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 Introduction 

 Coastal wetlands are unique hydrologic environments 
between inland freshwater systems and marine estuaries. The 
development of methods and tools to understand and predict 
hydrologic conditions within coastal wetlands has been limited 
due to a lack of field data, and the complexity and number of 
relevant hydrologic processes, such as tidal and wind forcing, 
evapotranspiration, overland flow through emergent vegetation, 
salinity-induced density-dependent flow, and surface-water/
ground-water interactions. In southern Florida, the need for 
robust numerical methods to simulate coastal wetland hydro-
logic processes, including the mixing of saltwater and fresh-
water within a coastal mangrove fringe, was motivated by the 
ongoing effort to restore the Everglades and Florida Bay. In 
response to the Comprehensive Everglades Restoration Plan 
(CERP) to substantially increase flows through the Everglades, 
the U.S. Geological Survey (USGS) and other agencies initiated 
large research and data-collection programs to better under-
stand coastal hydrologic processes and characterize baseline 
pre-restoration conditions. One area that received considerable 
attention was Taylor Slough—the main contributor of fresh-
water to northeastern Florida Bay. The large hydrologic data-
base for the Taylor Slough area provided a unique opportunity 
to characterize hydrologic processes through the development 
of a numerical model. 

 In 1996, the USGS initiated development of the Southern 
Inland and Coastal Systems (SICS) model (fig. 1). SICS was 
originally developed to synthesize the large volume of field 

data collected in the Taylor Slough area by improving upon 
an existing hydrodynamic surface-water flow and transport 
code; namely SWIFT2D (Leendertse, 1987), and using the 
enhanced code (Schaffranek, 2004; Swain and others, 2004) to 
characterize flow and salinity patterns in the coastal wetland 
and adjacent Florida Bay estuary. As part of SICS development, 
new algorithms were formulated for incorporating effects of 
rainfall, evapotranspiration, wind sheltering, and the effect of 
vegetation and microtopography on overland flow (Swain and 
others, 2004). When applied to the Taylor Slough area, these 
new methods substantially improved the ability of the model to 
represent coastal hydrologic processes, particularly freshwater 
discharges to northeastern Florida Bay and coastal wetland 
salinities. 

 The USGS has continued to expand upon the initial SICS 
modeling approach through: (1) scientific research to improve 
the representation of hydrologic processes (for example, 
surface- and ground-water interactions), (2) development 
of the Tides and Inflows in the Mangroves of the Everglades 
(TIME) model for Taylor and Shark River Sloughs (fig. 1), 
and (3) application of SICS and TIME for Everglades restora-
tion. The SICS and TIME models are continuously evolving as 
new data are collected and the ability to represent hydrologic 
processes improves. As the only hydrodynamic models capable 
of simulating and predicting detailed flow and salinity patterns 
in the southern Everglades, SICS and TIME show great promise 
for the continued support of Everglades restoration. 

 The U.S. Geological Survey is actively involved in science 
support for Everglades restoration. This paper summarizes 
the development and application of two integrated surface-
water/ground-water flow and transport models for the south-
ern Everglades of Florida. Key points of this modeling effort 
include the following: 

•  The Southern Inland and Coastal Systems (SICS) model 
represents hydrologic conditions for the Taylor Slough 
area with 305-meter grid resolution. 

•  The Tides and Inflows in the Mangroves of the 
Everglades (TIME) model encompasses a larger area 
than SICS, including both Taylor and Shark River 
Sloughs, and uses 500-meter grid resolution. 

•  The SICS model is fully operational and is being used 
as part of the Florida Bay/Florida Keys Feasibility 

Study (FBFKFS) to assess freshwater flows to 
northeastern Florida Bay. 

•  The TIME model is under calibration and is also being 
used as part of FBFKFS to assess freshwater flows to the 
Gulf of Mexico. 

•  A procedure has been developed for running the coastal 
flow and transport models with output from the South 
Florida Water Management Model (SFWMM). This 
procedure allows for the prediction of detailed coastal 
wetland flows and salinities under various restoration 
scenarios tested with the SFWMM. 

•  Results from SICS and TIME are being used as input to 
ecological models to predict the effects of Everglades 
restoration on species populations. 



area, but is also dependent on subsurface variations in fluid 
density. Figure 3 indicates that leakage rates in some areas can 
be similar in magnitude to rainfall, the primary source of water 
within the SICS area. Daily average rainfall rate is about 0.4 
centimeter per day. The magnitude of these exchanges supports 
the general belief that surface-water and ground-water interac-
tions in southern Florida must be accounted for in quantitative 
hydrologic studies. 

Figure 1. Map of southern Florida showing the active model domains 
of SICS and TIME and the SFWMM grid.

 Surface-Water/Ground-Water Interactions 
 In the southern Everglades of Florida, where the shallow 

surficial aquifer system consists of highly permeable limestone, 
interactions between surface water and ground water comprise 
a large part of the water budget (Harvey and others, 2000a; 
2000b). As part of the SICS and TIME modeling effort, a 
method was developed for simulating the exchange of fluid and 
salt between the wetland and underlying aquifer system (fig. 2). 
The method was implemented by combining SWIFT2D with 
the SEAWAT variable-density ground-water flow and transport 
code (Guo and Langevin, 2002). The integrated code simulates 
surface-water and ground-water interactions between a wetland 
and aquifer, and is called Flow and Transport in a Linked Over-
land/Aquifer Density Dependent System (FTLOADDS). The 
mass-conserving approach for the explicit coupling between 
SWIFT2D and SEAWAT, which is based on a variable-density 
form of Darcy’s Law, is given in Langevin and others (2004). 

 FTLOADDS was applied to the SICS area to quantify the 
importance of surface-water and ground-water exchanges and 
to improve the original SICS model as a management tool 
(Langevin and others, 2004). Results from the integrated model 
demonstrate the importance of surface-water and ground-water 
exchanges within the Taylor Slough area. Average annual 
leakage rates between the wetland and aquifer for a 7-year 
simulation period (1996-2002) indicate an alternating pat-
tern of upward and downward flow (fig. 3). This pattern is 
primarily related to topographic variations within the SICS 

Figure 2.  Conceptual model for surface- and ground-water interac-
tions as implemented in the Flow and Transport in a Linked Overland/
Aquifer Density Dependent System (FTLOADDS) computer code, which 
is a coupled version of SWIFT1D and SEAWAT.

Figure 3. Average annual surface-water budget for the coastal wetland 
for the 7-year simulation period (1996-2002). Positive values indicate 
downward flow into the aquifer (from Langevin and others, 2004).

 The TIME Model 
 The methodology used for the SICS model is being expanded 

and improved for the development of the TIME model. TIME is 
coarser in resolution (500 meters) than SICS (305 meters), but 
covers a much larger area of the Everglades, including Shark 
River and Taylor Sloughs to the Gulf of Mexico and northern 
Florida Bay (fig. 1). Although TIME encompasses the SICS 
model domain, the SICS model could be used in the future to 
provide detailed simulations for the Taylor Slough area. The 
TIME model also is being developed using the FTLOADDS 
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Figure 4. Example of simulated water depths from the TIME model.

computer program, and thus, the type of output from both 
models is similar and consists of flows, stages, and salinities in 
the wetlands and underlying aquifer system. 

 An application of the TIME model as a tool to evaluate the 
effects of CERP scenarios on freshwater flows to Florida Bay 
and the Gulf of Mexico began in late 2003. Presently, the model 
is being calibrated and verified with data collected from 1996 to 
2002 in preparation for simulation of different scenarios. This 
effort entails comparing computed and observed stages and 
flows to elucidate model behavior and to develop measures of 
model accuracy. An example of computed surface-water depth 
during the wet season is shown in figure 4. 

Figure 5. Schematic showing the relation between the SICS and TIME 
models and the SFWMM, ALFISHES, and Florida Bay models.

and thus, there is no direct way to predict the effects of 
restoration scenarios on coastal wetland and aquifer salinities. 
These limitations affect studies of Florida Bay, which require 
accurate predictions of freshwater flows into the estuary. The 
2-mile-square cell size of the SFWMM also yields inadequate 
spatial resolution of hydrologic variability in the wetlands 
for the development of accurate and representative ecological 
species models. These species models are being used to guide 
and evaluate restoration efforts by predicting future populations 
of fish, alligators, and other organisms. 

 The SICS and TIME models are being applied to sup-
port Everglades restoration by bridging the gap between the 
SFWMM, the Florida Bay hydrodynamic model, and the 
ATLSS (Across Trophic Level System Simulation) ecologi-
cal models (fig. 5). A key component in this application is the 
method developed by Wolfert and others (2004), which allows 
SICS model boundaries to be assigned based on stages from 
a SFWMM baseline or restoration simulation. This link to the 
SFWMM extends the capability of SICS to predict coastal flows 
to Florida Bay and coastal wetland salinities under future resto-
ration conditions. A similar link is planned for the TIME model. 

 There are two ongoing efforts related to simulating restora-
tion conditions with SICS and TIME. The first effort is funded 
under CERP as part of the Florida Bay/Florida Keys Feasibil-
ity Study (FBFKFS). A hydrodynamic model of Florida Bay 
is currently being developed as part of the FBFKFS with a 
primary objective of quantifying the effects of Everglades 
restoration on the Florida Bay estuary (Hamrick and Moustafa, 
2003). The USGS is playing an integral role in that study by 
estimating past freshwater flows and predicting future flows 
to northeastern Florida Bay (SICS model) and to the Gulf of 
Mexico (TIME model). Future plans include the development of 
a water-quality module for SICS and TIME that can be used to 
predict nutrient loads to Florida Bay. The water-quality model-
ing will build on the work of Levesque (2004), which describes 
water and nutrient fluxes along the southwestern Florida coast.  

 The second effort involves the use of SICS and TIME to 
provide landscape hydrology input for the ATLSS ecological 
models (fig. 6). A specific example of this application is the use 
of SICS model output to drive the ATLSS ALFISHES model. 

 Application of SICS and TIME for Everglades 
Restoration 

 Numerical models of surface- and ground-water flow are 
essential analysis tools in the Everglades restoration process. 
Restoration alternatives are tested and evaluated prior to 
implementation by simulating hydrologic conditions that would 
result from proposed modifications to the existing system. 
The South Florida Water Management Model (SFWMM), 
or “2 by 2,” which refers to the 2- by 2-mile finite-difference 
grid, was developed by the South Florida Water Management 
District (SFWMD) to simulate the complex hydrologic condi-
tions in southern Florida and to evaluate restoration alternatives 
(MacVicar and others, 1984; South Florida Water Management 
District, 1997). The SFWMM is an advanced and comprehen-
sive management tool that covers most of southern Florida 
(fig. 1) and represents canal, overland, and ground-water flows 
and the interactions between them. As with any model, the 
SFWMM has limitations. For example, the SFWMM is best at 
simulating surface-water stage and ground-water head, but is 
less reliable when it comes to simulating flow rates. Addition-
ally, the SFWMM does not contain solute-transport capabilities, 
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ALFISHES is an extension of a preexisting ATLSS model 
(ALFISH) for functional fish groups in freshwater marshes in 
the Greater Everglades area of southern Florida. ALFISHES 
was designed to evaluate the spatial and temporal patterns of 
fish density in the Everglades mangrove zone of Florida Bay. 
Each of the ALFISHES model cells is divided into two habi-
tat types: flats that are flooded only during the wet season, 
and creeks that are always wet and serve as refugia during 
the dry season. Fish movement, production, and die-out are 
a function of flooding and drying and salinity. Water-level 
and salinity data generated by the SICS model are used as 
input to the ALFISHES model to define these interactions 
(Cline and others, 2004). With the development of restoration 
scenario capabilities in the SICS model, the SICS/ALFISHES 
coupling is an effective tool for evaluating the potential effect 
of hydrologic changes on fish populations in the Everglades 
mangrove zone. Future applications will be expanded to 
include crocodiles and alligators. 
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 Concluding Discussion 
D evelopment of these coupled surface- and ground-water models by the USGS is serving to address key 

restoration needs for Everglades restoration as identified in the U.S. Department of the Interior Science Plan 
(2004). Models are needed that can address the response of coastal tidal creeks, estuaries, and embayments 
to changes in freshwater inflows through the wetlands as affected and altered by restoration actions. New and 
improved methods are needed for the assessment of restoration effects on critical estuarine environments and 
threatened species. Moreover, linkages among models, as provided by SICS and TIME, are needed for the 
detailed design and adaptive management of individual projects within the Greater Everglades ecosystem. 

Figure 6. General structure of the Across Trophic Level Systems Simu-
lation (ATLSS) modeling system showing the importance of landscape 
hydrology to ecological models.
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