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This conference provided a forum for 
invited presentations by an outstanding array of 
experts as well as selected oral and poster pre-
sentations of research conducted on various 
aspects of Everglades restoration.  Plenary 
sessions included main themes addressed by 
invited speakers.  Concurrent sesions included 
presentations grouped by topic.  A panel 
discussion will summarize major findings during 
the final plenary session.

Greater Everglades Ecosystem
Restoration (GEER) Conference

December 11-15, 2000
Naples, Florida

The Everglades ecosystem is an invaluable 
ecological and economic resource and is the subject of 
one of the most ambitious restoration efforts ever 
undertaken.  the restoration goals stated by the South 
Florida Ecosytem Restoration Task Force are broad in 
context and short on specifics.  In 1989, the Everglades 
Restoration Conference succeeded in synthesizing what 
was known concerning the ecology of the Everglades 
ecosystem and what was needed for restoration.  In the 
intervening years there have been a number of advances 
in our understanding of the ecology and history of the 
Everglades.  

The purpose of this conference is to provide a forum 
for physical, biological, and social scientists to share 
their knowledge and research results concerning 
Everglades restoration.  The objectives are to define 
specific restoration goals, determine the best 
approaches to meet these goals, and provide bench-
marks that can be used to measure the success of resto-
ration efforts over time.  The these ends, the conference 
will recognize the need to synthesize information gath-
ered since the first Everglades conference, the 
interdisciplinary nature of Everglades restoration, and 
the need to adapt scientific understanding to 
management action.
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U.S. Geological Survey Program on the
South Florida Ecosystem: 2000 Proceedings

Presentations made at the Greater Everglades 
Ecosystem Restoration (GEER) Conference, 
December 11-15, 2000, Naples, Florida

Introduction

The U.S. Geological Survey (USGS) conducts scientific investigations in south Florida to improve society’s understanding 
of the environment and assist in the sustainable use, protection, and restoration of the Everglades and other ecosystems within the 
region. The investigations summarized in this document have been carried out under the South Florida Ecosystem Program, which 
is part of the USGS Place-Based Studies Program.

The USGS Placed-Based Studies Program is a nationwide program that concentrates on areas with severe environmental 
problems. Through interdisciplinary investigations the Program provides sound scientific information on which to base informed 
resource management decisions. Individuals from all the USGS programs (hydrology, geology, biology, mapping) work together 
with other scientists to cover the diverse scientific disciplines involved in this complex and challenging task. The South Florida 
Ecosystem Program began in 1995 as one of the initial Place-Based Studies programs and serves as a model for similar future 
collaborative studies. Placed-Based Studies are also being conducted in the San Francisco Bay area, Chesapeake Bay, the Platte 
River, Greater Yellowstone, Salton Sea, and the Mojave Desert.

The South Florida Ecosystem Program is part of a coordinated federal effort, under the South Florida Ecosystem Restora-
tion Task Force. The Task Force was started in 1993, through interagency agreement, to coordinate the efforts of the agencies 
within six federal departments. In 1996, statutory authority formalized the Task Force and expanded it to include tribal, state, and 
local governments. The Task Force conducts its activities through the South Florida Ecosystem Working Group and teams, such as 
the Science Coordination Team. A Science Plan and Integrated Financial Plans are established to focus efforts and prevent duplica-
tive efforts by the agencies.

 Diagram of South Florida Ecosystem Place-Based 
Program Relationships 
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Organization and Content of the Document

This document presents the results of over 70 studies and 
200 investigators that are active in the South Florida Ecosystem 
Program during the year 2000.  The studies are categorized 
according to the major focuses of the South Florida Ecosystem 
Restoration Task Force.

Getting the Water Quality Right – reducing 
or eliminating pollutants and other 
undesirable substances from the water. 

Getting the Water Quantity Right – 
establishing the volume, quantity, 
timing and distribution of surface and 
ground waters to approximate pre-
development conditions.

Preserving Natural Habitats and Species  – 
providing the needs of the diverse 
flora and fauna of this ecologically 
unique area

Information Availability – exchanging 
information regarding programs, 
projects, and activities to promote 
ecosystem restoration and 
maintenance - through South Florida 
Information Access (SOFIA)

This document also includes a bibliography of reports 
either published or in press, from the South Florida Ecosystem 
Place-Based Study Program.
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South Florida Ecosystem Restoration 

Restoring the Everglades is an enormous challenge, that involves returning essential functions to a large (over 11,000 square 
miles) and diverse ecosystem that has seen significant adverse impacts from man’s activities over the past 50 years. America’s 
Everglades is a National treasure which must be restored to ensure that south Florida’s unique and irreplaceable natural environ-
ment is preserved, assure the quantity and quality of drinking water as well as agricultural and industrial water supplies, and in 
general improve the quality of life for all south Florida’s inhabitants. 

The Comprehensive Everglades Restoration Plan (CERP) was developed over a period of six years by the U.S. Army Corps 
of Engineers in partnership with the South Florida Water Management District and more than 30 tribes and federal, state and local 
agencies. It is the primary planning vehicle for achieving the goal of improving the quantity, quality, timing and distribution of 
water which will return health to this seriously degraded system. CERP proposes costs in excess of $7.8 billion and a time frame of 
about 30 years to complete this massive and unprecedented restoration effort. 

Both the U.S. Government and the State of Florida have made initial funding commitments for Everglades restoration.

The complexity of this undertaking and the severity of the risks involved in an undertaking which includes some 68 intere-
lated engineering projects mandates a science based approach to its implementation. The USGS, through its South Florida Eco-
system Place Based Program has committed to providing the highest level of scientific expertise to support decision-making and 
ensure a successful outcome.

USGS Role in South Florida Ecosystem Restoration

In keeping with the mission of the USGS to provide the Nation with reliable, impartial information to describe and under-
stand the Earth, the USGS is involved in water-related, geologic, biologic, land use, and mapping studies that contribute to the 
safety, health, and well-being of Florida’s citizens. The work conducted encompasses basic data collection, hydrologic investiga-
tions, and research.  The USGS is capable of conducting multidisciplinary work because of the availability of expertise in geologic, 
biologic, mapping, and water resources investigations. Expertise is available nationally and can be called upon as needed for 
complex investigations, training of local personnel, and development of new approaches and technology to address the complex 
science issues involved in ecosystem restoration.

As the Department of the Interior’s science agency with a multi-disciplinary, non-regulatory, and non-advocacy focus as 
well as an established, long-term presence in south Florida, the USGS is well positioned to pursue activities such as data collection 
from surface- and ground-water monitoring networks, cooperative studies with local and State agencies, and research through 
extensive national programs such as Place-Based Studies and National Water Quality Assessment (NAWQA) programs.  In addi-
tion, about one half of the area to be restored is public land administered by the National Park Service (NPS), Fish and Wildlife 
Service (FWS), state agencies, and the South Florida Water Management District. 
The U.S. Geological Survey science leadership in CERP and other ecosystem 
restoration efforts in south Florida is closely linked to its mission goal “to provide 
science for a changing world in response to present and anticipated needs; to 
expand our understanding of environmental and natural resource issues on 
regional, national, and global scales; and to enhance predictive/forecast modeling 
capabilities.” The multidisciplinary approach applied by the USGS is necessary to 
provide a process level as well as holistic evaluation of the system responses to 
proposed changes.

Historically, the USGS in Florida has operated basic data collection 
networks and conducted investigations that provide the foundation for the wise 
stewardship of water and biological resources of the State.  The hydrogeologic 
framework has been described in many reports, aquifer characteristics have been 
determined through geophysical logging and pumping tests, and ecological condi-
tions have been monitored.  The data that have been collected for the advancement 
of general knowledge of our natural resources provide the foundation for the 
understanding of the fate of contaminants in the environment. The data also have 
been used in the development of hydrologic and ecological models for predicting 
the effects of additional stresses on the natural resources and provide the tools for 
evaluation of effects of land use changes and potential contaminant releases in the 
environment.  Real-time data networks, which include the application of satellite 
or cellular telephone technology to existing data-collection sites across the State, 
are providing needed information for advanced warning of floods and droughts. 

 Building Scientific Knowledge 
 
Develop new information – Identify the 
pertinent issues, formulate critical scientific 
questions related to the issues, and address the 
questions through appropriate modeling, 
monitoring and empirical studies. 
 
Communicate – Promote improved 
communication among restoration scientists and 
managers through scientific conferences, 
workshops and the mutual exchange of 
information.  
 
Synthesize Scientific Knowledge Relevant to 
the Issues – Develop techniques for integrating 
and synthesizing restoration data and distribute 
the techniques to others involved in restoration 
efforts. 
 
Manage Integrated Data – Archive inventories 
and other available databases in 
multigovernmental database management 
systems that are accessible through the internet 
and updated regularly. 
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Key Program Results which Contribute to Management Solutions

Several program outputs have directly contributed to management of natural resources in south Florida as follows:

•    The program has shed light on the effects of nutrient enrichment, effects of altered hydrologic regimes, and 
suitability of physical properties of rocks and soils for restoration.

•    An in-depth understanding of the history of the south Florida ecosystem has helped to shape restoration 
goals by enhancing appreciation of predevelopment environments and their causes.

•    Predictive capability through a suite of hydrological and ecological models has been used to anticipate 
where water will flow under various scenarios. This will help to establish salinity yardsticks, ensure that 
urban and agricultural areas have sufficient water and that bird populations and natural ecological 
dynamics are restored in Florida Bay. The models also serve as tools for the integration of the 
considerable volume of information collected by numerous restoration-related studies.

•    Groundwater-surface water interaction studies in the Everglades have lead to a better understanding of the 
factors that control these interactions, the current level of interactions and the likely effect of restoration 
efforts in increasing or decreasing these interactions. This information will help determine the 
likelihood that pollutants will be cycled through the aquifers and returned by discharge from the aquifer 
to the surface water system. 

Future Directions

Over the past five years from the inception of the USGS Place-Based Program, the focus has mainly been on program plan-
ning, data collection, process studies, and development of modeling tools. Several projects have now completed or are nearing 
completion of this phase and have entered into the phase of data analysis, credibility assurance (quality assurance) initial reporting, 

 KEEPING ON COURSE – MODELS, MONITORING AND 
PERFORMANCE INDICATORS 
 
Visions and goals are inherently conceptual. Results are concrete. 
Translating one into the other, especially on the scale required by 
south Florida ecosystem, is challenging. The restoration project is 
using models, monitoring, restoration, and performance indicators 
to translate conceptual ideas to the real world, adapt projects to 
changing conditions, and provide accountability. 
 
Models – Restoration workers employ a series of computerized 
models to predict the responses of key variable to changing 
environmental, social, or economic conditions. Developing 
simulations that forecast responses to different scenarios permits 
researchers to identify management alternatives as well as target 
conditions that will yield desired goals. Computerized models also 
can be updated as new information is gained, allowing predictions 
to be continually refined. 
 
Monitoring – An adaptive management strategy demands continual 
feedback. Developing and implementing monitoring programs are a 
major emphasis for many restoration projects. Some monitoring 
tracks variables subject to rapid change. Other monitoring programs
record long term trends. Monitoring data are essential in assessing 
the effectiveness of restoration actions, tracking progress, and 
identifying problems or the need for project modification. 
 
Performance Indicators – The restoration project also uses 
quantitative indicators (levels of phosphorus in runoff) and 
qualitative indicators (quality of life) to track and assess projects. 
Comparing actual conditions against predicted targets provides a 
yardstick for measuring the progress (were are we now, how much 
farther to go?) and for evaluating the results (what are the 
benefits/are they worth the costs). 
 
Models, monitoring, and performance indicators provide direction, 
feedback, and accountability for both short and long-term actions. 
This affords flexible, timely, and responsible management of 
projects and project funds. 

•    Detailed topographic information has been 
incorporated into computer simulation 
models to analyze alternatives on which 
the restoration plan has been based.

•    Model results from the Across Trophic Level 
System Simulation (ATLSS) model have 
been used in resolving issues relating to 
preservation of the endangered Cape Sable 
Seaside Sparrow habitat.

•    Geophysical studies have been used to 
determine the groundwater contributions to 
estuarine areas such as Florida Bay, and 
have shown that groundwater contribution 
to the Bay is negligible.

•    Isotopic investigations have shown that some 
of the phosphorus that contributes to the 
degradation of the Everglades originates 
from fertilizers, indicating a possible 
source from the upstream Everglades 
Agricultural Area.

•    Mercury process studies have shown that 
sulphur plays a major role in mercury 
methylation, suggesting that reduction in 
sulphur inputs could be an important 
strategy in reducing the impacts of methyl 
mercury on Everglades fauna.

•    Improved understanding of mercury processes 
in the Everglades has assisted in deciding 
on possible impacts from nutrient removal 
through stormwater management systems. 
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final publication of results and evaluations. An important 
aspect of the work will be analyzing and integrating the infor-
mation to provide a synthesis of the information to maximize 
information content and provide management recommenda-
tions. 

Full utilization of the information from these studies 
depends on the extent to which the information can be made 
available to resource managers and decision-makers in a 
timely manner. For this reason future efforts will include 
ensuring information dissemination through such means as 
journal publications, data reports, reports to cooperators, 
presentations at scientific meetings, seminars and workshops 
and use of the Internet. The South Florida Information Access 
(SOFIA) web site will be the main Internet portal for data and 
reports from this program.

As implementation of restoration plans proceed, a 
process of Adaptive Management will be used to ensure that 
there is flexibility to make adjustments where necessary. It 
will be necessary to reevaluate assumptions, measure 
success, and monitor the effects of restoration actions. The 
USGS Place-Based Program will be well placed to contribute 
to these efforts due to the wealth of experience gained in the 
initial phases of restoration.  Areas of particular interest will 
be evaluating the regional impacts of Aquifer Storage and Recovery technology to reduce the risk of long-term detrimental 
effects and evaluating the effects of changed hydrologic regimes brought about by restoration on the ecology of the area.  Addi-
tionally, areas such as Lake Okeechobee and the Kissimmee Basin that have not been the main focus of the program so far will 
be given added 
attention.

Collaborators:

•    Bureau of Indian Affairs
•    Florida Department of Environmental Protection
•    Florida Geological Survey
•    Florida Institute of Oceanography 
•    Miccosukee Tribe of Indians of Florida
•    National Marine Fisheries
•    National Marine Sanctuary
•    National Park Service
•    National Resource Conservation Service
•    Office of the Governor 
•    Seminole Tribe of Florida
•    South Florida Water Management District
•    U.S. Army Corps of Engineers
•    U.S. Environmental Protection Agency
•    U.S. Department of Justice
•    U.S. Department of Transportation
•    U.S. Fish and Wildlife Service

 Adaptive Management 

Project 
Implementation 
(Management 

Actions) 

Monitoring 
and Evaluation 

Integrated 
Science 

(Research and 
Studies) 

Alternatives 
Evaluation 
(Modeling) 

Public Input 

Science-Based 
Decision-Making 
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Regional Simulation of Inundation Patterns in the 
South Florida Everglades

By Maria H. Ball and Raymond W. Schaffranek

U.S. Geological Survey, Reston, Virginia

The ability to quantify changes in water-surface elevations and hence water depths in the southern Everglades, 
throughout space and time, is fundamental to evaluating both the historical and current hydrologic behavior of the 
ecosystem and the success of restoration efforts. The low topographic relief yields very small water-surface gradients 
that produce large fluctuations in the spatial extent of inundation making the ecosystem highly sensitive to regulatory 
controls. A time series of daily water depths has been generated for the region of the southern Everglades encompass-
ing the Taylor Slough and C-111 wetlands to analyze changes in seasonal inundation patterns and hydroperiods and to 
evaluate and correlate the response of wetland water levels to local precipitation and regulated structure flows. The 
time series can be used to validate the performance of flow models guiding restoration efforts and to investigate how 
wetland sheet flows have been affected by anthropogenic influences.

A land-surface elevation grid was interpolated from topographic data collected by the U.S. Geological Survey 
(USGS), National Mapping Division, using differential global positioning system technology. Water-level data, from 
1995 to present, obtained from the South Florida Water Management District (SFWMD), the National Park Service 
(NPS) Everglades National Park, and from within the USGS are used to interpolate daily water-surface elevation grids. 
The water-surface elevations are then subtracted from the topographic surface to produce daily grids of computed water 
depths. Structure releases and precipitation data were obtained from the NPS, SFWMD, and USGS to aid in the analy-
ses. 

Water-depth accuracy is directly correlated to the spatial distribution of hydrologic monitoring stations and to the 
spatial resolution and accuracy of the topographic data. The spatial resolution of the topographic data is 400 meters and 
the stated vertical accuracy is 15 cm; however, tests against elevation values published by the National Geodetic 
Survey for 17 benchmark monuments resulted in an Root Mean Square Error of 4.1 cm. To estimate water-depth accu-
racy, computed depths were subtracted from depths measured in the wetlands adjacent to the C-111 canal and in Taylor 
Slough in 1997 and 1999. The standard deviation of the differences between measured and computed water depths was 
found to be 12 cm. 

The simulated time series of regional inundation patterns is used to compare historical and current water depths 
and hydroperiods in order to isolate temporal changes, particularly as these may have been affected by anthropogenic 
influences such as the management of control structure releases and the re-engineering of canals. Further analysis is 
focused on quantifying the response of water-depth to precipitation and control structure releases, as illustrated in 
figure 1. Several time series and sample water-depth maps are available at the Tides and Inflows in the Mangroves of 
the Everglades (TIME) website (http://time.er.usgs.gov).
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Figure 1. Computed water depths for February 2-3, 1998.
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Effect of Water Management in the Everglades Nutrient 
Removal Area (ENR) on Hydrologic Interactions with 
Ground Water

By Jungyill Choi and Judson W. Harvey

U.S. Geological Survey, Reston, Virginia

Successful management of constructed wetlands for water treatment in the Everglades requires a better under-
standing of the interactions between surface water and ground water. These interactions affect the water budget of 
constructed wetlands as well as the transport and fate of environmental contaminants. In order to identify and quantify 
the key relations, surface-water and ground-water interactions were investigated in the Everglades Nutrient Removal 
project, a 1,544-hectare constructed wetland that was built as a prototype to evaluate the effectiveness of constructed 
wetlands in removing nutrients from agricultural drainage (fig. 1). Ground-water recharge (from the ENR to the under-
lying aquifer) and discharge (from the aquifer to ENR) were determined by using a combined water and solute mass-
balance approach (Choi and Harvey, 2000). Over a 4-year period (1994-98), ground-water recharge averaged 0.9 
cm/day, which is approximately 31 percent of the surface water pumped into the ENR for treatment (fig. 2). In contrast, 
ground-water discharge was much smaller (0.09 cm/day or 2.8 percent of water input to ENR for treatment) (fig. 2). 
Using a water-balance approach alone only allowed net ground-water exchange (discharge-recharge) to be estimated (-
0.78 ± 0.16 cm/day). Discharge and recharge were individually determined by combining a chloride mass balance with 
the water balance. 

For a variety of reasons, the ground-water discharge estimated by the combined mass balance approach was not 
reliable (0.09 ± 2.4 cm/day). As a result, ground-water interactions could only be reliably estimated by comparing the 
mass-balance results with other independent approaches, including direct seepage-meter measurements (Harvey and 
others, 2000) and previous estimates using ground-water modeling (Hutcheon Engineers, 1996; Guardo and Prymas, 
1998). All three independent approaches provided similar estimates of average ground-water recharge, ranging from 
0.84 to 0.9 cm/day (table 1). There was also relatively good agreement between ground-water discharge estimates for 
the mass balance and seepage meter methods, 0.09 and 0.06 cm/day, respectively. However, ground-water-flow model-
ing provided an average discharge estimate that was approximately a factor of four higher (0.35 cm/day) than the other 
two methods (table 1). 

To determine the control that 
managers have over the extent of 
ground-water recharge, our estimate of 
ground-water recharge was compared 
with the rate of surface-water inflow to 
the ENR by pumping from the supply 
canal. Recharge was positively corre-
lated with the pumping rate of surface 
water from the supply canal into ENR 
(fig. 3-a). This demonstrates that the 
relatively high surface-water inputs to 
this constructed wetland have the unin-
tended effect of increasing recharge of 
surface water. A considerable part of 
the recharged ground water (73 percent) 

Table 1. Comparison of ground-water fluxes estimated from coupled 
water-solute mass balance approach, seepage-meter measurements, and 
ground-water-flow modeling

[Units are in centimeters per day; numbers in parenthesis indicate percent of 
inflow pump rate]

Mass balance 
approach

Seepage-meter 
measurement

Ground-water-
flow model

Ground-water discharge (Gi) 0.09 (3) 0.06 (2) 20.35 (13)

Ground-water recharge (Go)
10.88 (31) 0.84 (30) 30.90 (32)

Net ground-water flux (Gi–Go) -0.78 1-0.78 1-0.55

1Estimated by difference between other two estimates in each column.
2Estimated using results from Guardo and Prymas (1998).
3Estimated using results from Hutcheon Engineers (1996).
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was collected and returned to the ENR 
by a seepage collection canal. Addi-
tional recharge that was not captured by 
the seepage canal only occurred when 
pumped inflow rates to ENR (and ENR 
water levels) were relatively high 
(fig. 3-b). 

To determine the control that 
managers have over the extent of 
ground-water recharge, our estimate of 
ground-water recharge was compared 
with the rate of surface-water inflow to 
the ENR by pumping from the supply 
canal. Recharge was positively corre-
lated with the pumping rate of surface 
water from the supply canal into ENR 
(fig. 3-a). This demonstrates that the 
relatively high surface-water inputs to 
this constructed wetland have the unin-
tended effect of increasing recharge of 
surface water. A considerable part of the 
recharged ground water (73 percent) 
was collected and returned to the ENR 
by a seepage collection canal. Addi-
tional recharge that was not captured by 
the seepage canal only occurred when 
pumped inflow rates to ENR (and ENR 
water levels) were relatively high 
(fig. 3-b).

In conclusion, we have shown 
how management of surface water in the 
northern Everglades increases interac-
tions with ground water. The increased 
ground-water recharge causes environ-
mental contaminants in surface water to 
migrate to ground water and, possibly, 
discharged back to surface water outside 
of the treatment wetland. Consequently, 
a detailed understanding of wetland and 
ground-water interactions will be neces-
sary to improve the operational effi-
ciency of these treatment wetlands.
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Figure 1. (1) Palm Beach and vicinity showing location of ENR relaive to 
Everglades Agricultural Area (EAA) and Water Conservation Area (WCA’s); 
and (b) location map illustration hydrological and chemical monitoring sites in 
Everglades Nutrient Removal (ENR) project.
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Figure 2. Comparison of estimated ground-water 
recharge with (a) inflow rate of surface water from 
supply canal into ENR (G-250); and (b) returned 
flow from seepage canal (G-250_S) and water level 
in ENR (ENR202d).

Figure 3. Comparison of estimated ground-water 
recharge with (a) inflow rate of surface wqter 
from supply canal into ENR (G-250) and 
(b) returned flow from seepage canal (G-250_S) 
and water level in ENR (ENR202D).
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Topography of the Florida Everglades

By Gregory B. Desmond1, Edward Cyran1, Vince Caruso1, Gordon Shupe1, and Robert Glover1, 
and Charles Henkle2

1U.S. Geological Survey, Reston, Virginia; 2Orkand Corporation, Reston, Virginia

One of the major issues facing ecosystem restoration and management in South Florida is the availability and 
distribution of clean, fresh water.  The South Florida ecosystem encompasses an area of approximately 28,000 square 
kilometers and supports a human population that exceeds 5 million and continues to grow.  The natural systems of the 
Kissimmee-Okeechobee-Everglades watershed compete for water resources primarily with the tourism and agricultural 
industries and with urbanization.  Therefore, surface-water flow modeling studies, as well as ecological modeling stud-
ies, are an important means of providing scientific information needed for ecosystem restoration and modeling.  Hydro-
logic and ecological models provide much needed predictive capabilities for evaluating management options for parks 
and refuges, planning land acquisition, and understanding the impacts of land management practices in surrounding 
areas.  These models require a variety of input data, however, including elevation data that define the topography of the 
Florida Everglades.

Sheet flow and water surface levels in South Florida are very sensitive to any changes in topography because of 
the region’s expansive and extremely flat terrain.  Therefore, hydrologic models require very accurate elevation data for 
input to simulate and predict water flow direction, depth, velocity, and hydroperiod.  Water resources, ecosystem resto-
ration, and other land management decisions will rely in part on the results of these models, so it is imperative to use 
the most accurate elevation data available to achieve meaningful simulation results.  Therefore, elevation data points 
are being collected every 400 meters in a grid pattern to meet the requirements of hydrologic models of various cell 
resolutions.  The vertical accuracy specification for these elevation data is 15 centimeters (6 inches), and they are refer-
enced to the North American Vertical Datum of 1988 (NAVD88).

Because traditional methods for collecting these data for the Everglades are impractical or too costly, the U.S. 
Geological Survey (USGS) did a feasibility study in late 1994 and early 1995 to determine if state-of-the-art techniques 
using the Global Positioning System (GPS) could be used to meet the strict vertical accuracy specifications of the 
elevation data.  The feasibility study successfully demonstrated that differential GPS techniques, using airboats to navi-
gate transects, could meet the data accuracy requirement.  The land surface being surveyed in the Everglades is typi-
cally under water and obscured by vegetation, which precludes the use of other methods for collecting elevation data, 
such as photogrammetry and alternative remote sensing technologies.  Therefore, topographic surveys over such a large 
area of the Everglades with such a stringent accuracy specification can only be efficiently accomplished by using GPS.  
This is especially the case in an inaccessible wilderness environment.  

Because the Everglades is so expansive and remote, and includes environmentally sensitive areas, impenetrable 
vegetation, or other areas unapproachable by airboat, access to many places is possible only by helicopter.  To solve 
this accessibility problem the USGS developed a helicopter-based instrument, known as the Airborne Height Finder 
(AHF), which is able to measure the terrain surface elevation in a noninvasive, nondestructive manner.  Accuracy tests 
have shown that the AHF system can consistently measure elevation points to within 3 to 5 cm.  An accuracy test in 
May 2000 measured 17 National Geodetic Survey (NGS) benchmarks twice with the AHF.  The average difference 
between the AHF measured elevations and the NGS published data sheet values was 3.3 cm.  The largest difference 
was 8.6 cm, and the smallest difference was 0.2 cm.  These accuracy test results provide confidence that the elevation 
dataset being produced meets the 15 cm vertical accuracy specification.

To date, thousands of elevation data points covering significant parts of the Florida Everglades have been 
collected and processed using differential GPS methods, from both airboats and helicopters.  These data are organized 
by USGS 7.5-minute quadrangles and are available from the South Florida Information Access Web Site at 
http://sofia.usgs.gov.  Data collection will continue, with emphasis on providing coverage of the Tides and Inflows in 
the Mangroves of the Everglades (TIME) Model Domain (http://keylime.er.usgs.gov/) and on completing coverage of 
Water Conservation Area 3.
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Summary of Ground-Water Related Geophysical Investigations in
Everglades National Park

By David V. Fitterman and Maria Deszcz-Pan

U.S. Geological Survey, Denver, Colorado

Over the past six years a series of geophysical investigations have been carried out to obtain information needed 
to construct ground-water models of the southern portions of Everglades National Park and adjacent areas (fig. 1). 
Because of the inaccessible nature of the region and the extreme difficulty of drilling except on established roads, 
geophysical measurements from the air, and on the ground, are the only way of obtaining information on geologic and 
hydrologic boundaries needed for model development. Hydrologic models are a very important tool for resource 
management and ecosystem restoration planning. Inadequate or insufficient data with which to construct these models 
reduces their reliability. Geophysical data have provided information on three factors critical to ground-water model 
construction: (1) the extent of saltwater intrusion in the surficial aquifer; (2) the depth to the base of the Biscayne aqui-
fer; and (3) evidence refuting the existence of fresh ground-water flows to Florida Bay.

Helicopter electromagnetic (HEM) surveys and transient electromagnetic (TEM) soundings have been used to 
estimate formation resistivity throughout the study area. Formation resistivity is influenced by the resistivity of pore 
water in the formation and the formation porosity. If the formation porosity and geology vary gradually, then the 
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Everglades National Park used in this study.Figure 1. Location showing the HEM survey, TEM soundings, and observations wells in and near 

Everglades National Park used in this study.
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formation resistivity is a direct measure of pore-water quality. Borehole measurements of formation resistivity and 
pore-water specific conductance (SC) are used to establish a relationship between these parameters, allowing SC to be 
estimated from the formation resistivity derived from the HEM and TEM data. Finally, an empirical relationship 
between SC and salinity, which has been established for the region, is used to estimate aquifer salinity. The result is a 
three-dimensional estimate of water quality.

The HEM surveys provide closely spaced samples (10 m along flight line with 400 m flight line spacing). The 
HEM data are interpreted as layered earth models at each measurement point and displayed as formation-resistivity 
maps at selected depths. The TEM soundings provide greater depth of exploration and better model resolution than the 
HEM data, however, the sampling interval is much coarser (one sounding per 25 km2). The TEM data are also inter-
preted as layered earth models. Comparison of the results of these methods show good agreement.

The HEM data show a clear transition from freshwater to saltwater saturated regimes, which occurs from 8 to 
20 km inland from the coast (fig. 2). The presence of tidal rivers, as found to the west of Taylor Slough, results in a 
jagged transition boundary whose landward extent corresponds to the terminus of the rivers. In Taylor Slough and 
eastward across the region draining toward Florida Bay and Barnes Sound, the interface is smooth because of the 
absence of tidal drainages into the area. The lack of significant drainages to the east of Taylor Slough is due to the 
bedrock ridge that parallels the coast and forms a barrier to large stream formation. Other features visible in the HEM 
data include: (1) a deep resistive zone in the middle of Taylor Slough where freshwater flow recharges the underlying 
aquifer: (2) variations in resistivity near raised roadways reflecting their influence on surface-water flow and aquifer 
recharge; (3) freshwater zones associated with infiltration from canals due to control structures and flow through cuts 
in the canals; and (4) historic saline water transport along a canal, formerly open to Florida Bay, adjacent to old 
Ingraham Highway.
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fresh-water flows to Florida Bay, h) deep, high resistivity zone associated with Taylor Slough.

Figure 2. Interpreted HEM resistivity-depth-slice maps from Everglades National Park for depths of 5 m, 
10 m, 15 m, and 40 m. The color bar gives estimated chloride concentration in the aquifer based on 
geophysical data. The annotated features are: (a) abrupt freshwater-saltwater interface (FWSWI) in Taylor 
Slough, (b) FWSWI controlled by tidal river flow, (c) change in salinity where roadway blocks surface-water 
flow, (d) remnant of seawater intrusion along Ingraham Highway canal, (e) effect of freshwater recharge 
from C-111 canal, (f) cuspin FWSWI due to water impoundment behind control structure S18C, (g) absence 
of freshwater flows to Florida Bay, (h) deep, high resistivity zone associated with Taylor Slough.
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The TEM soundings also locate the transition from freshwater to saltwater saturated zones. TEM interpreted 
formation resistivities fall into two groups: (1) a freshwater saturated zone with resistivities in the range of 18-
300 ohm-m, and (2) a saltwater saturated zone with resistivities of 2-7 ohm-m. On this basis the location of the fresh-
water/saltwater interface is mapped (fig. 3). The result agrees well with the HEM results, but lacks the spatial detail of 
the HEM data because of the much coarser sampling interval.

The geophysical data also provide some insight on the issue of whether fresh ground-water is flowing to Florida 
Bay. If flows are present, we would expect to see a high resistivity zone leading to Florida Bay. Five to ten kilometers 
landward of Florida Bay the HEM resistivity depth-slice maps show a uniformly low resistivity (1-2 ohm-m) zone from 
the surface down to a depth of at least 24 m. The base of the Biscayne aquifer, as mapped by drilling, is less than 24 m 
deep at locations where geophysical data are available. The low observed resistivities are indicative of saltwater satura-
tion of the Biscayne aquifer. Similarly, the TEM results do not show the presence of a high resistivity zone in the 
Biscayne. While the geophysical models do not indicate the presence of a freshwater zone, thin resistive zones (1-2 m 
thick), that are not detectable and do not degrade the fit of the model to the data, could be embedded in the models. The 
likelihood of such zones existing over extended distances and being isolated hydrologically from the surrounding salt-
water intruded aquifer is not considered to be of significance. Therefore, we conclude that there is no evidence of fresh, 
groundwater flowing to Florida Bay from the surficial aquifer.

The results of this project are of immediate value to managers who are responsible for restoration decisions 
because they provide information about the impact of natural and human activities on saltwater intrusion and the 
hydrologic regime. This work also provides a baseline for long-term monitoring of changes in the ground-water 
regime. Future geophysical surveys can be used to look for changes in subsurface conditions associated with planned 
modification of water deliveries to Everglades National Park.
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Figure 3. Location of the FWSWI in Everglades National Park based on well, TEM, and HEM data. The HEM 
data is from the 10-m depth slice. The color bar shows the estimated chloride concentration.
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Regional Evaluation of Evapotranspiration 
in the Everglades

By Edward R. German

U.S. Geological Survey, Altamonte Springs, Florida

Nine sites in the Florida Everglades were selected and instrumented for collection of data necessary for evapo-
transpiration (ET) determination using the Bowen-ratio energy-budget method. The sites were selected to represent 
sawgrass or cattail marshes, wet prairie, and open-water areas that comprise most of the natural Everglades system. The 
study area and site locations are shown in figure 1. Site characteristics are given in the following table.

At each site, measurements necessary for ET calculation and modeling were automatically made and stored on-
site at 15- or 30-minute intervals. Data collected included air temperature, humidity, wind speed and direction, incom-
ing solar radiation, net solar radiation, water level and temperature, soil moisture content, soil temperature, soil heat 
flux, and rainfall. Data are available for eight of the nine sites for January 1996 through December 1997, and for one 
site January-December 1997. Four sites were continued through September 1999 and two sites were still being oper-
ated in September 2000. Four additional sites were installed in November 2000 in Shark Valley Slough to provide ET 
and meteorological data for development of hydrologic models, and to confirm regional models of ET developed using 
data from the original network of 9 ET sites.

Modified Priestley-Taylor models of latent heat (ET) as a function of selected independent variables were devel-
oped at each of the nine sites, using data for January 1996 through December 1997, when all nine sites were operated. 
The Priestley-Taylor model was selected because it provided a good fit at all sites, and requires less information than 
other ET models. The site models were used to fill in periods of missing latent-heat measurement. The individual site 
models were combined and used to formulate regional models of ET that may be used to estimate ET in wet prairie, 
sawgrass or cattail marsh, and open-water portions of the natural Everglades system. The models are not applicable to 
forested areas or to the brackish areas adjacent to Florida Bay.

Two types of regional models were developed. One type of model uses measurements of the energy budget at a 
site, together with incoming solar energy and water depth, to estimate ET for 30-minute intervals. This energy-based 
model requires site data for net radiation, water heat storage, and soil heat flux, as well as data for incoming solar radi-
ation and water depth. A second type of model was developed that does not require site energy-budget data and uses 
only incoming solar energy, air temperature, and water depth data to provide estimates of ET at 30-minute intervals. 
The second model thus uses data that are more readily available than the data required for the available-energy model, 
but does not give as precise an estimate of ET as the model using energy-budget measurements.

Site number Community Latitude-Longitude Comments

1 Cattails 263910 0802432 Never dry

2 Open water 263740 0802612 Never dry

3 Open water 263120 0802013 Never dry

4 Dense sawgrass 261900 0802307 Dry part of most years

5 Medium sawgrass 261541 0804356 Dry part of some years

6 Medium sawgrass 254450 0803007 Never dry

7 Sparse sawgrass 253655 0804211 Never dry

8 Sparse rushes 252112 0803807 Dry part of every year

9 Sparse sawgrass 252135 0804600 Dry part of every year
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Figure 1. The Everglades and locations of evapotranspiration (ET) stations.
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Precision of the site models and the regional 
models was evaluated for each site, and median 
model standard errors for the nine sites are shown in 
figure 2. Precision of the individual site models is 
only slightly better than the regional model based on 
energy-budget measurement. The difference in preci-
sion of the two types of regional models is most 
noticeable for 30-minute ET totals. For 30-minute ET 
totals, the energy-based model has a standard error of 
about 32 percent and the non-energy-based model has 
a standard error of about 58 percent. For monthly ET 
totals, both types of models are much more precise, 
and have standard errors of about 7 percent for the 
energy-based model and about 9 percent for the 
non-energy-based model.

Computed ET mean annual totals for all nine 
sites for the 1996-97 period (fig. 3) range from 
42.4 inches per year at site 9, where the water level is 
below land surface for several months each year to 
57.4 inches per year at site 2, an open-water site with 
no emergent vegetation. The variation in ET follows 
a seasonal pattern, with lowest monthly ET totals 
occurring in December through February, and highest 
ET occurring in May through August. The monthly 
total ET among all nine sites for the 2-year period 
ranged from 1.81 inches in December 1997 to 
6.84 inches in July 1996.

There is an inverse relation between ET and 
water level. This inverse relation applies whether the 
water level is above land surface or below land 
surface. 

Figure 3. Mean annual ET for 1996-97.

Figure 2. Median standard error for site and regional 
ET models.
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Hydrologic Interactions Between Surface Water and Ground Water in
Taylor Slough, Everglades National Park

By Judson W. Harvey1, Jungyill Choi1, and Robert H. Mooney2

1U.S. Geological Survey, Reston, Virginia;  2U.S. Geological Survey, Miami, Florida

Determining the extent of hydrologic interactions between wetland surface water and ground water in Taylor 
Slough is important because the balance of freshwater flow in the lower part of the Slough is uncertain. Although 
freshwater flows through Taylor Slough are quite small in comparison to Shark Slough (the larger of the two major 
sloughs in Everglades National Park), flows through Taylor Slough are especially important to the ecology of estuarine 
mangrove embayments of northeastern Florida Bay.  The extent of wetland and ground-water interactions must also be 
known before their role in affecting water quality can be determined.  Taylor Slough is separated from Shark Slough 
by a series of low-lying coastal ridges referred to as Long Pine Key, and by an area of relatively high-elevation 
wetlands called the Rocky Glades. Historically, Taylor Slough received water from precipitation, surface overflow 
from Shark Slough, and possibly as ground-water discharge from the coastal ridge systems.  Presently, Taylor Slough 
receives much of its water from the L31-W canal at the S332 pumping structure (at what is effectively the northern 
terminus of Taylor Slough), and from outflow at the southern end of the L31-W canal (fig. 1).

Taylor Slough is underlain by organic wetland peat that varies in depth (0.2 – 2 m) and in the content of calcitic 
mud.  Under the peat is a highly permeable sand and limestone aquifer (Biscayne aquifer).  Two approaches were used 
to investigate wetland and ground-water interactions in Taylor Slough.  One approach involved computing ground-
water discharge using chloride as a tracer. Measured flows at pumping or release structures and estimates of  precipita-
tion, evapotranspiration, and surface-flow velocity were needed in addition to chloride measurements in surface water 
and in ground water.   The second approach estimating ground-water discharge by combining estimates of hydraulic 
conductivity in the peat (determined by the piezometer slug test method) with measurements of vertical hydraulic 
gradient.  Vertical discharge from the peat was computed from those data using Darcy’s law.

The research was conducted during seven primary measurement periods between September 1997 and 
September 1999.  Results are discussed with reference to four segments (referred to as reaches) that comprise Taylor 
Slough (fig. 1).  The first reach is between structure S332 and Taylor Slough Bridge.  A net loss of surface flow by 
recharge from Taylor Slough to ground water was evident in this reach.  Evidence for recharge is based on the substan-
tially lower surface flow measured at Taylor Slough Bridge compared to that measured at S332 structure.  During 
some periods recharge accounted for as much as 80 percent of the pumped input from the S332 structure.  In reach 2 
(directly south of Taylor Slough Bridge) there was only minor dilution of chloride in surface water, suggesting that 
discharge of ground water with lower chloride concentration was minor in Taylor Slough.  The slight decrease in chlo-
ride concentration with distance in reach 2 could usually be explained by accounting for precipitation and evapotrans-
piration.  In reach 3 there was a significant decrease in chloride concentration that could not be explained by 
precipitation and evapotranspiration, suggesting a substantial discharge of ground water into Taylor Slough during all 
data collection periods in both wet and dry seasons (fig. 2).  For example, a calculation for November 1997 indicated 
that ground-water discharge might have been as large as 3 cm/day in reach 3, or approximately an order of magnitude 
higher than evapotranspiration (fig. 3).  The average observed chloride concentrations increased in reach 4 cannot be 
explained by the simulations, because both the observed precipitation and evapotranspiration, and ground-water 
inflow would cause dilution of chloride.  Chloride concentrations therefore appeared to be affected by tidal inputs of 
chloride from Florida Bay or by discharge of saline ground water in reach 4, and cannot be estimated by the chloride 
balance method.
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 The source of discharging 
ground water detected by the 
chloride balance is chemically 
dilute ground water and surface 
water that enters the Slough from 
the western side.  The ultimate 
source of that water is  probably 
precipitation that recharges the 
aquifer on Long Pine Key and the 
Rocky Glades. Surface-water 
inputs to Taylor Slough cannot be 
separated definitively from 
ground-water inflow on the west-
ern side of the Slough because 
both are relatively low in chloride 
concentration.  It is  assumed that 
much of that surface flow also had 
its origin as recharge on Long 
Pine Key and the Rocky Glades, 
flowing to the southeast in the 
shallow ground-water system, 
discharging prior to reaching the 
measurement point at Ingraham 
Highway.  Because of those 
complex interactions, all of the 
water entering from the western 
side of Taylor Slough that was 
delineated using chloride as a 
tracer identified as "shallow 
ground-water discharge."  

In contrast, vertical 
discharge of ground water from 
directly beneath Taylor Slough 
cannot be detected by using chlo-
ride as a tracer.  This is because of 
the similarity in chloride concen-
tration between Taylor Slough 
surface water and ground water 
directly beneath the channel.  The 
best estimate of ground-water 
discharge from directly beneath 
Taylor Slough was 0.06 cm/day, 
which represents a relatively 
minor component of inflow in 
comparison with shallow ground-
water discharge from the west.

Figure 1.  General location map (a) 
and (b) locations of measurements of 
recharge and discharge in Taylor 
Slough, Everglades National Park.
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Quantity, Timing, and Distribution of Freshwater Flows into 
Northeastern Florida Bay

By Clinton Hittle 

U.S. Geological Survey

A major Everglades restoration goal is to provide the wetland and Florida Bay with the right amount of water at 
the right time.  The need for accurate information on the quantity, timing, and distribution of water flows through the 
Everglades into Florida Bay is essential for successful water management as it relates to restoration efforts.  Accurate 
flow information is needed to help understand and simulate circulation, mixing, and salinity dynamics in Florida Bay 
as well as to help verify terrestrial simulations of south Florida marsh-flow dynamics. Such simulations are, in turn, 
used to drive projections of ecosystem changes in response to restoration alternatives.  Also, with this flow information, 
water management practices can be monitored and informed decisions can be made to help restore the Everglades.  

In October 1994, the U.S. Geological Survey (USGS), as part of the South Florida Place Based Studies Program, 
began a study to measure freshwater discharge into northeastern Florida Bay.  Water flow, stage, and salinity data were 
collected at five instrumented sites, and water flow only at four noninstrumented sites.  The five instrumented sites 
from east to west are West Highway Creek, Trout Creek, Mud Creek, Taylor River, and McCormick Creek. The four 
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noninstrumented sites from east to west are East Highway Creek, Oregon Creek, Stillwater Creek and East Creek 
(fig. 1).  Data at the instrumented sites are collected every 15 minutes and transmitted via satellite every 4 hours to the 
USGS Miami office.  Data from the noninstrumented sites are collected on a monthly and storm event basis.  The 
study was expanded in 1999 to determine flow distribution into Joe Bay and upstream flow characteristics for Taylor 
River.  Four salinity probes were installed at creeks along the northern coast of Joe Bay, and additional instrumented 
sites were installed along upstream Taylor River and Stillwater Creek (fig. 1).

The quantity of water flowing through Taylor Slough and the C-111 Basin, including rainfall and evaporative 
losses, can be defined as total cumulative outflow volume in acre-feet from the creeks.  The USGS water year (Octo-
ber through September) annual summaries for 1996-99 of outflow volume for the five instrumented and four nonin-
strumented sites are presented in table 1.  Sheetflow into northeastern Florida Bay is considered negligible because 
flow is channeled through a low lying ridge along the northeastern shore of the bay.    

Table 1. Annual outflow volumes for creeks in northeastern Florida Bay in acre-ft. 
[* noninstrumented creek outflows that are estimated using correlation with instrumented creeks.]

The timing of flows is directly related to the wet/dry season variations with more than 80 percent of annual 
freshwater flow entering northeastern Florida Bay between June and November.  Negative flows predominate the dry 
season and lower water levels in the wetland along with southerly winds cause saltwater to intrude upstream and into 
the coastal sub-embayments, such as Joe Bay and upstream Taylor River.

Due to the complex drainage basin of the southeastern Everglades and the flat topography, small changes in 
water level can cause changes in flow distribution that would not be observed without directly computing discharge at 
the creeks.  Discharge computation and salinity observations at the creeks and sub-embayments have led to the follow-
ing flow distrtibution interpretations: (1) Trout Creek carries approximately 50 percent of the freshwater outflow to 
northeastern Florida Bay including the gaged and ungaged creeks; (2) West Highway Creek rarely has net negative 
flow on a monthly basis; (3) McCormick Creek had net negative flow for water year 1998 following the El Nino event; 
(4) flow exchange between Joe Bay and Long Sound does occur, and direction of flow is dependent upon water levels 
in the Taylor Slough and C-111 Basins; and (5) northeastern Joe Bay shows a direct connection with outflows from 
S-18C.

 

Water 
Year 

West 
Highway  

East 
Highway * Oregon * Stillwater * Trout Mud East * Taylor McCormick 

          

1996 33,764 12,933 12,307 13,713 143,696 18,017 22,307 16,674 12,028 

           

1997 43,657 17,906 15,811 17,225 190,088 18,577 23,040 23,809 24,484 

          

1998 27,909 9,694 10,258 11,761 138,853 18,748 19,308 27,959 -14,997 

          

1999 28,699 10,107 10,537 14,532 110,361 19,298 23,584 28,361 22,418 
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Ground-Water Discharge to Biscayne Bay

By Christian Langevin

U.S. Geological Survey, Miami, Florida

One of the main goals of Everglades restoration is to “get the water right” by modifying the existing canal 
network and management operations. There is concern that the modifications could adversely affect salinities in 
Biscayne Bay, which hosts a wide range of estuarine organisms. To evaluate the effects of the modifications on 
Biscayne Bay, the U.S. Army Corps of Engineers is constructing a hydrodynamic circulation model. To achieve a 
reasonable calibration, the model requires the accurate specification of freshwater discharges to the bay. The two most 
important mechanisms for freshwater discharge to Biscayne Bay are thought to be canal discharges and submarine 
ground-water discharge from the Biscayne aquifer. Canal discharges are routinely measured and recorded, but few 
studies have attempted to quantify the rates and patterns of submarine ground-water discharge. In 1996, the U.S. 
Geological Survey initiated a project, in cooperation with the U.S. Army Corps of Engineers, to quantify the rates and 
patterns of submarine ground-water discharge to Biscayne Bay. These rates have been incorporated into the circulation 
model, which is currently under development by the Corps.

To quantify rates and patterns of submarine ground-
water discharge, field studies were combined with 
numerical modeling techniques. The field studies were 
performed at three transects: Coconut Grove, Cutler 
Ridge, and Mowry Canal. At each transect, monitoring 
wells were installed inland and offshore to characterize 
the interface between fresh and saline ground water. 
Data from the offshore monitoring wells indicate that 
ground water beneath Biscayne Bay has relatively low 
salinity values along the coast. At distances of about 300 
to 500 meters from shore, however, ground-water salini-
ties are nearly equal to seawater salinities.  This suggests 
that most of the ground-water discharge is confined to a 
narrow band along the coast. The salinity data also 
support the conceptual model of cyclic ground-water 
flow within the freshwater/saltwater interface being 
driven by density variations.Ground-water discharge 
rates to Biscayne Bay were quantified by constructing 
variable-density ground-water flow models that use the 
assumption of an equivalent porous medium. The 
models were developed with a code called SEAWAT, 
which is a combination of MODFLOW and MT3D. The 
numerical models were constructed at the local and 
regional scales. Local-scale models were developed and 
calibrated using the field data collected at the Coconut 
Grove and Cutler Ridge transects. Results from the 
local-scale models were used to guide the development 
and calibration of the larger, regional-scale model 
(fig. 1).  The regional-scale model covers most of 

Miami-Dade County and represents the period from January 1989 to October 1998. The model includes the follow-
ing hydrologic stresses: recharge, evapotranspiration, canal interaction, interaction with surface water in the Ever-
glades, municipal well fields, and ground-water discharge to Biscayne Bay.

Figure 1.  Finite-difference model grid for the regional-scale 
model used to simulate variable-density ground-water flow to 
Biscayne Bay from 1989 to 1998.
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Results from the regional-scale model provide important information about the rates and patterns of ground-
water discharge to Biscayne Bay. The model results suggest that ground-water discharge rates are probably 3 to 10 
percent of the total discharge from the coastal canals (fig. 2).  The results also suggest that most of the ground-water 
discharge to Biscayne Bay occurs along the northern half of the coast, where the Atlantic Coastal Ridge is directly 
adjacent to the bay.  Ground-water discharge rates for southern Biscayne Bay are nearly zero because the low-lying 
areas prevent the water table from rising more than a few tenths of a meter above sea level. The importance of tidal 
canals also was highlighted by the model. Simulated ground-water discharges to the tidal portions of the Miami, Coral 
Gables, and Snapper Creek Canals are similar in magnitude to submarine ground-water discharge directly to Biscayne 
Bay.

Figure 2.  Submarine ground-water discharge as simulated by the regional-scale model compared with 
discharge at the coastal canals.  Data for the coastal canal discharges were retrieved from the DBHYDRO 
database maintained by the South Florida Water Management District.
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A Pipe Manometer for the Determination of Very Small Water-Surface 
Slopes in the Florida Everglades

By Jonathan K. Lee1, Harry L. Jenter2, Vincent C. Lai, Hannah M. Visser3 and Michael P. Duff3

1Deceased, U.S. Geological Survey, Reston, Virginia; 2Retired, U.S. Geological Survey, Reston, Virginia;
3U.S. Geological Survey, Reston, Virginia; 

Restoration and management decisions regarding the south Florida ecosystem are based in part on the results of 
numerical surface-water flow models.  These model results are sensitive, in turn, to the expressions used to account for 
the resistance effects of vegetation on flow and to the values of the coefficients that appear in those expressions.  
U.S. Geological Survey (USGS) hydrologists and ecologists are conducting studies to quantify vegetative flow resis-
tance in order to improve the models.  

Expressions for vegetative flow resistance include coefficients that must be evaluated in terms of measurable 
parameters that describe the flow conditions and the vegetation characteristics.  These parameters include the flow 
velocity through the vegetation, water depth, slope of the water surface, and the type, physical characteristics, and 
density of the vegetation. Water-surface slope is perhaps the most difficult of the flow-resistance parameters to measure 
in the Everglades due to the very low-gradient characteristics of the topography and flow.  Conventional surveying 
methods do not provide the level of precision needed to accurately determine water-surface slopes in such wetland 
environments.  A unique pipe manometer (fig. 1) has been developed by the authors to evaluate these very small water-
surface slopes that are typically on the order of 1 cm per 1 km (10-5).

The pipe manometer is a 2.4-m-long, 7.6-cm-diameter PVC pipe with a short elbow of the same internal diame-
ter at one end.  In application, the pipe is positioned fully submerged near the water surface with its long axis parallel to 
the direction of flow. It is oriented with the elbow opening downward at the upstream end of the pipe.  For low 
Reynolds number flow, water velocity in the pipe is theoretically a function of only the pipe geometry, water viscosity 
and the head difference between the ends of the pipe (that is, Streeter and Wylie, 1979).  The relationship, either theo-
retical or empirical, between the flow velocity in the pipe and the head difference can be used as a surrogate for 
measurement of the water-surface slope.  It is under this assumption that the pipe manometer is developed to determine 
water-surface slope.

A series of steady-state controlled flows, conducted in the tilting flume at the USGS Hydrologic Instrumentation 
Facility at Stennis Space Center in Bay St. Louis, Mississippi during February and March of 1999, were used to estab-
lish the relationship between the pipe-centerline velocity and water-surface slope.  During this time period, eleven 
separate flow conditions were replicated, representing a variety of water depths and slopes.  Each controlled condition 
consisted of two water-surface slope measurements and approximately twenty pipe-centerline velocity measurements.

A single water-surface slope was calculated from six independent stage measurements collected using hook 
gages equipped with digital calipers at each of five locations along a side of the 60-m-long, 2-m-wide flume (fig. 2). 
Pipe-centerline velocity was measured by inserting the side-looking probe of an acoustic Doppler velocity meter into 
the downstream end of the pipe manometer at five locations along each side of the flume using the configuration shown 
in figure 1.  

Analyses of the observations collected under the controlled flow conditions show a strong empirical relationship 
between pipe-centerline velocity and water-surface slope.  The relationship between pipe-centerline velocity and the 
square root of water-surface slope is nearly linear within the range of flow conditions observed in the Everglades.  
Efforts are currently underway to reconcile the observations with pipe flow theory in order to establish design criteria 
for pipe manometers with geometries different than the pipe manometer used in this study.
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Figure 1. Pipe manometer, laboratory configuration. Not drawn to scale.

Figure 2. Flume layout, plan view. Not drawn to scale.
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Determination of Resistance Coefficients for Flow through Submersed 
and Emergent Vegetation in the Florida Everglades

By Jonathan K. Lee1, Lisa C. Roig2, Harry L. Jenter3, Hannah M. Visser3

1Deceased, U.S. Geological Survey, Reston, Virginia; 2Roig and Associates, Reston, Virginia; 
3U.S. Geological Survey, Reston, Virginia

Indoor flume experiments and field surveys have been conducted to yield unique data sets describing flow 
through submersed and emergent vegetation at low Reynolds numbers (Lee and Carter, 1999; Lee and Carter, 1997).  
Hydraulic measurements were conducted concurrently with vegetation sampling surveys to provide the data needed to 
determine the correlation between frictional resistance and vegetative characteristics (Carter and others, 1999; Rybicki 
and others, 1999).  In addition, an innovative method for measuring the extremely small water-surface slope has been 
developed (Lee and others, 2000).  The objectives of the present effort are as follows: (1) to determine the flow resis-
tance due to vegetation for each of the plant communities sampled in the laboratory and field surveys; (2) to derive 
equivalent Manning’s n functions to quantify frictional resistance for the specific vegetation types surveyed; and (3) to 
examine the role of upscaling on the derived Manning’s n values.  Future USGS research will correlate the flow resis-
tance to specific physical characteristics of the plants.  This future work will permit flow resistance to be predicted 
from generalized functions, rather than requiring physical surveys in each plant community.

Fluid moving through an array of erect objects is commonly characterized by the “stem” Reynolds number, ReD 
= DV/ν, where D is the average spacing of the objects, V is the discharge velocity, and ν is the kinematic viscosity.  
Preliminary analyses indicate that the laboratory and field data have stem Reynolds numbers in the range 10 to 400.  
Let us consider what is known about the flow regime in this range (Churchill, 1982). For an isolated erect cylinder in a 
horizontal flow field, flow is laminar for ReD < 150. For 6 < ReD < 44, separation occurs behind the cylinder creating a 
recirculation zone in the lee of the object. For 44 < ReD < 150, organized vortex shedding is observed. For 150 < ReD < 
30000, a turbulent wake forms.  In a multi-cylinder array, the limits of these different regimes are different because of 
wake interference, sheltering, and tortuosity.  Nonetheless, the range of ReD experienced in the Everglades data 
suggests that the flow regime varies from laminar to transitional, but does not become fully developed turbulent flow, 
as is commonly assumed for open channel flow.  Other researchers suggest that laminar flow in a multi-cylinder array 
occurs for ReD < 200 (Nepf, 1999).

The conceptual model of a multi-cylinder array is useful for advancing the analysis of flow through submersed 
and emergent vegetation to a certain point.  Yet the vegetation array is much more complex.  The vertical variation of 
the plant form and the vertical variation of the plant population density affect the flow field.  The velocity profiles 
observed in the laboratory and field studies are very different than what is typical for open channel flows, and than 
what has been suggested for uniform multi-cylinder arrays.  These observations indicate that the historical use of 
Manning’s n to describe the flow resistance of heavily vegetated environments is inappropriate.  One goal of this work 
is to identify a simple and useful function for specifying the resistance factor for each plant community sampled in the 
field survey.   Resistance coefficients such as the Darcy-Weisbach friction factor or the average stem drag coefficient 
may be more suitable than Manning’s n for this purpose.  An approximation of Manning’s n for use in Everglades 
hydraulic routing models can be derived for either of these.
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Southwest Coast of Everglades National Park—Broad, Harney, and 
Shark River Hydrodynamics and Discharges During 1999

By Victor A. Levesque

U.S. Geological Survey, Tampa, Florida

The analysis of 1999 discharge data provides information on annual discharge characteristics and the effects of 
weather systems on discharges for the Broad, Harney, and Shark Rivers. As a part of the U.S. Geological Survey South 
Florida Placed Based Studies Program, these three estuarine-river sites were selected using the criterion that a large 
amount of the water that flows through Shark River Slough, sometimes referred to as the “Heart of the Everglades,” 
must pass by these sites. This study’s data will be used, in conjunction with data from other ongoing studies, to deter-
mine the effects changes in water deliveries to Everglades National Park (ENP) have on the southwest estuaries and 
Florida Bay ecosystems. Each station was equipped with a vertically oriented acoustic-velocity sensor, water-level 
pressure transducer, bottom water-temperature thermistor, and specific conductance four-electrode sensor. 

Discharges from the Broad, Harney, and Shark Rivers are influenced by semi-diurnal tides, wind events, and 
freshwater inflow. All three rivers are well mixed, with a difference in specific conductance from top to bottom usually 
no greater than 500 microsiemens per centimeter during flood and ebb tides. Discharge is one-dimensional except for 
brief (less than 20 minutes) periods during slack water (between flood and ebb tide) when flow is vertically bi-direc-
tional (moving upstream and downstream). The flood discharges (water moving upstream, denoted as negative values) 
are usually of greater magnitude and shorter duration than the ebb discharges (water moving downstream, denoted as 
positive values).

Instantaneous and residual daily discharges for the three stations were calculated for the 1999 calendar year. 
During 1999, the Broad River instantaneous discharges ranged from –2,400 to +3,500 cubic feet per second (ft3/s), 
while the Harney and Shark River instantaneous discharges ranged from –15,600 to +12,900 ft3/s and –10,100 to 
+10,500 ft3/s, respectively. The instantaneous discharge values were processed using a ninth-order Butterworth low-
pass filter to remove semidiurnal tidal frequencies that eliminates bias associated with lunar cycles when computing 
daily, weekly, monthly, or yearly mean or median residual (filtered) discharge values. The residual daily discharges for 
the Broad, Harney, and Shark River stations ranged from –900 to +2,500 ft3/s, -3600 to +5,700 ft3/s, and –2300 to 
+4,400 ft3/s, respectively. The Broad River station is the furthest upstream from the Gulf of Mexico (9.3 river miles) 
and exhibits lesser magnitudes of instantaneous and residual discharges than the other two stations and longer duration 
positive discharges than the Harney (4.4 river miles upstream) or Shark (6.2 river miles upstream) River stations.

Mean annual residual daily discharges were computed for the Broad and Shark River stations and estimated for 
the Harney River station. Discharge data were missing for the Harney River from April 4 to June 11, 1999, due to erro-
neous index-velocity data. This period coincided with prolonged minimum residual discharges recorded at the Broad 
and Shark River stations. The mean annual residual discharge for the Broad and Shark River stations, using the 
complete 1999 record were computed as +400 and +440 ft3/s respectively. Excluding the period of missing discharge 
data for the Harney River station, the mean annual residual discharges for the Broad, Harney, and Shark River stations 
were +520 ft3/s, +580 ft3/s, and +550 ft3/s, respectively. Applying the same difference of approximately 100 ft3/s 
between mean annual residual discharges for the Broad and Shark River stations, the Harney River station mean annual 
residual discharge for 1999 was estimated to be approximately +470 ft3/s. The mean annual residual discharges reflect 
the net downstream flows with minimal errors associated with water storage.

Wind events such as cold fronts, tropical storms, and hurricanes can amplify, attenuate, or completely over-
whelm the tidal forces that normally dominate flow patterns in the estuaries along the southwest coast of the ENP. Four 
strong cold fronts occurred between January and March 1999 that significantly affected short-term discharges (less 
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than a few days) for the Broad, Harney, and Shark Rivers. The lowest water levels for the Broad, Harney, and Shark Rivers 
occurred during the passage of strong cold fronts in February and March 1999, when mean water levels were lower than in 
the late summer and early fall. The most significant effects on maximum water level and discharge occurred during the 
passages of Tropical Storm Harvey and Hurricane Irene in September and October 1999. The two storms had different 
effects on the water levels and discharges during their movement towards and away from the southwest coast.

Tropical Storm Harvey approached the Broad, Harney, and Shark Rivers from the northwest and moved to the east 
with maximum sustained winds of 60 miles per hour (mph). The winds associated with Harvey forced water into the 
mangrove forests of the southwest coast to water levels of approximately 1.81 feet above mean water levels at the Broad 
River station, 3.30 feet above mean water level at the Harney River station, and 2.96 feet above mean water level at the 
Shark River station. Some pulsations in water level and discharge not attributable to semi-diurnal tidal forcing preceded the 
storm by 2 to 3 days. The center storm surge caused a prolonged flood (upstream) flow that lasted almost 24 hours; then as 
the winds shifted and abated, the stored water flowed back out to the Gulf of Mexico for approximately 24 hours with no 
tidal flow reversal. The maximum positive and negative instantaneous and residual discharges for the Harney and Shark 
River stations were recorded on September 21, 1999, as Tropical Storm Harvey made landfall. The Broad River discharges 
exhibited similar patterns but to a lesser magnitude than the Harney and Shark River stations due to the location of the 
station and the storm track.

Hurricane Irene caused a different response at the three river stations because of the storm path and wind strength. 
Hurricane Irene approached from the southwest and moved to the northeast on October 15, 1999, with maximum sustained 
winds of 85 mph. The winds associated with Irene forced water out of the mangrove forests and the return seiche was of 
lesser magnitude than during Tropical Storm Harvey. Water levels during Irene decreased and caused a rapid increase in 
ebb flow (toward the Gulf of Mexico) that lasted approximately 24 hours with no flow reversals during the 24-hour period. 
The Broad River instantaneous and residual daily discharges reached maximum values of +3,500 and +2,500 ft3/s respec-
tively during the passage of Hurricane Irene. 

Figure 2. Residual discharges in 1999 for the Broad, Harney, and Shark River stations.
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Quantifying Internal Canal Flows in South Florida

By Mitchell H. Murray

U.S. Geological Survey, Miami, Florida

Historical changes in water-management practices to accommodate a large and rapidly growing urban popula-
tion along the Atlantic Coast of south Florida as well as intensive agricultural activities have resulted in a highly 
managed hydrologic system with canals, levees, and pumping stations. These structures have altered the hydrology of 
the Everglades ecosystem on coastal and interior lands. Surface-water flows south of Lake Okeechobee have been 
regulated by an extensive canal network, begun in the 1940’s, to provide for drainage, flood control, saltwater intrusion 
control, agricultural requirements, and various environmental needs. Much of the development and subsequent moni-
toring of canal and river discharge south of Lake Okeechobee have traditionally focused on the eastern coastal areas of 
Florida. Recently, increased emphasis has been placed on providing a more accurate accounting of canal flows in inte-
rior regions of south Florida. 

As part of its Place-Based Studies Program, the U.S. Geological Survey (USGS) is presently conducting a study 
to: (1) evaluate approaches for quantifying freshwater flows to and from Native American Lands, and (2) provide 
hydrologic data to support various other federal, state, and tribal hydrologic investigations. The implementation and 
development of strategically placed streamflow and water-quality gaging sites in the interior have provided vital infor-
mation for determining future surface-water flow requirements in the internal canal system. Subsequent studies, based 
on accurate flow determinations at these sites, have been used for computation of nutrient loadings in the canal system. 
Providing continuous-flow data from selected impact points for internal basins complements the data from the eastern 
flow canal discharge network. This has resulted in increased accuracy for timed water deliveries to specific locations.

During 1996-97, the USGS constructed, instrumented, and calibrated three streamflow monitoring sites south of 
Lake Okeechobee (fig. 1) in an effort to accurately gage flows in canals entering and exiting Tribal Lands, Big Cypress 
National Preserve, and Water Conservation Area 3A in south Florida. The L-28U site is used to monitor freshwater 
flows to and from Seminole and Miccosukee Indian Tribal Lands. The L-28IN site is used to monitor freshwater flows 
from Seminole Indian Tribal lands to Big Cypress National Preserve and ultimately to Miccosukee Tribal Lands. The 
L-28IS site, discontinued in September 1999, was used to monitor flows from Seminole Indian Tribal Lands and Big 
Cypress National Preserve to Miccosukee Indian Tribal Lands. This site also was instrumental in bracketing and qual-
ity assuring the flow calibration conditions for the upstream L-28IN site. 

Acoustic instrumentation, in lieu of standard methods for field data collection and flow computations, is used to 
gage flows in the canals. With the acoustic velocity meter (AVM) and the acoustic doppler current profiler (ADCP), it 
is possible to more accurately gage flows in this type of environment because they can quickly measure low or rapidly 
changing water velocities. The ADCP calibration of the in situ AVM index velocities is ongoing. A sum of least 
squares regression has been developed for data processing at all sites and continues to be refined. 

Velocity data collected during the dry season have displayed a phenomenon known as acoustic refraction or ray 
bending. This is produced by thermal stratification in the water column during extended periods of very slow flow. At 
one site, a point velocity electromagnetic velocity meter and associated velocity index were established in conjunction 
with the AVM to verify periods when these episodes occur.

Average annual runoff of 70,100 acre-feet was recorded during 1997-99 at L-28U (fig. 2). This represents about 
twice the inflow amount determined by the South Florida Water Management District (SFWMD) at their upstream 
U.S. Sugar Outflow (USSO) site located on the northwestern border of the Seminole Indian Tribal Lands. An average 
annual runoff of  53,770 acre-feet has been recorded at L-28IN since its inception in 1997, and an average annual 
runoff of 49,070 acre-feet was recorded during 1997-99 at L-28IS (fig. 3). The lesser discharge recorded at the more 
southerly site of the two on the Interceptor canal was likely due to the heavy influence of the S-140 pump station where 
losses could be attributed to heavy operational pumping periods.
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Figure 1.  South Florida Water Management District/Seminole Agreement water-quality and flow 
sampling sites.

Figure 2.  Compairson of L28U flow with G89DS and USSO flows, May 1998 to April 1999.  USSO is U.S. Sugar Outflow site.
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These flows also are being monitored as part of a multiagency effort to calculate nutrient loads in the canals that 
cross or border Tribal Lands. The SFWMD installed flow-weighted samplers at the gaging sites for nutrient analysis in 
conjunction with the streamflow monitoring; the flow-weighted samplers have been serviced by the Seminole and 
Miccosukee Indian Tribes, respectively. Real-time telemetry programming assistance and phosphorus and nitrogen 
load calculations have been provided by the SFWMD. The nutrient load data from all three sites is used by water 
managers for resource planning and management. 

The implementation of strategically placed streamflow and water-quality gaging sites in the interior of south 
Florida − in conjunction with four entities to collect, analyze, and distribute useful information to help water managers 
determine future surface-water flow requirements in the interior canal system − has been a success. Ongoing flow-
weighted nutrient loads require accurate flow data collection combined with a highly coordinated nutrient collection 
and analysis SFWMD/Seminole Working Group. The SFWMD is in the process of documenting the protocol used for 
collection, computation, and processing of “flow-weighted” nutrient loads in the interior canal system and a future 
quality assurance/quality control document will be forthcoming. Another future effort is being considered to co-locate 
an in situ side-looking, acoustic Doppler, continuous recording flowmeter with the existing AVM at the L-28IN site to 
more accurately monitor flows along with the potential ability to provide auxiliary nutrient information at little cost.

Figure 3.  Comparison of L28IN and L2BIS flows with S190 flow, May 1998 to April 1999.
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A Retrospective and Critical Review of Aquifer Storage and 
Recovery Sites and Conceptual Frameworks of the 
Upper Floridan Aquifer in South Florida

By Ronald S. Reese

U.S. Geological Survey, Miami, Florida

Regional aquifer storage and recovery (ASR) in south Florida is proposed as a cost-effective water-supply alter-
native that can help meet needs of agricultural, municipal, and recreational users and help provide for Everglades 
ecosystem restoration. In the Comprehensive Everglades Restoration Plan (CERP), about 300 ASR wells are planned 
in south Florida, and the estimated capacity for each well is 5 million gallons per day during injection and withdrawal, 
a planned ASR applcation much larger than any yet attempted. ASR technology has been tested and implemented in 
some areas of south Florida; ASR wells have been constructed at 24 sites in an area that extends southward from Char-
lotte, DeSoto, Glades, Okeechobee, and St. Lucie Counties, and wells are planned (or are in the permitting process) at 
five additional sites. A pilot ASR facility currently is under construction by the South Florida Water Management 
District on the Hillsboro Canal in southeastern Palm Beach County. Three ASR facilities are operational. 

Existing and historical ASR sites in south Florida (fig. 1) have mostly been located along the east and west coast. 
At most of these sites, the recovered water is being used, or is planned to be used, as additional water supply for local 
municipalities. In the CERP wells, however, will be located in more inland area such as around Lake Okeechobee, in 
central Palm Beach County, and along the Caloosahatchee River in Lee, Glades, and Hendry Counties. The recovered 
water will be used for additional purposes, including maintaining water levels in wetland areas. Historical, current, and 
planned ASR sites are listed in table 1 along with aquifers being used, their status, type of source injection water, and 
number of wells drilled. The source water planned for the CERP ASR program is untreated or minimally treated 
ground water or surface water. The injection interval being used at most sites is the Upper Floridan aquifer, which is in 
the Floridan aquifer system, and is underlain by the middle confining unit and Lower Floridan aquifer. 

Few regional investigations of the Floridan aquifer system hydrogeology in south Florida have been conducted, 
and these studies did not address many of the scientific issues relating to ASR. Lacking a regional ASR framework to 
aid the decision-making process, ASR well sites in south Florida have been primarily located based on factors such as 
land availability, source-water quality, and source-water proximity (pre-existing surface-water canal systems or surfi-
cial aquifer system well fields). Little effort has been made to link information collected from each existing ASR site 
and from other historical non-ASR wells into a regional hydrogeologic analysis. Additional tools and data are needed 
to make informed decisions that incorporate constraining hydrogeologic factors in the placement and construction of 
ASR facilities in south Florida.

Important hydrogeologic and construction related attributes are being determined for each ASR site, and these 
attributes are being plotted on maps for the purpose of a comparative analysis of differences between the ASR sites. 
Hydrogeologic attributes include aquifer transmissivity and degree of confinement, native ground-water salinity, and 
the structural setting of the site. Construction related attributes include placement of the injection zone relative to the 
top of the aquifer and the diameter and thickness of the injection zone, which in most cases, is an open hole interval 
below the final casing. Published hydrogeologic frameworks of the Floridan aquifer system in south Florida are being 
reviewed and refined in order to relate ASR well sites to a regional scale.

Historical and current data on ASR cycle testing at each site are being assembled, and the recovery efficiency, if 
not clearly defined or substantiated in a report, will be evaluated. The recovery efficiency will be related to the hydro-
geologic and construction related attributes listed above to identify common threads, technical issues, or potential prob-
lems that have been encountered and that influence the level of success of ASR. Data collected so far indicate that some 
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important problems are injection zones with a transmissivity that is too high due to fractured dolomite, transmissivity 
that is too low, ambient ground-water salinity that is too high, and casings that have been set too deep within the aqui-
fer resulting in the loss of injected water. Sites that are located in structural depressions could also be problematic 
because of loss of injected water due to buoyancy effects.

Operational

Northern boundary
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Treated

Raw ground water

Partially treated
surface water

Raw surface water
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Figure 1.  Existing and historical aquifer storage and recovery sites and study areas.
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Table 1.  Aquifer, storage, and recovery sites in south Florida—historical, current, and planned

[Source water: RGW, raw ground water; RSW, raw surface water; PTSW, partially treated surface water; TDW, treated drinking water 
(through water plant); RCW, reclaimed water;. ASR, aquifer storage and recovery]

Site name and
target zone

County Status Source water

No. of 
injection 

wells (active 
and 

proposed)

No. of monitor 
wells in the 
ASR  zone

WTP 2A (BCOES)
Upper Floridan aquifer

Broward Operational testing, Request to 
resume cycle testing 12/99

RGW 1 1

Deerfield Beach 
Upper Floridan aquifer

Broward Wells Constructed TDW 1 1

Fiveash-Ft. Lauderdale
Upper Floridan aquifer

Broward Operational testing to begin 1/99 TDW
(future  RGW)

1 1

Sunrise-Springtree
Upper Floridan aquifer

Broward Operational testing-request to resume 
cycle testing 11/99

TDW 1 0

Englewood Charlotte Wells constructed RCW 1 1
Punta Gorda Charlotte Wells constructed TDW 1 2
Collier County 
Mid-Hawthorn aquifer

Collier Operating TDW 1 3

Marco Lakes 
Upper Floridan aquifer

Collier Operational testing PTSW 9 2

Peace River/Manasota (RWSA) 
Upper Floridan aquifer

DeSoto Operating TDW 1 Unknown

Lee County WTP (USGS)
Mid-Hawthorn and Upper Floridan aquifer

Lee Experimental Inactive Raw and treated 
SW

1 2

Bonita Springs, Kehl Canal
Upper Floridan aquifer

Lee Construction Permit Issued TDW 1

Bonita Springs, San Carlos Estates
Upper Floridan aquifer

Lee Operational testing,
cycle 1,1/00

TDW 1 1

Corkscrew WTP
Mid-Hawthorn aquifer

Lee Operational testing TDW 6 5

Ft. Myers-Winkler Ave. Lee Well Contructed TDW 1
North Reservoir
Upper Floridan aquifer

Lee Operational testing TDW 1 1

Olga
Upper Floridan aquifer

Lee Construction complete TDW 1 2

Hialeah (USGS)
Upper Floridan aquifer

Miami-Dade Experimental Inactive RGW 1 1

Miami Beach 
Biscayne aquifer

Miami-Dade Operational testing TDW 1 Unknown

Southwest Well Field
Upper Floridan aquifer

Miami-Dade Drilling RGW 2

West Well Field
Upper Floridan aquifer

Miami-Dade Operational testing RGW 3 1

FKAA Marathon Pliocene Monroe Operational testing Now inactive TDW 1 1
FKAA Stock Island Pliocene Monroe Inactive. ASR never tested TDW 1 Unknown
Taylor Creek-Lake Okeechobee
(SFWMD) Lower Floridan aquifer

Okee-chobee Experimental Inactive RSW 1 1

Boynton Beach
Upper Floridan aquifer

Palm Beach Operating TDW 1 0

Delray Beach
Upper Floridan aquifer

Palm Beach Operational testing plan, 1/00 TDW 1 0

W. Hillsboro Site 1
(SFWMD)
Upper Floridan aquifer

Palm Beach Experimental Under construction RGW 1 1

System 3
Upper Floridan aquifer

Palm Beach Waiting on Permit (LAE) 1/00 TDW
(future RGW)

1 1

West Palm Beach 
Upper Floridan aquifer

Palm Beach Operational testing TDW
(Interim PTSW,
future RSW)_

1 1

St. Lucie  (SFWMD)
Upper Floridan aquifer

St Lucie Experimental Inactive RGW 1 2
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Synthesis on the Impact of 20th Century Water-Management and 
Land-Use Practices on the Coastal Hydrology of 
Southeastern Florida

By Robert A. Renken

U.S. Geological Survey, Miami, Florida

The urban and agricultural corridor of south Florida lies between the Everglades and water-conservation areas to 
the west and the Atlantic Ocean to the east.

This area includes eastern Dade, Broward, and Palm Beach Counties and is subject to widely conflicting stresses 
on the environment. The Shark River Slough, which historically channeled water from the eastern Everglades and 
moved water to the southwest, is located immediately west of this corridor. A highly controlled water-management 
system has evolved during this century largely to provide drained land for a rapidly expanding population. Draining of 
Everglades wetland areas during the last 75 years has provided the opportunity for westward expansion of agricultural, 
mining, and urban activities. In water-conservation areas that lie to the west of the protective levee system, surface 
water is impounded partly to sustain an Everglades ecosystem, partly to keep overland sheetflow from moving east-
ward and flooding urban and 
agricultural areas, and partly for water supply. In coastal areas of the urban-agricultural corridor, parallel environmental 
conflicts exist. Coastal residential and urban areas must be drained for flood control; the underlying aquifer system 
must simultaneously serve as the principal source for water supply and aquifer water levels must be maintained to 
prevent saltwater intrusion. Changes in pre-development ground-water flow patterns and the associated reduction in 
ground-water discharge to coastal bays have altered salinity and affected the local ecology.

Saltwater intrusion in the surficial aquifer system is a direct consequence of water-management practices, 
concurrent agricultural and urban development, and natural drought conditions. The objectives of this synthesis are to: 
(1) provide a temporal and spatial overview of coastal saltwater intrusion in southeastern Florida; (2) identify the prin-
cipal factors that control the extent of saltwater intrusion; (3) evaluate long-term trends in ground-water withdrawal 
rates, ground-water-level change, rainfall, and increases in chloride concentration; and (4) illustrate causal relations 
between the position of the saltwater interface, water-management practices, and the expansion of agricultural and 
urban areas. Hydrologic maps and interpretive analyses, land-use and population density maps, and geologic informa-
tion are being used in combination to illustrate the effect of anthropogenic change during the 20th century on the coastal 
ground-water hydrology of southeastern Florida. This synthesis provides an overview of long-term water-management 
practices in southeastern Florida and 
examines its canal discharge, consumptive water use, water levels within the surficial aquifer system, chloride 
concentrations, ground-water discharge, and Holocene paleohistory of Florida Bay and Biscayne Bay.

Urban and agricultural growth and land-use change has greatly impacted the ecological health and stability of 
the Everglades and Biscayne Bay area. A review of 100 years of land use and population changes is being conducted, to 
illustrate impacts of key historical events such as the development of the Florida East Coast Railroad, the 1920’s land 
boom and bust, Cuban immigration, and post-war development and redevelopment. The population growth has been 
explosive; in 1900, southeastern Florida included a few small towns that has grown to a modern-day megapolis with 
almost 4 million 
inhabitants. Canal construction, designed to drain lands west of the Atlantic Coastal Ridge, has helped to provide the
 impetus for the westward expansion of agricultural and urban development. Urban areas are encroaching and replacing 
agricultural areas in Miami-Dade and Palm Beach Counties.

Potentiometric maps indicate that average ground-water levels rose in coastal areas, but have declined in western 
developed areas between the 1940’s and 1990’s. Some declines in water levels can be directly attributed to municipal 
ground-water withdrawals; however, water-level declines over wider areas are a direct result of canal drainage. During 
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that same period of time, canal discharge to the ocean has declined, but coastal canal stage has been increasing, largely 
as a hedge to impede saltwater intrusion into the major canals and the aquifer. Conversely, canals near the western 
margin of the urban areas do not exhibit increasing or declining flows. A potential factor in this process is that munici-
pal ground-water withdrawals from the surficial aquifer system in the Miami-Dade, Broward, and Palm Beach tri-
County area increased from 85 million gallons per day in 1940 to 756 million gallons per day in 1995. Possible factors 
that contribute to a decrease in canal discharge to the ocean include: Flow in major canals recharge the surficial aquifer 
system along the urban reach, and surface-water flow is being rerouted to secondary canals to elevate coastal ground-
water levels.

Landward movement of the saltwater interface has been an issue of local and regional concern since the 1940’s. 
Miami-Dade, Broward and southeastern Palm Beach Counties are the areas most affected by saltwater intrusion. In 
decreasing importance, canal over-drainage, over-pumpage from wells located near the coast, and upconing of relict 
water are the primary sources of saltwater in the surficial aquifer system.

The marine ecosystem of Biscayne  Bay has been profoundly affected over the past 150 years. Significant 
changes in land and water uses and within the bay, in addition to natural phenomena, have contributed to the deteriorat-
ing conditions of its marine ecosystem. Since the early 1900’s, freshwater delivery (both ground water and surface 
water) to Biscayne Bay has been significantly altered both in style (sheetflow to point source) and volume. Water qual-
ity has greatly deteriorated with increased nutrient loads, heavy metals, and other pollutants. Dredging and channeliza-
tion within the bay decreased the water quality by removing natural seagrass beds and increasing turbidity. Recent 
studies of sediment cores from Biscayne Bay show distinct changes in the marine ecosystem over the past 150 years. 
Shallow-water marine organisms (foraminifera, ostracodes, and mollusks) are very sensitive to environmental changes 
such as salinity, temperature, nutrient input, and dissolved oxygen, among others. Changes in the occurrence and abun-
dance of these marine organisms in the sediment cores provide a record of ecosystem change in Biscayne Bay.

The Biscayne Bay ecosystem was different in the early to mid-1850’s than it is today. The salinity of the bay was 
much lower than the normal marine salinities found today. The southern extreme of Biscayne Bay was nearly of fresh-
water salinity. The central bay also was lower in salinity, possibly with lowered oxygen or higher organic concentra-
tions in the surficial sediments, which may have had a profound effect on the limited seagrass abundance or density 
present during that time. The early 1900’s recorded the first profound salinity change, reaching close to normal marine 
salinity, reflected by a significant increase in the abundance of typical Atlantic Continental shelf fauna components. 
Seagrass indicators became increasingly more abundant from the early 1900’s to present time in the central bay. A 
similar record of ecosystem change is recorded in the coastal region, Manatee Bay, with a significant change in salinity 
to mesohaline conditions occurring in the early 1900’s. Coastal vegetation changes at that time are consistent with 
marine records, indicating increased salinity conditions by the initial presence of red mangrove in this region. Bay 
salinity remained relatively stable until the early 1940’s when it increased to euhaline and polyhaline conditions, but 
was subject to broad salinity fluctuations. The occurrence and increasing abundance of epiphytal and macro-algal habi-
tat dwelling organisms indicate a change in substrate conditions and increased seagrass abundance during this time. 
From the late 1980’s to present, a slight salinity decrease in Manatee Bay has been noted, and field observations in this 
region suggest deteriorating conditions in the health of the seagrasses.

Observations of salinity and seagrass changes in Biscayne Bay over the past 150 years have been consistent with 
records obtained for Florida Bay. The timing and magnitude of the change are correlative, indicating that the south 
Florida marine ecosystem has been affected on a broad geographic scale and that the impact of Everglades restoration 
measures will be as great on Biscayne Bay as it will be on Florida Bay.
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Flow Velocities in Wetlands Adjacent to C-111 Canal 
in South Florida

By Raymond W. Schaffranek and Maria H. Ball

U.S. Geological Survey, Reston, Virginia

Wetlands between C-111 canal and the eastern panhandle area of Everglades National Park (ENP) are of particu-
lar concern to south Florida ecosystem restoration efforts in that they constitute a major pathway for fresh water to 
reach nearshore embayments of Florida Bay. Past construction features of the Central and Southern Florida Project are 
suspected of contributing to the reduction of marsh hydroperiods in the C-111 canal basin and to the development of 
hypersaline conditions in the subtidal embayments of central and northeast Florida Bay as a consequence of channeled 
and diminished freshwater flows. Changes in the hydraulic infrastructure and water management operations are being 
implemented to restore more natural temporal and spatial flow patterns through the wetlands. In 1996 and 1997, spoil 
mounds along the southwest bank of the C-111 canal between hydraulic-control structures S-18C and S-197 were 
removed to enable overbank flow from the canal to enhance sheet flow in the wetlands. In September 1997 and 1999, 
extensive sets of flow-velocity data, basic water-quality parameters, and information on vegetation characteristics were 
collected in the wetlands adjacent to the canal to determine flow patterns in the wetlands, to analyze canal/wetland flow 
exchanges, and to support the development of a model for this canal and wetlands ecosystem (Schaffranek, 1996).

In September 1997, near the conclusion of the spoil removal efforts, flow measurements were made at nine 
transects spaced at variable intervals along the 8-km overbank segment of the canal. Transects were spaced at variable 
intervals perpendicular to the canal and extended approximately 2 km into the adjacent wetlands. Measurements were 
repeated along similar transects in September 1999 and the spatial extent of wetland coverage was expanded to include 
two new transects—one oriented north-south and the other east-west—along the ENP boundary. These new transects 
were added to evaluate interbasin exchanges between Taylor Slough and the C-111 canal wetlands and to quantify other 
potential inflow sources. The north-south transect extended southward from L-31W canal along and parallel to the ENP 
boundary to the point where the boundary makes a 90° turn eastward. The east-west transect extended eastward from 
the southern end of the north-south transect along and parallel to the ENP boundary and terminated at the C-111 canal.

Flow velocities were measured using portable SonTek 10-MHz acoustic Doppler velocity (ADV) meters 
suspended from tripods. The meters were retrofitted with electronic compasses to geodetically reference flow direc-
tions to East, North, and Up (ENU) coordinates. The SonTek ADV meter measures flow in a 0.25 cm3 remote sampling 
volume to a resolution of 0.1 mm/s (SonTek, 1997). Velocity data were typically collected at 0.2, 0.5, and 0.8 depth 
fractions, measured from the water surface to the top of the litter layer. At each depth, 2-minute burst samples were 
taken at a frequency of 10 Hz. Measured ENU velocity components were processed through a series of automated 
filters and plotted for visual inspection to identify anomalous data (Ball and Schaffranek, 2000). Examination of the 
component-velocity standard deviation and visual inspection of the plots generally identified suspect data not detected 
by the automated filters. Anomalous data were eliminated and depth-averaged velocity magnitudes and flow directions 
were computed and plotted (fig. 1) for subsequent analyses.

Flows in the wetlands adjacent to the C-111 canal overbank area were fairly consistently in south-southwest and 
south by west directions within and between measurement years averaging 205 and 191 degrees clockwise from 
magnetic north in 1997 and 1999, respectively. Flow velocities were slightly more variable within years but consistent 
between years averaging 0.8 and 0.5 cm/s in 1997 and 1999, respectively. In the wetlands adjacent to the canal, veloci-
ties were greatest in the immediate vicinity of the regraded spoil mounds, but decreased rapidly and variably away from 
the canal. The spatial variability of the wetland flow velocities is likely due to the variable influence of overbank flows 



44

combined with local effects of the irregular topographic relief, wind effects on the flow, and frictional resistance of the 
heterogeneous vegetation. Several mangrove-lined channels extend southward from the canal and likely act to convey 
sheet flow away from the wetlands—additional monitoring is needed to identify sheet versus channel flow differences.

Flow directions measured along the north-south and east-west ENP boundary transects in 1999 averaged 170 
and 186 degrees clockwise from magnetic north, respectively, with average magnitudes of 1.9 and 0.7 cm/s. Along the 
north-south transect, velocities were greatest at the northern end near the L-31W canal outlet, where discharges were 
high due to the S-332D Pump Test (http://www.sfwmd.gov/org/erd/webboard/s332dtest.html) and to releases from 
the S-175 control structure related to tropical storm Harvey. Higher flow velocities along the north-south boundary 
indicate a significant inflow into the C-111 canal basin from a north by west direction likely originating from the 
L-31W canal or eastern Taylor Slough. Along the east-west transect, velocities were greatest near the U.S. Highway 1 
end with significant flow toward the eastern part of Long Sound. Flows along the east-west transect from its western 
end to approximately the midpoint of the C-111 canal overbank area were consistently in the direction of Joe Bay, indi-
cating that Joe Bay is the primary recipient of flows from the upstream part of the overbank segment of the C-111 
canal. This indicates that a significant amount of fresh water from C-111 canal and potentially eastern Taylor Slough 
flows into Joe Bay which supports findings that discharges from Joe Bay are a major source of fresh water for north-
eastern Florida Bay (Patino, 1999).

Graphical representation of measured flow vectors from September 1999, overlaid on a satellite image for visual 
inspection, can be found in the What’s New page of the Tides and Inflows in the Mangroves of the Everglades (TIME) 
website (http://time.er.usgs.gov). Unedited velocity data collected during 1997 and 1999 along with associated correla-
tion statistics, signal strength values, water-quality parameters, and vegetation characteristics are available at the South 
Florida Information Access (SOFIA) website (http://sofia.usgs.gov/). Site averaged data summaries, data-quality indi-
cators, and velocity filtering results are available at the SOFIA website and presented in Ball and Schaffranek (2000).
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Figure 1. Flow velocities measured in C-111 canal wetlands on September 22-23, 1999.
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Quantification of Ground-Water Seepage Beneath Levee 31N,
Miami-Dade County, Florida
By Helena Solo-Gabriele and Mark Nemeth
U.S. Geological Survey, Miami, Florida

A method to quantify the exchange of water between surface-water channels and the ground-water aquifer based 
on the concept of reach transmissivity was evaluated for use in numerical models. Linking ground-water and surface-
water models to each other is frequently problematic because the two models use different sets of governing equations;
 additionally, the time-scale of interest is often significantly longer for ground-water modeling than for surface-water 
modeling.

Currently, the formulation of the most common method used for leakage calculations assumes vertical flow of 
water through a low permeability layer at the bottom of the surface-water channel (fig. 1A). The mathematical formu-
lation of this relation is based on Darcy’s law and may be expressed as follows:

���
�����

In the reach transmissivity leakage relation, the flow 
resistance is based on the transmissivity of the aquifer, and the reference ground-water head is measured at points 
located a distance L from the center of the channel (fig. 1B). The mathematical formulation of the reach transmissivity 
relation is

(2)

where T is the transmissivity of the aquifer and the subscripts L and R designate the left and right sides of the channel, 
respectively.

Differences between the vertical flow and reach transmissivity relations were examined. The input parameters 
required for the reach transmissivity relation are easier to obtain from published sources than those required for the verti-
cal flow relation, which must be established through model calibration or site-specific sampling. The reach transmissivity 
relation also calculates leakage to each side of the channel separately, and its parameters are less dependent on model grid 
spacing.

The derivation of a form of the reach transmissivity relation that is suitable for use in numerical modeling relies 
on the following assumptions: steady state conditions, full penetration of the aquifer by the channel, and the Dupuit-
Forcheimer assumption. These assumptions may preclude use of the reach transmissivity relation in certain conditions, 
such as when very short time steps are used in a numerical model. Furthermore, the validity of the Dupuit-Forcheimer 
assumption requires that ground-water heads used as input to leakage calculations be obtained from locations a signifi-
cant distance from the edge of the surface-water channel. Despite these restrictions, the reach transmissivity leakage 
relation is applicable to a wide range of conditions. 

Methods were developed to quantify the error associated with use of the reach transmissivity relation to simulate 
both periodic and aperiodic transient conditions; these methods can be used to evaluate the suitability of the reach trans-
missivity relation for a particular application. The differences in leakage between fully and partially penetrating channels 
were examined using a simple MODFLOW model; the results suggest that the assumption of full penetration does not 
usually introduce significant error. Leakage calculations based on the reach transmissivity relation were compared to 
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measured leakage on the L-31N Canal; differences 
between the calculated and measured data had approxi-
mately the same magnitude as measurement errors in 
the gaging data. In addition, leakage calculated using 
the reach transmissivity relation matched the measured 
data better than leakage calculated using the vertical 
flow relation.

The equations associated with the reach trans-
missivity relation were developed in finite-difference 
form and incorporated into a modified version of 
MODBRANCH, a numerical flow model that couples 
a ground-water model (MODFLOW) and surface-
water model (BRANCH). The modified program was 
then tested for three problems with analytical solutions 
and one problem that had previously been solved with 
the original version of MODBRANCH. The reach 
transmissivity relation was judged to have functioned 
satisfactorily in these tests. Additionally, the modified 
model required only about 60 percent as many itera-
tions as the original model.

A model using both the vertical flow and reach 
transmissivity versions of MODBRANCH was devel-
oped for a region centered on Levee 31N that includes 
wetland areas of the Everglades and nonwetland areas 
of western Miami (fig. 2). The model grid consisted of 
49 rows, 58 columns, and 6 layers. Row and column 
spacing was 500 ft near the center of the study area and 
1,000 ft elsewhere. The top layer was assigned a hydraulic conductivity of 3,000,000 ft/d to simulate the wetlands envi-
ronment; the hydraulic conductivities of the other layers were based on hydrogeologic properties of the surficial aquifer, 
which is exceptionally transmissive. Each MODFLOW stress period was 1 day, and each BRANCH stress period was 1 
hour. The model was run to simulate transient conditions throughout a calendar year. Ground-water boundary conditions 
consisted of interpolated heads obtained from monitoring wells and canal gaging stations around the perimeter of the 

study area; initial conditions were obtained by interpolation, using an 
inverse distance method, of measured heads at the beginning of the simula-
tion. Evapotranspiration and recharge were obtained from measured data. 
Potential evapotranspiration was constant throughout the model area, and 
the extinction depth was specified as 20 ft, based on previous research. 
Recharge was obtained from three rain gages within the study site and was 
spatially variable. A 6-mi reach of the L-31N Canal was simulated by 
BRANCH; boundary conditions consisted of specified head and discharge 
at the upstream and downstream ends of the channel, respectively.

The computer model of the Levee 31N area was first run using the 
existing version of MODBRANCH (with the vertical flow relation) and 
calibrated by varying aquifer hydraulic conductivity and the vertical 
flow leakage coefficient. Calibration was based on data from the 1996 
calendar year. The model was found to be more sensitive to changes in 
the aquifer hydraulic conductivity than in the leakage coefficient. The 
overall transmissivity of the surficial aquifer was calibrated to 1.4 x 
106 ft/d, and the vertical flow leakage coefficient was established as 
0.0009 s-1; both results were similar to those of previous studies.

The version of MODBRANCH modified to use the reach trans-
missivity relation was then calibrated with the aquifer hydraulic conduc-
tivities previously obtained using the vertical flow relation. When 
aquifer transmissivity is fixed, the reach transmissivity leakage Figure 1.   (A) Vertical flow leakage relations, 

(B) reach transmissivity leakage relations.

Figure 2.   Location of Levee 31N study area.
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coefficients are only a function of the distance from the channel at which the reference ground-water head is obtained. 
The best results were obtained when this distance was such that the ground-water head was obtained from the model 
cells immediately adjacent to the channel, but results were similar for varying distances. Comparisons of modeled and 
measured ground-water head are presented in figure 3. There were no large differences between results modeled using 
the vertical flow and reach transmissivity leakage relations. The mean annual modeled ground-water heads differed by 
only 0.02 ft, and the mean yearly modeled canal discharges varied less than 1.0 ft3/s. The vertical flow and reach trans-
missivity models’ output provided coefficients of determination (R2) values within 0.03 of one another for mean 
ground-water head, canal stage, and canal discharge within the study area. The reach transmissivity version of 
MODBRANCH, however, reached a solution in about 40 percent fewer iterations.

An estimation of seepage beneath Levee 31N was obtained by summing the MODFLOW cell-by-cell flow terms 
for all layers of model cells directly west of the levee. These values were converted to a seepage rate per foot of distance 
along the levee, yielding mean values of 198.9 ft3/s and 179.1 ft3/s per foot of levee for 1996 and 1997, respectively.

Figure 3.  Comparison of measured ground-water heads and ground-water heads modeled using the reach transmissivity 
version of MODFLOW, 1996 data.
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Seepage Beneath Levee 30, Miami-Dade County, Florida

By Roy S. Sonenshein

U.S. Geological Survey, Miami, Florida

In 1948, the United States Congress authorized the Central and Southern Florida Flood Control Project 
(currently managed by the South Florida Water Management District) in response to catastrophic floods that had 
occurred in south Florida. This enormous undertaking resulted in the construction of levees, canal networks, pumping 
stations, and water-conservation areas (fig. 1) to provide adequate control of water levels and surface-water routing. 
The initial effort established an interconnected network of levees and adjacent canals from central Palm Beach County 
to southern Miami-Dade County. This 80-mile long network of levees and borrow canals constitutes the eastern limit of 
the water-conservation areas and prevents Everglades overland sheetflow from reaching the developed areas to the east. 
This network includes the 14-mile long Levee 30 and adjacent canal in central Miami-Dade County. Completed in 
1954, Levee 30 is part of the eastern boundary of Water Conservation Area 3B.

Determining the volume of water seeping from the water-conservation areas to the underlying aquifers is impor-
tant in managing water levels in the conservation areas and freshwater deliveries to Everglades National Park. From 
Water Conservation Area 3B, water seeps into the Biscayne aquifer and flows relatively fast (due to high permeability 
of the aquifer) toward the urban and agricultural areas to the east. Ground water is also discharged to the canal along 
the eastern part of Levee 30. The stage in the canal, which affects the rate of discharge, is controlled by structures at the 
northern and southern ends of the canal. This seepage to the aquifer and canal discharge of water are critical for water-
supply wells to the east and for preventing saltwater intrusion. However, lowered ground-water levels to the east have 
resulted in higher ground-water seepage and canal discharge, reducing surface-water flows to the south in the water-
conservation area. The altering of historical flow directions and water-level durations has adversely affected parts of 
the Everglades ecosystem. Water managers want to restore predevelopment flow conditions and keep this ecosystem 
viable, while also providing for urban and agricultural needs.

A two-dimensional, cross-sectional, finite-difference, ground-water flow model and a simple application of 
Darcy’s law were used to quantify ground-water flow from the wetland beneath Levee 30. Geologic and geophysical 
data, vertical seepage data from the wetland, canal discharge data, ground-water-level data, and surface-water stage 
data collected during 1995 and 1996 were used to develop boundary conditions and to calibrate the ground-water flow 
model. These data were also used as input for the application of Darcy’s law.

Vertical seepage data (fig. 2) indicated that water from the wetland infiltrated the subsurface near Levee 30 at 
rates ranging from approximately 0.03 to 0.25 foot per day, with the gates at the structures in Levee 30 canal closed. 
During the same period, stage differences between the wetland (Water Conservation Area 3B) and Levee 30 canal 
ranged from approximately 0.10 to 1.25 feet (fig. 3). A layer of low-permeability limestone, located 7 to 10 feet below 
land surface, restricts vertical flow between the surface water in the wetland and the ground water. Based on measured 
water-level data, ground-water flow appears to be generally horizontal, except in the immediate vicinity of the canal. 
The increase in canal flow rate along a 2-mile reach of the Levee 30 canal ranged from approximately 9 to 23 cubic feet 
per second per mile (fig. 2) and can be primarily attributed to ground-water inflow. Flow rates in Levee 30 canal were 
greatest when the gates at the control structures were open.
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The ground-water flow model data 
were compared with the measured 
ground-water heads and vertical seepage 
from the wetland. Estimating the hori-
zontal ground-water flow rate beneath 
Levee 30 was difficult, owing to the 
uncertainty in the horizontal hydraulic 
conductivity of the main flow zone of the 
Biscayne aquifer. Measurements of 
ground-water flows into Levee 30 canal, 
a significant component of the water 
budget, were also uncertain, which less-
ened the ability to validate the model 
results. Because of vertical ground-water 
flows near Levee 30 canal and a very low 
hydraulic gradient east of the canal, a 
simplified Darcian approach does not 
accurately estimate the horizontal 
ground-water flow rate. Horizontal 
ground-water flow rates simulated with 
the ground-water flow model (for a 60-
foot deep by 1-foot wide section of the 
Biscayne aquifer) ranged from approxi-
mately 150 to 450 cubic feet per day west 
of Levee 30 and from approximately 15 
to 170 cubic feet per day east of Levee 30 
canal. Vertical seepage from the wetlands 
within 500 feet of Levee 30 generally 
accounted for 10 to 15 percent of the total 
horizontal flow beneath the levee. Hori-
zontal ground-water flow was highest 
during the wet-season simulations and 
when the gates at the control structures 
were open.

Figure 1. Southeastern Florida showing water-
conservation areas, primary canals, and location of 
study site.
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Figure 2. Relations between head difference and change in discharge rate and between head difference and 
seepage rate.

Figure 3. Stage elevation and gate openings from February to December 1996.
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Development of Numerical Tools for Integrating 
Wetland Hydrologic Processes: SICS and TIME

By Eric D. Swain

U.S. Geological Survey, Miami, Florida

An objective of the U. S. 
Geological Survey (USGS) 
Place-Based Studies (PBS) 
Program in south Florida is to 
develop accurate and reliable 
tools for simulating the hydrol-
ogy of wetlands. Such tools are 
necessary to expand the capa-
bilities of regional flow simula-
tions, which are used for 
developing the Comprehen-
sive Everglades Restoration 
Plan (CERP). Reliable detailed 
information is required to 
design public works needed to 
implement CERP concepts and 
to assure that these public 
works all function harmoni-
ously to achieve the overall 
restoration goal, to “get the 
water right.”

To achieve this objec-
tive, the USGS has initially 
focused on development of a 
dynamic wetland flow model 
that incorporates accurate land-
surface elevations, all princi-
pal water-budget components 
(including precipitation and 
evapotranspiration) as well as 
all forces that significantly effect water flow (including vegetative flow resistance and wind drag on the water surface). 
Wide-ranging process-study and data-collection activities have also been undertaken on these and other parameters 
with the objective of eliminating as much subjectivity and empiricism as possible in the model-development process. 
The result of this intensive effort is the Southern Inland and Coastal Systems (SICS) model of the Taylor Slough region 
of Everglades National Park (fig 1). This area was chosen for initial model application because it is very representative 
of south Florida wetland settings; has a limited spatial extent; reasonably well-defined boundaries; and for its accessi-
bility. Data-collection for model verification, research activities, and field parameter measurements could all be under-
taken within reasonable time and cost constraints.  

To minimize subjectivity in the SICS model calibration process, and thereby raise the level of confidence in 
model reliability, numerous process studies were undertaken to supply model input data sets and nearly eliminate the 
need for adjustment of empirical coefficients to obtain calibration. Additional studies included an investigation of 
evapotranspiration in various wetland environments, which indicated that it is possible to regionally define the Priestly-
Taylor α coefficient as a function of solar radiation and water depth. Using this formulation of α and a least squares fit 
of α, water depth, and solar radiation to field measured evapotranspiration, the SICS model computes cell-by-cell 
evapotranspiration rates using only regional solar radiation data as input. Although approximated by the least squares 
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Figure 1. Boundaries for the Southern Inland and Coastal Systems (SICS) and Tides and 
Inflows in the Mangroves of the Everglades (TIME) models.
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fit, this computation of evapotranspiration provides a robust and practical method for defining an important parameter 
that can be difficult to quantify.

The frictional resistance coefficient is a crucial surface-water parameter that usually is estimated and adjusted in 
the calibration process. This is because little real data usually exists to determine friction effects. However, in the SICS 
model area, where frictional resistance in wetland flow is a function of vegetation type, airborne and ground methods 
were used to delineate vegetation types and density in the study area. Another study used a laboratory flume and field 
measurements to relate vegetation type to frictional resistance. Thus, frictional resistance terms are directly defined 
spatially in the model without need for adjustment. Through the variety of vegetation types, the average Manning’s n 
values range from 0.38 to 0.46 for typical flow depths.

Because the large-scale topography is flat, small variations in land-surface elevation can substantially affect the 
wetlands flow regime. An extensive data set of land- surface elevations was collected in the SICS area by the U.S. 
Geological Survey. Because land based surveying is difficult in wetland terrain, helicopter-borne methods were used. 
Reproducibility within several centimeters was shown for this application.

Additional research projects have yielded data for wind-friction effects on flow, distributions of ground-water 
inflows, salinity boundaries, coastal creek outflows, and wetland flow velocities. Using this information, the model 
performed well in the initial simulation, successfully matching measured coastal creek flows and unit discharges 
measured by mobile velocity meters in the wetlands. This success indicates that the input parameters developed from 
the process studies were probably accurate and correctly defined their hydrodynamic effects.

A more extensive simulation indicated the ability to match measured water levels at stations in the wetlands; 
matching within 0.3 foot most of the time. An uncertainty analysis was performed, and the coastal creek frictional 
resistances were identified as having the least certainty, followed by wind friction terms and ground-water inflows. 
These findings have motivated further efforts that include; multiple stage and flow stations on Taylor River to compute 
the creek frictional coefficient, laboratory research on wind friction in wetlands with emergent vegetation, and 
coupling of the vertically averaged, dynamic, two-dimensional surface-water code SWIFT2D with the ground-water 
flow and variable-density transport model SEAWAT.

The SICS model is useful for testing management scenarios for restoration. Figure 2 shows the model-produced 
effects of increasing flow at Taylor Slough Bridge by 50 percent. The model results indicate that the volumes from 
local rainfall have a greater effect on water levels than do flows at Taylor Slough Bridge. For this particular scenario, 
the effects of Taylor Slough Bridge flows on water levels are only significant in the northern areas, where there is a 
noticeable shift in the location of the 1.0-foot water-level contour (fig. 2). To develop a model for observing long-term 
phenomena, a simulation with a 2-year duration was created. This time span allows: (1) adequate output data to supply 
water-level data for the Across Trophic Levels System Simulation (ATLSS) model of biological processes in the Ever-
glades; and (2) improved tracking of waters entering the study area to their destinations.

Although results of the initial SICS modeling efforts are very encouraging, an important limitation exists in that 
interactions between ground-water and surface-water were approximated. These interactions are important even in 
areas remote from drainage features and canals. Therefore, these processes were incorporated into SICS via the explicit 
coupling of SWIFT2D with SEAWAT, which allows for density-dependent transport of constituents. This coupled 
model is referred to as Flow and Transport Linked Overland-Aquifer Density-Dependent Simulator (FTLOADDS); it 
simulates flow and salinity exchange between the surface water and ground water.

FTLOADDS will also be used for the Tides and Inflows to the Mangroves of the Everglades (TIME) model, 
which covers essentially all the non-urban area south of Tamiami Trail extending to the western coast (fig. 1). The 
western areas have received far less field study and hydrologic data collection than the SICS study area. New data 
collection for the western area includes: Continuous acoustic measurements of coastal flows and wetland flow velocity, 
airborne mapping of topography, and collection of ground-water levels and salinity. The reliable hydrodynamic simula-
tion of surface-water and ground-water flow and transport in the major part of Everglades National Park and part of 
Big Cypress National Park, using the TIME model, is important to evaluate potential impacts of restoration alterna-
tives. This larger simulation area also is more useful as a source of input to the ATLSS model. The ground-
water/surface-water coupling created for the SICS model and the expanded model area and data collection effort for 
the TIME model will result in an important numerical tool for answering restoration questions. It will allow resource 
managers and planners to examine the effect of restoration alternatives with greater confidence prior to expensive 
physical and operational changes to the water management system.
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Figure 2. Effects on water levels of increasing inflows at Taylor Slough Bridge.


