved constituent 
concentrations, and S is the source of fluid with dissolved substances.

The code was modified for application to coastal wetlands, such as the Everglades, to allow the input of spatially variable 
rainfall, computation of evapotranspiration, variation of frictional resistance with depth, and other necessary features (Swain and 
others, 2004, Swain, 2005). SEAWAT combines the three-dimensional groundwater flow model MODFLOW with the solute-
transport code MT3DMS to incorporate the effect of salt transport. The three-dimensional variable-density groundwater flow 
equation is as follows (Guo and Langevin, 2002):
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where: 
 ∇  is three-dimensional divergence; ∂/∂x + ∂/∂y + ∂/∂z ,
 µ  is dynamic viscosity,
 µ0  is the dynamic viscosity of freshwater,
 K0  is the hydraulic conductivity tensor, 
 h0 is hydraulic head [L] measured in terms of equivalent freshwater,
 Ss,0  is specific storage [L-1], 
	 θ	 is porosity,
 Cs  is salt concentration [ML-3], and 
 q´s  is a source or sink [T-1] of fluid with density ρs. 

The solute transport equation is as follows (Guo and Langevin, 2002):
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where: 
 ρb  is the bulk density (mass of the solids divided by the total volume), 
 Kd  is the distribution coefficient, 
 Ck  is the concentration of species k,
 D  is the hydrodynamic dispersion coefficient tensor, 
 q  is specific discharge [LT-1], 
 Cs

k  is the source or sink concentration of species k, and 
 Rn  is a reaction term.

The version of SEAWAT used in FTLOADDS does not incorporate heat transport and temperature simulations for groundwater, 
although a newer version of SEAWAT does have this capability (Thorne and others, 2006; Langevin and others, 2008) and could 
be incorporated at a later date. Combining SWIFT2D and SEAWAT to account for leakage and salt flux between surface water 
and groundwater is accomplished by programming FTLOADDS to call both models, calculate leakage and mass exchange, and 
pass the necessary information between them.

The TTI application uses the FTLOADDS formulation with modifications for wetland applications as described in Swain 
(2005) and Wang and others (2007). In addition to the features described in these studies, some additional code modifications were 
made for the TTI application, namely, incorporating heat transport for surface-water temperature simulations and representing flow 
over hydraulic barriers such as weirs and levees.
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2.2–Incorporation of Heat Transport into the Surface-Water Model

To simulate ecologically important parameters in the TTI area, FTLOADDS must be able to compute temperature and heat 
transport in the surface-water system. The original version of SWIFT2D , called SIMSYS2D (Leenderste, 1987), had a limited 
ability to calculate radiation, conduction, and aerodynamic convection heat-flux terms; little associated literature; and lacked 
references and/or derivations for the equations and constants implemented. The reformulated version used in the current study 
allows the use of clearly defined parameters that can be derived from field measurements.

As part of the current study, modifications to the heat-transport formulation in SWIFT2D were tested in the Tides and 
Inflows in the Mangroves of the Everglades (TIME) simulation area (Wang and others, 2007) in Everglades National Park. In the 
test, latent heat flux was computed from precalculated potential evapotranspiration and was found to have insufficient accuracy 
(Swain and Decker, 2007). In contrast, a Dalton formulation that relies on wind speed, humidity, and temperature was used for 
computing both latent and sensible heat flux (Brutsaert 1982):

 
H

LCU e e
PLH

a w a=
−( )ρ β

, (7)

 H CUc T TSH p a w a= − ( ) , (8)

where 
 HLH is latent heat flux, 
 HSH is sensible heat flux, 
 L is latent heat of vaporization,
  C is the mass-transfer coefficient determined from field data,
  U is wind velocity,  
  ew is saturation vapor pressure,
  ea is ambient vapor pressure,
  P is atmospheric pressure,
  β is the ratio of the molecular weight of water to dry air,
  cp is the constant pressure specific heat of air,
  Tw is water temperature, and
  Ta is air temperature.

As an alternative approach, equation 7 was replaced with the following to implement a Penman formulation for latent heat 
computations:

 
H

H H c r e e
r rLH

ASR R a p a s a

s a

=
−( ) + −

+ +( )
∆

∆
( / )( )

/
ρ

γ 1 , (9)

where 
 HASR  is absorbed solar radiation,
 HR   is long-wave radiation exchange flux,
 ∆   is the slope of the saturation vapor-pressure curve = (ew-es)/(Tw-Ta),
 γ  is the psychometric constant = cpP/βL,
 rs   is bulk stomatal resistance, and
 ra   is the aerodynamic resistance term. 

Equation 8 is still used for computing sensible heat when the Penman method is used.
In this study, the Dalton formulation (incorporating equations 7 and 8) was compared to the Penman formulation (incorporating 

equations 8 and 9). The Dalton and Penman formulations produced similar daily-average temperatures with slightly different 
daily fluctuations (Decker and Swain, 2008). The Penman equation is considered more physically based and, for that reason, is 
used in the TTI application.
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Radiation and sensible heat-flux terms were computed using solar radiation, net radiation, wind, humidity, and temperature 
data collected at field sites. The field data in the TIME domain were used in the TTI application to compute albedo, the sensible-
heat mass-transfer coefficient, and water and air emissivity coefficients. To compute latent heat using the Penman method, the 
aerodynamic resistance term was computed using the formulation in Wang and others (2007, p. 6) and the bulk stomatal resis-
tance was calibrated in the TIME simulation. The model formulation was also modified to account for the additional heat capac-
ity of the soil underlying the wetland flow. The simulated surface-water temperatures in the TIME domain closely matches daily 
average temperatures measured inland and at the coast, indicating the utility of the formulation and coefficient development 
(Decker and Swain, 2008).

2.3–Representing Surface-Water Flow over Hydraulic Barriers

SWIFT2D originally required four separate subroutines to represent flow over hydraulic structures. The formulation defined 
boundary conditions on model grid rows or columns that are defined by the structure flow equations (Schaffranek, 2004). 
Locations at which hydraulic structures are defined must be specified as boundaries, and the flows computed by the structure 
equations used as boundary conditions. For the current study, it was decided to replace this approach with a simpler one that 
computes an effective Chézy coefficient for the model-cell face that represents the same resistance as the hydraulic structure. 
Because the structure flow equation and the Chézy formula do not have the same proportionality between discharge and water 
levels, the effective Chézy coefficient is a function of the water level and hydraulic gradient. The weir equation for the situation 
shown in figure 3 can be stated as follows:

 Q C h h h hw up w up= − −( ) 1 ,  (10)

where 
 Q  is discharge, 
 Cw  is the weir coefficient (which can vary depending on flow conditions), 
 hup  is the headwater stage, 
 hw  is the elevation of the weir-crest, and 
 h1  is an elevation that depends on submergence as: h1 = hw if hdwn ≤ hw (free flow condition) where hdwn is the 

tailwater stage. h1 = hdwn if hdwn > hw (submerged flow condition).

Figure 3. Surface-water flow over a weir.
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The Chézy equation for a cell face can be stated by the equation:

 
Q C w h z

h h
lz up

up dwn= −( ) −1 5.

, (11)

where
 Cz  is the Chézy friction coefficient, 
 z  is the land elevation, 
 l  is the length between headwater and tailwater stages, and 
 w  is the flow width.
 

The SWIFT2D model grid consists of square cells, meaning l = w; therefore, equations 10 and 11 can be combined to yield 
the following equation:

 
C

C
w

h h

h z

h h
h hz

w up w

up

up

up dwn

=
−( )
−( )

−
−1 5

1
.

.  (12)

Substituting in the definitions of h1, the following are obtained:

 

C
C

w h h

h h
h zz

wf

up dwn

up w

up

=
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−
−











1 5.

 if hdwn ≤ hw, and  (13)

 
C

C
w

h h

h z
z

ws up w

up

=
−( )
−( )1 5.

 if hdwn > hw, (14)

where Cwf and Cws are values of Cw that differ for the two flow conditions, namely, free flow and submerged flow. These coefficients 
have the dimensions of length1.5/time, and are related to two dimensionless flow coefficients Cdf (for free flow) Cds (for submerged 
flow) by the following two equations:

 C C w gwf df= 2 , (15)

 C C w gws ds= 2 , (16)

where g is gravitational acceleration. Cdf, Cds, w, and g are constants, and therefore, have been combined in Cwf and Cws. Because 
flow can occur in either direction over the weir, hup and hdwn are the higher and lower stages, respectively, regardless of location.

Equations 13 and 14 are used in SWIFT2D to set the Chézy friction coefficient for the cell faces where weirs are defined. 
This representation can be applied at other types of surface-water barriers such as levees and roads; in this case, the flow coef-
ficients must be chosen to represent the effective resistance of the barrier. For levees and roads that are rarely overtopped, the 
accuracy of the coefficients is less crucial.
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3–Model Input Development
A large variety of data input is needed for FTLOADDS, given the information needed for the formulation and the inclusion of 

both surface-water and groundwater regimes. The 8-year simulation period used in this study is from 1998 through 2005. Model 
data input includes topography and bathymetry, frictional resistance, hydraulic structure coefficients, parameters controlling 
heat fluxes between the atmosphere and land (including evapotranspiration), wind speeds and directions, boundary levels, flows, 
salinities, aquifer depths, and hydraulic conductivities. Less data are available in the TTI domain than in the TIME domain in 
Everglades National Park (Wang and others, 2007), which has been studied extensively.

3.1–Surface-Water Model

The surface-water simulation was executed with a 2-minute timestep and a uniform finite-difference grid with 500-m spacing. 
The maximum model dimensions are 94 cells east-to-west and 85 cells north-to-south. Two constituents were simulated, salt and 
heat, and the parameter that defines the minimum depth at which a cell is considered wet was set to 0.1 m above land surface. 
Stage was assigned a spatially uniform value of 0.01 m NAVD 88.

3.1.1–Topography

Topographic data for the TTI application included land-surface elevations and oceanic bathymetry. Data used to assign land 
surface elevations were compiled from the State of Florida Land Boundary Information System (LABINS) (Florida Department 
of Environmental Protection, 2008). Digital elevation models (DEMs) provided from LABINS have a resolution of 30 m and 
were downloaded based on the Florida Department of Environmental Protection quadrangles. These models were then resam- 
pled using ArcMAP software (ESRI, 2008) for 50-m grid cells. Combined land elevation and bathymetry data were obtained 
from the National Oceanic and Atmospheric Administration (NOAA) National Geophysical Data Center. As with the DEM 
data, the bathymetry data were resampled at a grid-cell spacing of 50 m. The DEM data from LABINS were used for inland cell 
elevations with coastal and offshore elevations specified from NOAA bathymetry data. The decision to use DEM or bathymetry 
values for cells along the coast was made based on elevation values, average tidal values, and geographic location. The 50-m 
DEM/bathymetry values were then averaged into larger 500-m cells and used for the model simulations.

Major canals in the model area range from 12 to 60 m in width, which is substantially smaller than the model grid size. It 
was decided to represent the canals by changing the properties of the corresponding grid cells―a method commonly used to 
represent smaller scale features in a numerical model without reducing the grid size (Neelz and Pender, 2007; Wang and others, 
2007). To provide a model cell volume equivalent to the canal and the land within the cell, the canal bottom elevation and the 
adjacent land elevation are weighted by the ratio of the canal width and the cell width. Figure 4 shows the land-surface eleva-
tions in each model grid cell for the TTI domain.

The topographic grid for the PSRP scenario represents the plugging of the canals shown in figure 2. Multiple canal plugs 
within a single model cell are represented as the removal of the canal, because the plugs are designed to fill the canal to land 
surface. This representation is necessary to remove the storage of the canal reach. Figure 5 shows the land-surface elevations 
in each model grid cell for the TTI application PSRP scenario. The most noticeable change is to the areas where short spreader 
channels have been added (fig. 2).

3.1.2–Frictional Resistance

The process of determining the frictional resistance of model cells began with assigning onshore/offshore/coastal cell types. 
Cells determined to be offshore based on cell topography and mean tidal water levels were assigned Manning’s n values based 
on a standard open-water value of 0.02 s/m1/3 (French, 1985, p. 130). Coastal cells were those only partially inundated at mean 
tidal levels, and were assigned weighted values of Manning’s n proportional to the fraction of each cell offshore and in the 
coastal wetlands. The values used for this weighting were again 0.02 s/m1/3 for offshore portions and a nominal wetland value of 
0.4 s/m1/3 (Schaffranek and others, 1999). 

 The overland frictional resistance for onshore model cells was derived from several sources. First, existing land-use 
maps and aerial photography were used to determine vegetation types present within model cells. The primary source for 
this information was the Existing Condition Land Use Map (U.S. Army Corps of Engineers, 2004), which was derived from 
SFWMD 2000 land-use Geographic Information System (GIS) coverage. Within this map, the hundreds of land-use categories 
originally used by SFWMD were reduced into 21 different vegetation types. Further simplifications were made in assigning 
model cells a vegetation type based on this coverage to obtain seven primary vegetation/land-use types within the model area. 
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Figure 4. Land-surface elevation in the Ten Thousand Islands area. Control structure FU1 location is shown for 
reference.
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Figure 5. Land-surface elevations in Ten Thousand Islands model area model with the Picayune Strand Restoration 
Project represented. Surface-water barriers are shown in white. Control structure FU1 location is shown for reference.
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Manning’s n values, which ranged from 0.25 to 0.45 s/m1/3, were assigned to each vegetation type based on research conducted 
within Everglades National Park (Lee and Carter, 1999), the Project Implementation Report (U.S. Army Corps of Engineers, 
2004), and standard published values (French, 1985).

The frictional resistance of the canal banks is also represented by a cell-face Manning’s n value. Because the flow depths 
along the canal bank tend to be very low, especially when a berm exists, the effective frictional resistance at the overland/canal 
interface tends to be higher than in other cells. The South Florida Water Management Model (SFWMM) represents regional 
overland and canal flow on a larger scale grid. The interaction of the overland flow and the canals is represented by a resistance 
term of the form (South Florida Water Management District, 2005):

 n adb= , (17)

where n is Manning’s friction, d is the water depth, and a and b are constants. For the connection of overland flow and canals, 
the values in the SFWMM varied from a = 0.5 to 2.0, and b = -0.77 to 0 (South Florida Water Management District, 2005). An n 
value of 2.0 s/m1/3 was used for the canal banks in the TTI application and seems consistent with those used in the SFWMM.

In addition to using vegetation maps, small-scale topographical features were represented by manipulating the frictional 
resistance across overland model cell faces. Major canals and waterways were mapped within model cells, and the Manning’s n 
value of the cell faces are calculated as the average of the canal and adjacent wetland resistances weighted by the ratio of the 
canal width to the remainder of the cell face. The preceding methods were used to obtain the Manning’s n frictional resistance 
map shown in figure 6. The color defining the frictional resistance of a given cell face is centered on the model cell face as 
shown in the figure inset. The anisotropic effects of incorporating the canals are evidenced by the low resistance along the canals 
and the high resistance along the canal banks (fig. 6). As part of the sensitivity analysis presented later, the Manning’s n values 
are adjusted to examine their effect on model results.

3.1.3–Representation of Weirs and Levees

The stage and flow data collected at FU1 were used to estimate values of Cwf and Cws for the four weirs in the model area 
(fig. 1). Using the 1998–2005 period of record for water levels and flows at FU1 and equation 10, mean values of Cwf = 
104.3 m1.5/s and Cws = 202.6 m1.5/s were calculated. At FU1, w = 57 m, which yields corresponding dimensionless flow coef-
ficients, Cdf = 0.413 and Cds = 0.802. These values are similar to values developed by SFWMD for weirs of this design: 0.36 
and 0.90 for Cdf and Cds, respectively (Otero, 1994). The calculated values for Cwf and Cws are used in the model for the weir at 
FU1. The coefficients Cwf and Cws for the other weirs in the model area were calculated by multiplying the computed Cdf and Cds 
values by w g2 at each structure, yielding the following values:

Weir name Width w
(m)

Cwf, 
using Cdf = 0.413

(m1.5/s)

Cws, 
using Cds = 0.802

(m1.5/s)

FU1 57 104.3 202.6
Miller-1 15 27.45 53.32
FU2 22 40.26 78.20
Merrit-1 6.5 11.89 23.10

For the PSRP scenario shown in figure 2, hydraulic barriers are used to represent the proposed levees, as well as canal plugs 
separated by a distance greater than one cell width. The canal plugs are specified to be at land surface, and the elevations of the 
levees are specified from data in U.S. Army Corps of Engineers (2004). The flow coefficient for levee overtopping is estimated 
by using equation 10 for the case when submerged with a Chezy value equivalent to the average Manning’s n of 0.4 s/m1/3 and 
using a nominal depth of water of 0.6 m; yielding a Cws value of 22.4 m1.5/s.

3.1.4–Heat Transport Parameters and Atmospheric Data

The Dalton formula was applied initially using equations 7 and 8, which use the same mass-transfer coefficient C for sen-
sible heat and latent heat. Mean simulated temperature is inversely proportional to the mass-transfer coefficient, and calibrating 
the coefficient to match mean temperatures is straightforward. When the Penman equation is used to compute latent heat using 
equation 9, the Dalton equation 7 is still used for sensible heat computations and incorporates the same mass transfer coefficient 
as when both equations 7 and 8 are used.
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Figure 6. Frictional resistance in the Ten Thousand Islands model area. Control structure FU1 location is shown 
for reference.
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Based on parameters developed for the TIME model area (Decker and Swain, 2008), albedo is set to 0.169, water emissiv-
ity to 0.95, and for the Penman formula, the aerodynamic resistance is set to 160 divided by wind speed (in meters per second) 
and the bulk stomatal resistance to 150 s/m. Time varying input includes wind-speed, solar radiation, relative humidity, and air 
temperature; all of these data were taken from the Florida Automated Weather Network (FAWN) site in Immokalee, 38.6 km 
north of the TTI domain (fig. 7). The temperature of the surface-water inflows to the model area were estimated due to a lack of 
data. Water temperature can be represented by lagged air temperature (Shoemaker and others 2005), and was estimated as the 
average air temperature for the preceding 24 hours. This average was also used for the temperature of groundwater to surface-
water leakage, even though groundwater temperature should not be as closely related to air temperature as is surface-water 
temperature. As part of the sensitivity analysis, the mass-transfer coefficient and the bulk stomatal resistance values were varied.

Rainfall data collected at the FAWN site at 15-minute intervals were applied to the TTI area averaged over 6-hour intervals. 
Insufficient data exist to define a spatial distribution of rainfall, and values were applied uniformly to the model domain. The 
temperature of incoming rain Train was estimated by the Magnus-Tetens formula (Barenbrug, 1974):
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where Tair is air temperature in degrees Celsius and RH is relative humidity.

3.1.5–Boundary Conditions
Oceanic water-level boundaries were used for the western and southern boundaries of the model domain. Data for these 

boundaries were obtained from the NOAA tidal stations shown in figure 7 and were obtained through the NOAA Tides and Cur-
rents portal, which provides access to its historical oceanographic and meteorological data (National Oceanic and Atmospheric 
Administration, 2008). Tidal water-level data were collected from January 1, 1998, to December 31, 2005. The tidal values were 
varied as part of the sensitivity analysis.

The inland surface-water boundaries are specified as no-flow conditions with the exception of the inflows to Miller, Merritt 
and Faka Union Canals at I–75 along the northern model domain boundary. Because discharge is continuously measured only at 
weir FU1 (fig. 1), the sum of the flows along the northern canal boundaries was initially assumed to be equal to flow at FU1. The 
land surface in the cells between the northern boundaries of the Merritt, Faka Union, and Miller Canals was lowered, and the 
discharge rate at FU1 was distributed across the lowered cells. Adjusting this flow to achieve better simulated flows at FU1 was 
part of the calibration process and was tested as part of the sensitivity analysis discussed later.

3.2–Groundwater Model

The shallow surficial aquifer system in the TTI domain is composed of shelly limestone and shelly, marly sand (Klein, 1980). 
The top of the surficial aquifer system is coincident with land surface, which varies in elevation from zero to about 5 ft above 
NAVD 88 (fig. 4). The bottom of the surficial aquifer system meets a confining layer above the Floridan aquifer system at an 
elevation of about -15 m NAVD 88 (U.S. Army Corps of Engineers, 2004). Therefore, the thickness of the surficial aquifer 
system is about 15 to 20 m onshore, and decreases to about 4 m offshore.

The horizontal configuration of the groundwater model grid matches the surface-water model uniform finite-difference grid 
with 500-m spacing. A daily stress-period length is specified as the time between successive solutions of equation 5. The TTI 
application represents groundwater flow down to the confining layer and leakage to surface-water features (wetlands, canals, 
streams, and the Gulf of Mexico). The bottom of the lowest model layer is a no-flow boundary, as are all of the lateral offshore 
boundaries. The inland groundwater boundaries are defined head boundaries using values spatially interpolated from the stations 
shown in figure 7. Rainfall recharge is accounted for in the surface-water model and can be transferred to groundwater through 
leakage. Evapotranspiration is also computed in the surface-water model and is removed directly from the water table when 
surface water is absent.
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Figure 7. Location of Florida Automated Weather Network (FAWN) weather station, National Oceanic and 
Atmospheric Administration (NOAA) tidal stations, stations used to define groundwater boundaries, and stations 
for groundwater comparison in the Ten Thousand Islands domain. Control structure FU1 location is shown for 
reference.
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To delineate vertical salinity variation in the aquifer, the groundwater model was divided into three layers of equal thick-
ness. The thickness of each layer varies from 1.3 to 6.7 m, according to the total depth of the aquifer. Horizontal conductivity, 
vertical conductivity, and transmissivity were assigned vertically uniform values, because insufficient information exists to 
define vertical variation in these properties. The specific yield of the upper layer was assigned a value of 0.1 and the confined 
storativity of the lower layers was assigned a value of 0.00001. The cells in the uppermost layer can range between confined and 
unconfined conditions depending on the elevation of the simulated groundwater level relative to the elevation at the top of the 
cell. For unconfined conditions in which the groundwater level is lower than the top of the model cell, the saturated thickness 
of individual cells in the upper layer (head minus cell bottom elevation) is used to calculate transmissivity and storativity; for 
confined conditions in which the groundwater level is higher than or equal to the top of the model cell, the cell thickness is used. 
The lower two layers are always treated as confined, and their transmissivity and storativity values are specified directly in the 
relevant model input files.

Groundwater conductivity and transmissivity values were assigned for the TTI domain based on information compiled from 
Klein (1980) and the U.S. Army Corps of Engineers (2004). The horizontal hydraulic conductivity map by the U.S. Army Corps 
of Engineers (2004) shows a conductivity range within the TTI domain of 0.0035 to 0.132 ft/s (92–3,476 m/d). Previous inves-
tigations lack information for the TTI area, but provide transmissivity ranges for nearby areas (Klein, 1980) that can be used to 
estimate TTI values and confirm those used by the U.S, Army Corps of Engineers (2004). The ranges provided in these investi-
gations yield an overall transmissivity range of 8,000 to 134,000 ft2/d (2,438- 40,843 m2/d). This overall range corresponds to a 
horizontal hydraulic conductivity range of about 120 to 2,700 m/d, given the previously mentioned 15- to 20-m thickness range 
for the aquifer in the onshore region. Based on these data, the conductivity within the individual layers of the model was set to a 
constant value of 1,500 m/d, which yields a transmissivity range of about 2,000 to 10,000 m2/d for the individual model layers. 
A map of the resulting aquifer transmissivity values is shown in figure 8. Vertical conductivity in the aquifer was set to 150 m/d, 
reflecting a vertical to horizontal anisotropy ratio of 1:10.

Leakage between the groundwater and surface water is computed in FTLOADDS by the following equation:
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where 
 qleak  is leakage per unit area, 
 ∆z1  is the distance that leakage occurs over, 
 hsw  is the surface-water equivalent freshwater head, 
 h1  is the groundwater top-layer equivalent freshwater head, 
 ρ1  is the density of the groundwater in the top layer, and 
	 ρf  is freshwater density, and 
 Kmean  is the mean hydraulic conductivity that leakage occurs over, given by:
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where ∆ztl is the thickness of a thin surficial layer, Ktl is the hydraulic conductivity of the thin surficial layer, and K1 is the 
hydraulic conductivity of the upper aquifer layer. 

Insufficient information exists to define a spatial distribution for the parameters in equations 20 and 21, and therefore, 
spatially uniform values were assigned for ∆ztl, Ktl, and K1. The formulation in FTLOADDS uses values for conductivity and 
thickness for a leakage layer that is assumed over the top layer. Wetlands typically have a less permeable organic litter layer 
that impedes leakage (Harvey and others, 2000). Due to numerous gaps in this litter layer, a vertical hydraulic conductivity of 
350 m/d and a thickness of 0.5 m were used for the TTI application. The hydraulic conductivity value is higher than what is 
typically used for organic peats, and was borrowed from the TIME application for Everglades National Park (Wang and others, 
2007). The sensitivity of model results to the leakage value was tested and is presented later. 

Groundwater head was assigned an initial elevation of 1.0 m NAVD 88 across the model domain, and represents the 
approximate average head value between the southern part of the model domain (sea level) and the northern model boundary 
(over 2 m NAVD 88). Initial conditions dissipate within the first few months as a result of boundary and leakage flows. Although 
salinity concentration is initially assigned a value of zero across the model domain, the final calibration uses a multiple iterative 
run method (described later) to calculate initial salinities.
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Figure 8. Groundwater transmissivity values applied to the Ten Thousand Islands model area. Control structure 
FU1 location is shown for reference.
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3.3–Restoration Changes

To represent the PSRP scenario in the model, the canal topography was modified as shown in figure 5, and barriers repre-
senting canal plugs and levees were added. All other parameters, including surface-water inflows, remained unchanged. It was 
assumed that the PSRP-implemented changes do not appreciably affect hydrology external to the model domain.

3.3.1–Canal Plugs

Alternative 3D specifies the placement of 83 canal plugs within the Merritt, Miller, Faka Union, and Prairie Canals (fig. 2). 
As noted earlier, cell topography for the region was altered to represent these canals. The plugs were positioned based on the 
plan and location map included in U.S. Army Corps of Engineers (2004, app. C). In cases where multiple plugs were positioned 
within one model cell or several adjacent model cells, the cell topography was set to land-surface elevation. Where plugs are 
more widely spaced, they are represented by hydraulic barriers (broad-crested weirs). Barriers were assigned elevations equal to 
those of adjacent land cells. 

3.3.2–Pump Stations and Spreader Channels

The proposed restoration incorporates pumping stations on Miller, Merritt, and Faka Union Canals (fig. 2) to provide 
drainage and mitigate adverse backwater effects. Pump flow rates were determined by estimating the maximum output required 
to maintain current headwater levels, even during a flood event with a 100-year return period. Maximum computed pump flow 
rates were 35.4 m3/s for Miller Canal, 74.5 m3/s for Faka Union Canal, and 22.7 m3/s for Merritt Canal; only a fraction of each 
of these flows is required during normal operation. Downstream from these pump stations, spreader channels are proposed with 
the following lengths: 1,372 m (Miller Canal), 2,134 m (Faka Union Canal), and 427 m (Merritt Canal). Pump stations are to 
be operated so that existing headwater levels remain unchanged from current conditions; therefore, existing condition head and 
flow boundaries were used at the top of the model within each of the three major canals to simulate the restoration scenario. The 
flows travel down the remaining canals into spreader channels. These channels are represented by reducing the topography of 
the corresponding model cells. The land-surface elevation of these model cells is set to the area-weighted average of the channel 
bed elevation and the surrounding land surface. The locations for these channels were determined using the plan and location 
map in U.S. Army Corps of Engineers (2004, app. C). 

3.3.3–Levees

Alternative 3D includes the addition of three sets of proposed levees to protect private properties and developments (fig. 2), 
as described in U.S. Army Corps of Engineers (2004). The first set surrounds the Port of the Islands and two adjacent residen-
tial areas, and consists of three levees totaling about 6.7 km in length. The second set, referred to as the 6L levees, protects the 
agricultural areas in southern Belle Meade from the expected higher water levels and is about 19.6 km in length. The final set, 
referred to as the Private Lands levees, forms a ring around private properties in northeastern Belle Meade and is about 6.8 km 
in length. The proposed levee heights vary from 1.8 to 2.7 m depending on location, and are typically 4.6 m wide. For the res-
toration scenario, these levees were represented in the model application by adding cell-face barriers with heights equal to the 
proposed levee heights to impede flow in the same direction.

3.3.4–Road Removal and Culverts

The proposed restoration specifies the removal of about 365 of the 449 km of existing roads within the SGGE area (fig. 2; 
U.S. Army Corps of Engineers, 2004). The goal of this removal is to lower the affected topography to a level that no longer 
impedes surface-water sheetflow through the area. In addition, the construction of nine culverts is proposed to reduce flow 
resistance toward the coast. Some of these culverts would supplement existing bridges and culverts along U.S. 41, and others 
would help distribute water in the upper portions of the SGGE area and under remaining roads in the area. Given the coarse-
ness of the model grid (500 m × 500 m), the effects of smaller scale modifications such as the road removal and addition of 
culverts just described cannot be represented explicitly. Therefore, these changes were not incorporated into the restoration 
simulation. 
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4–Testing and Application of Coupled Model with Heat and Salinity Transport
The TTI application was run in two separate configurations for the 1998–2005 simulation period. The existing conditions 

simulation uses the field-derived data described in sections 3.1 and 3.2, and the restoration simulation uses the PSRP modifica-
tions described in section 3.3. Both simulations assumed identical discharge conditions where the canals connect to I–75 at the 
northern domain boundary, as well as identical tidal conditions at the coast. Climatic conditions and the spatially distributed 
parameters are also identical between simulations.

4.1–Existing Conditions Calibration and Results

Iterative least-squares best-fit procedures are used in many parameter-estimation methods (Poeter and others, 2005), espe-
cially to calibrate groundwater models. These methods are especially useful for cases involving a large number of parameters 
with a high degree of associated uncertainty. The need for the parameter-estimation method decreases as the amount of field 
information available for a given model area increases. When few parameters are uncertain, a calibration can be based on simple 
adjustment of one parameter at a time. The calibration of the TTI application was greatly simplified by the large amount of field 
data already available, as described earlier. This left relatively few variables with high uncertainty, primarily: (1) the defined 
flows at the I–75 northern canal boundaries, (2) the constituent dispersion coefficient, (3) the evapotranspiration parameters, and 
(4) groundwater conductivity. Although the effects of these variables are interrelated, the first three are surface-water parameters 
that primarily affect the flow, salinity transport, and heat transport computations, respectively. Therefore, inflows were calibrated 
first, followed by the dispersion coefficient and the evapotranspiration parameters, and groundwater hydraulic conductivity.

The extent of salinity intrusion in the shallow aquifer affects inland surface-water salinity because substantial water and 
salt exchange occurs between the aquifer and overlying canals, streams, and wetlands. Because the saltwater interface can take 
decades to reach equilibrium, multiple simulations of the same 8-year period were used to approximate a longer period. The 
8-year simulation was repeated 12 times, with the final simulated aquifer salinity distribution for each simulation used as the 
initial salinity distribution for the following simulation. Salinity is expressed in practical salinity units (PSU), which is the ratio 
of the electrical conductivity to the conductivity of a 1 mg/L salt solution. The resulting salinity distribution after these multiple 
runs was then used as the initial salinity distribution in the existing conditions and PSRP simulations (fig. 9) so that any long-
term change in aquifer salinity caused by restoration changes was not included.

4.1.1–Calibration Parameters

The initial run using the northern-boundary surface-water inflows described earlier overestimated the flow at FU1 because 
of additional overland flow, and possibly, groundwater leakage into the canal. Assuming that the frictional resistance of the chan-
nel banks is reasonable (as described in section 3.1.2), the error was corrected by altering the inflow at I–75 by the discrepancy 
in flows at FU1. The revised flows at I–75 shown in figure 10 were used in the calibrated simulations. The effects of varying the 
inflows are discussed later as part of the sensitivity analysis.

To obtain an accurate surface-water dispersion coefficient, the most easily measured and sensitive quantity was used for 
matching, namely, the extent of seawater intrusion along the coast. Salinity transport along the Faka Union Canal to the Port 
of the Islands was more sensitive to the dispersion coefficient than other areas along the coast. A dispersion coefficient value 
of 100 m2/s yielded salinity values that nearly coincided with measured values at this location. Reasonable salinities were also 
simulated at other coastal points using this value, and insufficient data were available to justify defining spatial variation in the 
dispersion coefficient.

Parameters for the heat transport external flux terms were developed for the TIME model area (Decker and Swain, 2008) 
and applied to the TTI application. These parameters (and assigned values) include the following: water-surface emissivity 
εw = 0.95; coefficients to compute atmospheric emissivity εa = 0.80 + 0.019 ea

0.5, where ea is atmospheric vapor pressure; in 
equation 8, the mass transfer coefficient C = 0.0020; albedo α = 0.169; and in the Penman formulation equation 9, the stomatal 
resistance term rs = 150. The average simulated temperatures in the TTI area tended to be too low with these parameters. The 
mass-transfer coefficient was considered to be the most viable parameter to adjust, because accepted values tended to be lower 
than those taken from the TIME application, which range from 0.0009 to 0.0018 (Brutsaert, 1982, p. 126). The accepted values 
are established for open-water sites, and the predominance of the canal systems in TTI-area hydrology makes it more likely that 
these may be more suitable than the values from the TIME application, especially because temperatures are mostly compared at 
open-water locations. A mass transfer coefficient value C = 0.0008, slightly lower than the standard range, was found to yield 
mean temperatures relatively close to measured temperatures. The stomatal resistance value and the mass-transfer coefficient 
were both varied in the sensitivity analysis.
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Figure 9. Initial groundwater salinity conditions in the Ten Thousand Islands model area. Control structure FU1 
location is shown for reference.
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4.1.2–Existing Conditions Simulation Results
The simulation of existing conditions using the parameters described in section 4.1.1 was evaluated to determine the accuracy 

and reliability of the model application. The flow patterns at structure FU1 were reproduced well, but the model generally under-
estimated peak flows (fig. 11). The measured flows have a coefficient of variation (standard deviation divided by mean) of 1.15, 
meaning that flow variability was quite high relative to flow magnitude. Table 1 shows the statistics comparing measured flows 
to simulated existing conditions and sensitivity runs at FU1. The difference between results from the existing conditions simula-
tion and the field-measured data is expressed in terms of root-mean-square error (RMSE) and percent explained variance (PEV). 

Figure 10. Comparison of simulated existing conditions flows at the I-75 northern canal boundaries and 
measured flows at structure FU1
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Table 1. Flow simulation statistics at structure FU1 for existing conditions and sensitivity runs

[Values in bold indicate improvement over existing conditions. RMSE, root mean square error; PEV, percent explained  
variance. Units: m, meter; m3/s, cubic meter per second; %, percent]

Sensitivity run Statistic Flow
Stage

Headwater Tailwater

Existing conditions
RMSE 8.39 m3/s 0.16 m 0.10 m
PEV 63.9 % 57.2 % 68.9 %

No northern inflows
RMSE 13.5 m3/s 0.20 m 0.13 m
PEV 23.1 % 31.1 % 52.8 %

Dispersion coefficient plus 50%
RMSE 8.40 m3/s 0.16 m 0.10 m
PEV 63.8 % 57.5 % 68.8 %

Dispersion coefficient minus 50%
RMSE 8.41 m3/s 0.16 m 0.10 m
PEV 63.8 % 57.3 % 69.2 %

Atmospheric mass transfer plus 50%
RMSE 8.40 m3/s 0.16 m 0.10 m
PEV 63.8 % 57.3 % 68.9 %

Atmospheric mass transfer minus 50%
RMSE 8.40 m3/s 0.16 m 0.10 m

PEV 63.8 % 57.2 % 68.9 %

Stomatal resistance plus 50%
RMSE 8.24 m3/s 0.16 m 0.10 m
PEV 64.2 % 54.8 68.3 %

Stomatal resistance minus 50%
RMSE 8.60 m3/s 0.14 m 0.10 m
PEV 63.5 % 62.5 % 69.5 %

Offshore water levels raised 0.15 m
RMSE 8.36 m3/s 0.16 m 0.15 m
PEV 63.9 % 55.2 % 74.6 %

Manning’s n plus 0.05
RMSE 8.47 m3/s 0.16 m 0.12 m
PEV 63.8 % 56.5 % 61.2 %

Manning’s n minus 0.05
RMSE 8.41 m3/s 0.16 m 0.10 m
PEV 63.2 % 59.7 % 71.6 %

No salinity 
RMSE 8.41 m3/s 0.16 m 0.10 m
PEV 63.8 % 58.1 % 68.8 %

No wind
RMSE 8.28 m3/s 0.16 m 0.10 m
PEV 64.5 % 57.2 % 69.0 %

Aquifer conductivity times 10
RMSE 8.43 m3/s 0.15 m 0.10m
PEV 63.9% 59.2% 69.1%

Aquifer conductivity divided by 10
RMSE 8.25 m3/s 0.15 m 0.10m
PEV 65.2% 61.6% 69.4%

No groundwater leakage
RMSE 8.46 m3/s 0.16 m 0.15 m
PEV 59.2% 59.9% 45.1%



24  Development, Testing, and Application of a Coupled Hydrodynamic Surface-Water/Groundwater Model (FTLOADDS) 

The PEV is a measure of the amount of measured-data variance that is explained by the simulated data and is computed using 
the Nash-Sutcliffe equation:

 
×

,  (22)

where r
2 is the residual variance, andm

2 is the measured data variance. For the simulation period, the model reproduced measured 
flows at FU1 with a mean error of -2.75 m3/s and, as shown in table 1, an RMSE of 8.39 m3/s and a PEV of 63.9 percent. The 
high variability of the flow regime represented by the coefficient of variation probably increases the difficulty in reproducing the 
measured data variance with a numerical model.

Continuous water-level data collected at structure FU1 were used for comparison and evaluation of the simulation. Figure 12 
shows measured and simulated existing headwater and tailwater levels at FU1. The largest discrepancy is for headwater stage 
below the weir elevation of 0.20 m NAVD 88. A substantial drawdown in the measured headwater occurs during dry times, and 
it is not represented in the simulation. Leakage through the weir structure would explain this phenomenon, and visual accounts 
have verified the prevalence of leaks around the sides of structure FU1. The statistics comparing measured values to simulated 
existing conditions for headwater and tailwater levels are shown in table 1. The PEV values are similar to the flow statistics at 
FU1, and both RMSE values are on the order of 0.1 m.

Figure 12. Comparison of measured and simulated stage at FU1. PSRP is Picayune Strand Restoration Project.
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Limited groundwater-level data exist in the simulation area for comparison to simulated values. Because minimal vertical head 
gradient exists in the shallow aquifer, the measured groundwater levels were taken as the average for the three layers computed 
in the model. The groundwater monitoring wells shown in figure 7 were not installed until October 2003, and consequently, the 
coincident period with the simulation is a little over 2 years. 

The simulated groundwater heads do not show as much variability as the measured values (fig. 13), and the inability to represent 
peaks and troughs in groundwater head can result from local phenomena at the wells, such as interaction with surface water or, pos-
sibly, aquifer characteristics. Figure 13 shows the computed surface-water stage at the well locations, and the land surface is dry most 
of the time at these sites. However, the greatest discrepancies between measured and computed groundwater head generally occur 
during periods of surface-water inundation (fig. 13). A comparison of measured and computed groundwater heads yield PEV values 
of 43.2 percent for well SGT2W2, 45.1 percent for SGT2W6, and 47.7 percent for SGT4W1. However, if the computed groundwater 
values are replaced by the average of the groundwater and surface-water levels at times of surface-water inundation, the PEV values 
increase to 55.0 percent, 52.4 percent, and 51.2 percent, respectively. The degree to which the water levels in the monitoring wells are 
directly influenced by surface-water inundation is unknown. Another possibility is that the aquifer hydraulic conductivity or the ratio 
of conductivity to storativity (diffusivity) is not correct in the model input. However, conductivity is one of the parameters that was 
allowed to vary in the sensitivity analysis, and varying the hydraulic conductivity did not improve overall simulation results.

Figure 13. Comparison of measured and simulated water levels for selected sites in the Ten 
Thousand Islands area.
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Accurately simulating salinity and temperature in a model is an important step in characterizing the ecological effects associ-
ated with hydrologic change. Figure 14 shows the location of salinity and temperature stations used for comparison in the TTI 
domain; data are collected at irregular intervals at these stations. The comparison in figure 15 indicates good agreement between 
simulated and measured existing salinity fluctuations at Port of the Islands, RK451, TTI67, and TTI75, and fair agreement 
at RK457, TTI70, and TTI76. Headwater salinities at FU1 are very low, and BC19 was frequently dry during the simulation 
period, making comparisons difficult. Goodness of fit statistics for salinity data were computed for three of these sites: Port of 
the Islands, RK451, and TT176 (table 2). Port of the Islands salinity matches with an RMSE of 7.56 and a PEV of 71.0 percent. 
The RK451 salinity matches with an RMSE of 3.22 and a PEV of 46.4 percent. Although RK451 salinity has a lower associated 
RMSE than Port of the Islands, this is due primarily to the lower salinity variability at RK451 compared to Port of the Islands; 
the lower PEV indicates that the fit at RK451 is not as good as at Port of the Islands. TTI76 salinity station matches with an 
RMSE of 6.51 and a PEV of 66.9 percent. The goodness of fit for TTI76 salinity is, therefore, apparently between that for Port 
of the Islands and RK451. A number of factors affect the ability of the model to accurately reproduce salinity values at different 
locations, including the spatial and temporal variability in salinity, proximity to boundaries, and accuracy of the flow dynamics.

Figure 14. Surface-water salinity and temperature stations in the Ten Thousand Islands area. 
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Figure 15. Comparison of measured and simulated salinity for selected sites in the Ten Thousand Islands area. PSRP is 
Picayune Strand Restoration Project.
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Figure 15. Comparison of measured and simulated salinity for selected sites in the Ten Thousand Islands area. PSRP is 
Picayune Strand Restoration Project.—Continued
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Table 2. Transport simulation statistics at field sites for existing conditions and sensitivity runs. 

[Salinity is expressed in practical salinity units. Values in bold indicate improved over existing conditions. PEV, percent explained variance; RMSE, root mean 
square error. Units: °C, degrees Celsius; %, percent; m, meter]

Sensitivity run Statistic
Port of the Islands RK451 TTI76

Salinity Temperature Salinity Temperature Salinity Temperature

Existing conditions
RMSE 7.56 2.11°C 3.22 1.74°C 6.51 1.78°C
PEV 71.0 % 72.7 % 46.4 % 88.1 % 66.9 % 90.4 %

No northern inflows
RMSE 14.1 2.13°C 3.00 1.73°C 8.32 1.78°C
PEV 42.2 % 71.2 % 49.6 % 88.1 % 54.4 % 90.3 %

Dispersion plus 50%
RMSE 9.29 2.12°C 2.95 1.73°C 7.63 1.75°C
PEV 68.7 % 72.3 % 52.7 % 88.2 % 62.0 % 90.3 %

Dispersion minus 50%
RMSE 8.00 2.08°C 3.93 1.74°C 5.22 1.83°C
PEV 70.1 % 73.2 % 27.4 % 87.9 % 67.9 % 90.6 %

Atmospheric mass transfer plus 50%
RMSE 7.57 2.34°C 3.21 1.89°C 6.55 2.13°C
PEV 70.9 % 75.9 % 46.8 % 88.9 % 66.8 % 92.6 %

Atmospheric mass transfer minus 50%
RMSE 7.56 1.94°C 3.22 1.74°C 6.50 1.59°C
PEV 70.9 % 67.2 % 46.4 % 86.5 % 67.2 % 86.4 %

Stomatal resistance plus 50%
RMSE 7.52 1.85°C 3.42 1.63°C 6.15 1.45°C
PEV 70.0 % 69.3 % 44.3 % 88.2 % 66.4 % 89.2 %

Stomatal resistance minus 50%
RMSE 7.75 3.11°C 2.99 2.24°C 7.32 2.65°C
PEV 72.1 % 76.4 % 48.9 % 87.7 % 64.4 % 91.6 %

Offshore water levels raised 0.15 m
RMSE 8.53 2.11°C 2.92 1.72°C 7.76 1.72°C
PEV 70.1 % 72.2 % 54.4 % 88.2 % 63.1 % 90.7 %

Manning’s n plus 0.05
RMSE 7.37 2.10°C 3.67 1.73°C 5.91 1.79°C
PEV 71.8 % 72.6 % 34.9 % 88.2 % 69.0 % 91.0 %

Manning’s n minus 0.05
RMSE 7.82 2.12°C 3.11 1.74°C 6.69 1.79°C
PEV 69.0 % 72.7 % 49.0 % 88.1 % 65.7 % 90.2 %

No salinity 
RMSE — 2.11°C — 1.74°C — 1.79°C
PEV — 72.8 % — 88.1 % — 90.4 %

No wind
RMSE 7.52 2.10°C 3.30 1.73°C 6.46 1.79°C
PEV 71.0 % 72.7 % 43.4 % 88.1 % 66.1 % 90.5 %

Aquifer conductivity times 10
RMSE 7.52 2.11°C 3.31 1.74°C 7.08 1.78°C
PEV 71.6% 72.8% 46.4% 88.1% 59.8% 90.4%

Aquifer conductivity divided by 10
RMSE 7.50 2.11°C 3.46 1.73°C 6.22 1.78°C
PEV 72.0 % 72.8% 41.3% 88.1% 67.6 % 90.4%

No groundwater leakage
RMSE 7.88 2.11°C 4.55 1.74°C 5.70 1.79°C
PEV 66.6% 73.6% 12.4% 88.2% 60.2% 90.5%
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The heat transport capabilities of the model were evaluated by comparing simulated temperatures to those measured in 
the field (fig. 16). Temperature is a more spatially uniform property, and consequently, the associated matches tend to be closer 
than for salinity. TTI76 temperatures have an associated RMSE of 1.78 oC and a PEV of 90.4 percent, and RK451 temperatures 
have an RMSE of 1.74 oC and a PEV of 88.1 percent (table 2). These statistics indicate better agreement than those for Port of 
the Islands temperatures, which have an associated RMSE of 2.11 oC and a PEV of 72.7 percent. This difference may be related 
to the deeper waters at Port of the Islands, where substantial vertical variations in temperature and salinity have been observed. 
Figure 17 shows measured time-series temperature data at the Port of the Islands from two probes at depths of 0.5 and 3.0 m 
below the water surface. The model-computed temperatures for existing conditions are mostly lower than measured values, at 
least for this time period. The deviation between the two measured temperature datasets indicates that, compared to shallow 
water, deeper water tends to remain warmer longer during periods of overall cooling. Vertical temperature stratification in Port 
of the Islands may limit the ability to simulate this feature with a two-dimensional model.

4.2–Sensitivity Analysis

To determine the importance of parameters used in the application and to evaluate the effect of parameter uncertainty, a 
sensitivity analysis was performed on the calibrated existing conditions application. As noted earlier, an iterative parameter-
estimation technique was not used because only a few parameters were adjusted during model calibration. As with iterative 
parameter estimation techniques, the sensitivity analysis performed here examined the effect of perturbing the model parameters 
by a representative amount from their calibrated values. The parameters chosen for testing include the calibration parameters 
(northern inflows, dispersion coefficient and atmospheric mass-transfer coefficient) and other parameters of importance (sto-
matal resistance, tidal water levels, frictional coefficient, salinity density effects, wind forcing, leakage coefficient, and aquifer 
hydraulic conductivity).

The comparison of measured and computed flow and water levels at FU1 yielded several lower RMSE or higher PEV 
statistics (table 1), which individually indicate a better match to measured data. The most substantial improvements at FU1 
occurred when the aquifer conductivity was reduced by an order of magnitude. The greatest decrease in statistical fit occurred 
when the northern boundary inflows were removed, which is not unexpected for conditions at FU1.

The statistical comparison of measured and computed salinity and temperature at the Port of the Islands, RK451, and 
TTI76 (table 2) shows that none of the parameter perturbations yield an overall improvement at all sites, although some more 
localized phenomena are of interest. For example, the statistics for Port of the Islands improved when aquifer conductivity was 
reduced one order of magnitude, matching the improvement in flow statistics at nearby FU1 under the same conditions (table 1). 
This result indicates that the conductivity assigned to the aquifer system may be too high near the canal system associated with 
FU1 and the Port of the Islands. The leakage coefficient for the canal also affects this interaction; however, and the statistics for 
RK451 (table 2) do not suggest that lowering aquifer conductivity improves results regionally. Increasing the dispersion coef-
ficient by 50 percent improved all statistics at RK451, but degraded all statistics at Port of the Islands (table 2); the same pattern 
occurred when the tidal levels were increased 15 cm. If increasing both dispersion and tidal levels improves results at RK451, 
but not elsewhere, then the connectivity of the area around RK451 (Rookery Bay) is most likely a factor. This conclusion is rein-
forced by the fact that reducing the Manning’s n frictional resistance improves the salinity statistics at RK451, with no change 
in temperature statistics, and degrades the statistics at the other locations (table 2). The Rookery Bay area was difficult to define 
topographically in the model, because it has numerous small channels and islands that are smaller than individual model cells. 
Localized lowering of the model topography or decreasing of frictional resistance could improve the results in Rookery Bay, but 
the improvements shown in table 2 are minimal. 

Further insight into model parameters can be made from the simulation without leakage statistics for salinity and temperature 
given in table 2. Salinity statistics were not improved, and are in fact substantially worse at Port of the Islands and RK451, but 
the temperature PEV improved slightly at all three sites. Although the RMSE does not reflect this trend, and surface-water tem-
peratures are relatively insensitive to groundwater leakage, using a previous daily average air temperature for groundwater tem-
perature may not be a valid assumption. In fact, field data indicate that groundwater is typically cooler than surface water during 
the summer, with the opposite being true in winter (Harvey and others, 2000). Thus, a more complex approach for simulating 
groundwater heat transport may be justified.

The sensitivity analysis does not indicate any specific improvement in the calibrated model based on changes to the 
parameters examined. Spatially varying changes in parameters could be implemented with more information. The uncertainty 
in the northern boundary inflows must be considered the most important, because it (1) highly affects the response parameters, 
(2) makes the relative contribution of leakage more difficult to define, and (3) was calibrated with model results at the structure 
FU1. Wind forcing appears to have a smaller effect in the TTI application compared to Everglades National Park applications 
(Swain and others, 2004), which is probably due to the greater degree of channelization in the TTI area.
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Figure 16. Comparison of measured and simulated water temperature for selected sites in the Ten Thousand Islands 
model domain. PSRP is Picayune Strand Restoration Project.
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Figure 16. Comparison of measured and simulated water temperature for selected sites in the Ten Thousand Islands area. 
PSRP is Picayune Strand Restoration Project.—Continued
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4.3–Simulation of Picayune Strand Restoration Project Scenario

The PSRP simulation incorporated parameters identical to those used in the calibrated existing conditions simulation, with 
the exception of changes outlined in section 3.6. The same time period was simulated with the same offshore and inland bound-
ary conditions. This allowed a direct comparison between the existing conditions and PSRP simulations on a time step-by-time 
step basis.

The flow conditions at structure FU1 strongly affect conditions at the Port of the Islands, and the PSRP simulation indicates 
that the change in flow at FU1 resulting from PSRP modifications is minimal (fig. 11). Some reduction of peak FU1 flows in the 
PSRP simulation is indicated, with higher sporadic flows occurring at times when the existing conditions simulation has low 
steady flows. The comparison of FU1 water levels shown in figure 12 indicates that in the PSRP simulation, headwater stage 
drops much more during dry times and the tailwater seems to have greater fluctuations at time scales less than 1 month, com-
pared to the existing conditions simulation. Statistics comparing the simulation of the PSRP scenario with the existing condi-
tions simulation at FU1 indicate only a 2-percent drop in PSRP simulated flow (table 3). This result may indicate that substantial 
water still enters the canal immediately north of FU1, even when the canal network is plugged. However, the root-mean square 
difference (RMSD) of 4.14 m3/s indicates substantial changes in flow timing, consistent with the rerouting of water in the res-
toration plan. The stage results in table 3 help explain the changes induced by the PSRP. Although average headwater stage at 
FU1 is 8.5 cm lower in the PSRP simulation than the existing conditions simulation, the average tailwater stage is 0.9 cm higher. 
The flow reduction at the structure due to canal plugging reroutes water across the adjacent wetlands, and actually elevates the 
average tailwater stage slightly.

Several PSRP effects on salinity are apparent in figure 15: (1) increased peak salinities at Port of the Islands; (2) marked 
salinity intrusion upstream from FU1; (3) substantial decreases in salinity at RK451, RK457, and TTI75, especially during drier 
periods; (4) minor reductions in salinity at TTI70 and TTI76; and (4) minimal change in salinity at TTI67 and BC19. This spatial 
pattern of salinity change indicates that the redistributed freshwater affects areas west of Faka Union Canal the most, and areas 
east of the canal the least. The reduction of freshwater flow to the Port of the Islands yields periods of increased salinity, but has 
little effect on locations near the coastline (TTI67) and further inland in the wetlands (BC19). Based on the analysis in section 
4.3, these salinity differences can be considered large enough to be an important result of the model.

Figure 17. Comparison of measured and simulated water temperature for the Port of the Islands site.
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Surface-water temperature differences between existing conditions and the PSRP simulation are minor at the majority 
of sites shown in figure 16. One small but important pattern is evident for Port of the Islands on dates of minimum simulated 
annual temperatures, particularly January 7, 1999, January 9, 2002, and December 21, 2003. The PSRP minimum temperatures 
are not as low as the existing conditions temperatures, and are sometimes warmer by over 1.5 °C. This is important to certain 
marine life, such as manatees, which suffer from cold stress at temperatures below 20 °C. The slightly higher temperatures in 
the simulated PSRP conditions compared to existing conditions for December 21, 2003, are related to the heating of additional 
ponded water in areas that are dry under existing conditions (fig. 18).

The salinity and temperature comparison statistics in table 3 indicate that, in the PSRP simulation, average salinity increases 
at Port of the Islands and decreases at RK451 and TTI76, as would be expected from the PSRP rerouting of water. Because the 
deviation in salinity patterns between the existing conditions and PSRP simulations only occurs part of the time (fig. 15), the 
average deviations listed in table 3 are small. The average Port of the Islands temperature is actually 0.03 oC lower in the PSRP 
simulation, despite the maintenance of higher temperatures during cold periods just described.

4.4–Ecological Comparison: Manatee Locations

The simulation of salinity and heat transport in the existing conditions and PSRP scenarios yields information that can 
be used to examine the effect of hydrology on manatee response, and as input for models of manatee behavior. Aerial surveys 
are used for tracking manatee locations as well as satellite telemetry data from transmitters attached to the manatees (Stith and 
others, 2004). Temperature and salinity outputs from the TTI existing conditions simulation (fig. 19) were compared with the 
manatee tracking data for November 16 and 22, 2002. The affinity of manatees for warmer and fresher water in the Port of the 
Islands area can be inferred from the tracked locations. Although only 6 days apart, the substantially colder water temperatures 
on November 22, 2002, make the warmer inland waters around the Port of the Islands preferable to manatees.

The hydrologic conditions produced by the existing conditions and PSRP simulations can be used in the development of 
the individually based manatee behavior model (Stith and others, 2006). To couple the hydrologic and manatee behavior models, 
temperature and salinity conditions at specified locations of interest (nodes) along the manatee travel corridors (fig. 20) must be 
extracted from the existing conditions and PSRP simulations. The differences between existing and restoration conditions for the 
nodes in figure 20 are summarized statistically in table 4. Average salinity decreases at most locations, except the Faka Union 
Canal Basin and the Collier Seminole Basin. Inland sites tend to be warmer, as with Faka Union River and SR 92 Canal. The 
analysis of the model’s ability to represent changes presented earlier indicates that the majority of the differences in table 4 are 
statistically significant.

Table 3. Simulation statistics at field sites comparing Picayune Strand 
Restoration Project-implemented conditions with existing conditions

[Salinity expressed in practical salinity units. PSRP, Picayune Strand Restoration Project; 
RMSD, root mean square difference; NA, not applicable. Units: m, meter; m3/s, cubic meter 
per second; %, percent]

Measurement
Average 

difference
RMSD

Percent 
difference

FU1

Flow -0.16 m3/s  4.14 m3/s -2.0%
Headwater stage -0.085 m 0.174 m NA
Tailwater stage 0.009 m 0.061 m NA

Port of the islands

Salinity 1.25 4.52 NA
Temperature -0.03 °C 0.38 °C NA

RK451

Salinity -2.26 2.99 NA
Temperature -0.01 °C 0.06 °C NA

TT176

Salinity -1.98 3.24 NA
Temperature 0.01 °C 0.12 °C NA
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Figure 18. Simulated surface-water temperature for December 21, 2003, 
for A, existing conditions, and B, Picayune Strand Restoration Project-
implemented conditions in the Ten Thousand Islands model area.
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Figure 19. Manatee locations and measured surface-water salinity and temperature on November 16 and 22, 2002, in the Ten 
Thousand Islands model area.
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Figure 20. Salinity of temperature nodes for manatee travel corridors in the model area. Node number references 
are presented in table 4.
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Table 4. Simulation statistics for selected nodes in Manatee travel corridors comparing Picayune 
Strand Restoration Project-implemented conditions with existing conditions.

[Node locations are shown by reference number in figure 20. Salinity is expressed in practical salinity units. PSRP, 
Picayune Strand Restoration Project; RMSD, root mean square difference]

Location of interest (node) Salinity
Temperature

(degrees Celsius)

Reference 
number

Name
Average 

difference
RMSD

Average  
difference

RMSD

1 Blackwater Bay -3.55 3.24 -0.014 0.110
2 Blackwater River -7.98 7.04 0.015 0.355
3 Buttonwood Bay -2.93 2.94 -0.015 0.124
4 Cape Romano -0.52 0.49 -0.004 0.015
5 Collier Seminole Basin 0.78 1.39 -0.659 4.078
6 East River -2.38 3.49 0.031 0.201
7 Faka Union Bay -1.17 2.39 -0.004 0.130
8 Faka Union Canal Basin 1.25 4.34 -0.030 0.381
9 Faka Union River -0.53 2.90 0.742 1.456
10 Fakahatchee Bay -1.84 2.41 0.010 0.104
11 Fakahatchee Pass -0.39 0.53 -0.002 0.021
12 Fakahatchee River -2.71 3.55 0.033 0.243
13 Ferguson Bay -1.59 1.94 0.006 0.077
14 Ferguson River -1.73 2.10 0.007 0.090
15 Goodland Bay -3.22 2.68 -0.016 0.084
16 Little Wood River -2.52 3.52 -0.007 0.208
17 Marco Island Basin -0.37 0.38 -0.009 0.038
18 No Name River -1.76 2.17 0.007 0.089
19 Palm Bay -4.47 3.99 -0.007 0.135
20 Pumpkin Bay -1.78 2.38 -0.009 0.113
21 Pumpkin River -1.91 2.55 -0.010 0.127
22 Santina Bay -1.35 2.16 -0.005 0.103
23 SR 92 Canal -0.34 1.68 1.602 1.579
24 Whitney River -1.87 2.41 -0.009 0.119
25 Wood River -0.21 3.45 -0.012 0.260



4–Testing and Application of Coupled Model with Heat and Salinity Transport  39

4.5–Model Limitations and Capability to Predict Restoration Changes

The TTI model has several limitation which must be considered when applying the model and utilizing the results. The 
boundary conditions are specified time series of water-level, flow, or salinity values, so the model cannot represent any new 
scenario that would cause these parameters to differ from user-input values. The tidal levels and salinity are the boundary condi-
tions that can be considered most realistically unaffected by systematic changes, as the open ocean provides a very large source 
and sink. However, at locations where the tidal boundary is close to the shoreline, such as the northwestern corner of the model 
domain (fig. 1), changes in near-shore salinity due to modified coastal outflows, for example, may not be properly represented 
due to boundary dominance. The inland surface-water flow boundaries represent water delivered across I–75 (fig. 1), and could 
differ with changes to the downstream system. Different water-level gradients should require different boundary flow rates. 
However, if a new simulation assumes a similar amount of water available north of I–75, and it is not diverted elsewhere, using 
the same flow-rate time series could be an acceptable approximation. The groundwater head boundaries on the northern and 
eastern sides of the model also should be affected by different surface-water conditions and could require modifications in a new 
scenario, perhaps using model-generated surface-water levels as a guide.

The representation of the canal system in the TTI model with model cells is an approximation with limitations that must be 
considered. As the model cells are much larger than the canals, values of evapotranspiration are computed for a larger inundated 
area than the actual canal. Rainfall is also applied for the whole cell area, although this can be seen as the rain on either side of 
the canal being put directly in the canal. The land-surface elevation of the model cells are higher than the canal bottoms, so the 
cells can become dry at water levels that would still allow actual canal flow. This does not occur in the simulations described in 
this report, but the possibility exists at very low water levels.

The limitations in model parameter accuracy and output uncertainties is discussed thoroughly in sections 4.1 and 4.2. The 
ability of the model to reproduce measured conditions is sufficient to develop insight into hydrologic processes in the TTI area, 
but the model cannot be expected to produce parameter values more exact than the error bounds indicate. One of the primary 
limitations noted earlier is the assumed temperature of the surface-water inflows and the groundwater. Particularly, the effect of 
groundwater leakage on surface-water temperature is not well represented, although this seems to be a minimal effect.

Using the current model to examine how restoration efforts affect hydrology in the TTI area requires simulating the PSRP 
scenario and comparing the results to the calibrated simulation of existing conditions. Often the ability of a model to predict 
differences between simulations is equated to its ability to match field data (Nandakumar and Mein, 1997), but a comparison of 
two model simulations from the same calibration does not yield the same errors as a comparison of a model simulation with col-
lected data. In fact, the model errors tend to be similar in different simulations, so errors cancel out when taking the difference 
between the calibrated existing conditions and the PSRP scenario.

The difference between the TTI model existing conditions simulation and the PSRP simulation can be visualized as the dif-
ference in the mean of two model-generated datasets. A statistical Z-test can be used to determine if the difference in the mean 
of two datasets is significant. The uncertainty in each dataset is characterized by a distribution about the mean of the dataset. The 
RMSE of the existing condition simulation fit to measured data expresses the standard deviation of the uncertainty distribution. 
The Z-statistic is calculated as follows (Ott, 1993, p. 220):

 

µ

,  (23)

where µdiff is the difference in means of the two datasets, σ is the standard deviation (the RMSE), and n is the number of data-
points. Using a Z-statistic of 1.28 for a 90-percent confidence limit (Ott, 1993, p. A–3), a salinity RMSE of σ = 7.56 at the Port 
of the Islands from table 2 and n = 11,680 for the 8-year simulation using 6-hour output yields a significant salinity µdiff value 
of 0.09. This value is the minimum significant difference in average salinity, over the entire simulation period, that the model 
can predict between scenarios with 90-percent confidence. Application of equation 23 to the temperature prediction at Port of 
the Islands using the RMSE of σ = 2.11 oC from table 2 yields a significant temperature µdiff value of 0.025 oC. This method 
indicates that the model can predict differences between scenarios that are only Z n/  = 1.2 percent of the error in matching 
field data.

There are some assumptions associated with using the Z-test to evaluate the ability of the model to predict differences 
between scenarios. First, the restoration simulation is assumed to have the same RMSE for predicted quantities as the existing 
conditions simulation. If the differences between the existing conditions and restoration simulations are small, this is typically a 
valid assumption. Second, the Z-test statistic is based on a normal distribution. The distribution of salinity error for Port of the 
Islands data does not pass a Kolmogorov-Smirnov test for normality at a 90-percent confidence level. For a sample size greater 
than 30 to 40, however, the Z-test is considered representative, even for a non-normal distribution.
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5–Summary 
A coupled surface-water/groundwater simulation was created for the TTI area using the FTLOADDS model code. This applica-

tion includes the simulated transport of salinity and heat in the surface-water system and salinity in the groundwater system, making it 
useful for examining the ecological effects of hydrologic change. Recent advancements in the heat-transport algorithm allow a choice 
of techniques to represent latent heat and evapotranspiration. The representation of flow at hydraulic barriers has been simplified and 
was incorporated into the solution matrix, because weir flow into the Port of the Islands area is an important feature of the model area.

The simulation input dataset utilized a number of different sources. Data from NOAA and LABINS were combined to 
create the grid of offshore bathymetry and inland topography at 500 × 500-m spacing. The canal system was represented by 
computing a composite frictional resistance term for canals and altering the grid topography so that the model cells have the 
proper storage volume. The flow coefficients for surface-water structures were determined from field data, and atmospheric vari-
ables and parameters for heat transport, rainfall, wind friction, and evapotranspiration were obtained or derived from the FAWN 
network and results of the TIME model application of FTLOADDS. Boundary tidal levels were obtained from the NOAA Tides 
and Currents Portal, and inland flows were initially equated to measured flows at weir structure FU1 and altered for calibration.

The simulation was executed for the 1998–2005 period, and parameters having the greatest uncertainty were varied to cali-
brate the model. The northern boundary surface-water inflows were modified to minimize flow errors at the FU1 site on the Faka 
Union Canal. The dispersion coefficient for salt and heat transport in surface water was set to a value of 100 m2/s to obtain mean 
simulated surface-water salinity values that matched measured values, especially at the Port of the Islands. The mass-transfer 
coefficient for the computation of sensible and latent heat was reduced from a value of 0.0020, used for Everglades National 
Park wetlands, to a value of 0.0008 in order to fit measured surface-water temperatures.

The simulation of existing conditions was evaluated with statistics comparing measured and simulated values of surface-
water flow and stage at structure FU1, salinity and temperature at various surface-water sites, and groundwater levels. Because 
flow at structure FU1 is highly variable, the PEV of 63.9 percent is considered to be a reasonable reproduction of measured flows 
at FU1. Sensitivity analyses were performed by varying the important model input values and examining the output statistics. 

Several model behavior characteristics are evident based on sensitivity analysis results. The fact that increasing tidal levels 
and dispersivity only improved results at Rookery Bay indicates that the connectivity of Rookery Bay to the offshore area is 
probably underrepresented. Neglecting groundwater leakage yielded slightly improved surface-water temperatures statistics, 
which indicates that the average air temperature for the previous day may not be a reasonable estimate of groundwater tempera-
ture. This estimated temperature was also used for the northern boundary surface-water inflows, which may be a better assump-
tion than for groundwater temperature, although this has not been determined. The simulation of heat transport in groundwater 
may improve the representation of temperature, and the latest version of SEAWAT, which has this capability, could be incor-
porated into FTLOADDS. Because no parameter modification was shown to improve overall model performance from the 
calibrated simulation, the sensitivity analyses did not necessitate a modification of the model calibration.

The proposed PSRP changes were implemented in the model and simulation results were compared to those for existing 
conditions. Although flow, water level, salinity, and temperature did not change greatly, substantial trends are evident. Coastal 
wetland areas, especially west of Faka Union Canal, remained inundated longer into the dry season in the PSRP simulation 
compared to the existing conditions simulation. Coastal embayments remained less saline at the beginning of the dry season, 
especially in the western areas of the model domain around Rookery Bay. The Port of the Islands area experienced higher peak 
salinities, and salinity was substantially greater upstream from the FU1 structure. Temperatures did not change greatly, although 
the Port of the Islands temperatures remained a few degrees warmer than existing conditions during periods when annual mini-
mums occurred. Apparently, these higher temperatures occur because the PSRP simulation retains a greater amount of warm, 
standing surface water that enters the Port of the Islands area during these times.

Field telemetry data for manatee locations at specific times were compared with model results for surface-water salinity and 
temperature. The manatee preference for the warmer waters of the Port of the Islands area was apparent during colder periods. The 
presence of fresher water north of FU1 coincides with the movement of the manatees toward FU1 from an offshore area where they 
feed. Statistics were generated at locations of importance in an individually based manatee behavior model that requires temperature 
and salinity values as input to determine manatee migration patterns. The model results indicate that the PSRP modifications reduced 
salinity in most coastal locations, increased salinity in the blocked canal system, and increased water temperature slightly in inland 
areas. These patterns are exemplified, respectively, by (1) a decrease in average salinity of 7.98 in Blackwater River, (2) an increase 
in average salinity of 1.25 in the Faka Union Canal Basin; and (3) an increase in average temperature of 0.74 °C in Faka Union River.

The application of the FTLOADDS code to the TTI area has produced a tool that can be used to evaluate a number of 
factors that affect flows, hydroperiods, salinities, and temperatures in the TTI coastal area. The changes proposed for the PSRP 
are one example of how the application can be used to evaluate the effects of changes to the hydrologic system. The linkage of 
the TTI application with the manatee telemetry data and the individually based manatee behavior model input shows how the 
TTI application can be used to study the ecological effects caused by hydrologic change. The application could also be used to 
generate information for other species and interests that are affected by salinity, temperature, water depth, or flow.
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