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Abstract: Florida Bay, a large and shallow estuary, serves as a vital habitat for a diverse range
of marine species and holds significant environmental, commercial, and recreational value. The
salinity structure of the bay plays a key role in the bay’s ecosystem. Florida Bay receives 45% of
its freshwater directly from rainfall, the largest source of freshwater, while the Taylor River is the
second largest source. A hydrodynamic model was applied to determine if doubling the Taylor
River flow, as currently planned, is adequate to meet salinity performance measures and protect the
bay’s ecosystem health. Model-predicted salinity indicated that rainfall caused the largest reduction
(10–15 ppt) followed by Taylor River discharges, and none of the predicted salinity scenario means
exceeded 38 ppt. The salinity restoration target was achieved more than 70% of the time, by doubling
the Taylor River freshwater discharges, only for the existing bay conditions. To protect Florida Bay’s
ecosystem health and counterbalance saltwater intrusion in the Everglades wetlands, caused by
future sea-level rise, additional freshwater sources needs to be identified. Yet, the question becomes,
do we have enough available freshwater sources to achieve the restoration target and protect the
bay’s ecosystem health now and for future sea-level rise?

Keywords: estuarine hydrodynamics; EFDC model; Florda Bay; estuarine modeling; salinity;
performance measures; hyper-salinity

1. Introduction

Florida Bay is a semi-enclosed coastal water body bounded on the north and east
by the southern mainland of the Florida peninsula, on the south by the Florida Keys,
and opening into the Gulf of Mexico on the west (Figure 1). Along the eastern portion
of the keys, limited exchange between Florida Bay and Florida Straits occurs through
passages between the keys. Along the northern boundary, the open waters of the bay
are separated from the Everglades by mangrove swamps with open water regions. The
primary controlled discharge-sources of freshwater entering the bay include distinct creeks
and rivers through the mangrove region and the uncontrolled and unpredictable direct
rainfall. Inflow from the creeks and rivers can range seasonally from fresh to brackish
depending upon the net freshwater flow southward from the Everglades, the extent of
saltwater intrusion into the mangrove regions, and the low frequency sea-level change
in the bay, driven primarily by the sea level to the west and south in the Gulf of Mexico
and the Florida Straits. Other less quantified fresh and brackish water sources to the bay
include distributed surface and groundwater flow along the northern boundary and to a
lesser extent runoff from the keys. Low salinity water, derived from rivers discharging
along the southwest Florida coast, may also enter the bay during periods of southeastward
flow around Cape Sable. The interior region of Florida Bay is characterized by shallow
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open-water sub-basins separated by narrow shoals or ridges and extremely shallow regions,
which may become exposed during periods of low sea level. During periods of low sea
level, exchange between the subbasins is primarily through natural and artificial passes.
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Figure 1. Map of Florida Bay depicting major sub-divisions, bathymetry (NAVD88 vertical datum),
and mud banks (Panel (A)). Panel (B) depicts the locations of two major freshwater contributors
(Taylor and Shark River) to salinity distribution in eastern and western part of the bay, respectively.

The shallow mudbanks in the northeast section of the bay limit water exchange with
the Gulf of Mexico, which creates excessive salty conditions and leads to harmful algal
blooms, with hypersalinity > 40 ppt. Those seagrass-covered shallow mudbanks divide the
shallow bay into smaller basins where massive seagrass die-offs were observed, particularly
during the major drought years in 1987 and 2015 [1]. The extreme high salinity observed
in 2015 was the result of a 16-month period of localized rainfall deficit raising the Florida
Bay salinity to be more than twice the ocean water [2]. Another study reported that the
reduction of water deliveries to Florida Bay over the last 50 years has caused frequent
periods of high salinity and, less frequently, hypersalinity. Hypersaline conditions [3]
develop mostly during dry seasons in the north-central regions of Florida Bay [3]. These
authors reported that hypersaline groundwater conditions in Florida Bay are caused by
reduced freshwater inputs during the dry season combined with low water renewal rates.
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The Florida Bay ecosystem is currently under extensive stress due to decades of
increased nutrient loads along its northern boundary. Historically, combined rainfall and
southern flow, from Lake Okeechobee, hydrate the entire Everglades ecosystem, including
Florida Bay [4]. Current management of the system in South Florida changed how the
Florida Bay is hydrated, in which direct rainfall over the entire bay, is the largest single
source of freshwater into Florida Bay and accounts for more than 45% of the total freshwater
input. Taylor River (TR), along the southeastern part of Everglades National Park (ENP),
is the second most contributor of freshwater to the bay [5]. The controlled discharges of
freshwater duration and timing delivered to TR are essential to prevent salinity levels from
becoming too high and for the Everglades wetlands ecosystem.

As part of addressing periodic droughts in Florida Bay due to the lack of rainfall,
treated water from Lake Okeechobee, from the district’s stormwater treatment areas (STAs),
is directed southward into the Everglades. The additional clean water from the STA out-
flows is planned to reach the bay during both the dry and the wet seasons. Clean water
supply of those additional discharges will be added through both the Shark River (SR)
and Taylor River (TR). The new and added fresh/clean water to Florida Bay is particu-
larly essential to meet the Comprehensive Everglades Restoration Plan (CERP) salinity
performance for the bay (Figure 1).

2. Goals and Objectives

The goal of this study was to determine how freshwater inflow to Florida Bay impacts
material distributions (e.g., salinity, nutrients, etc.). Most importantly, how much freshwater
input (existing conditions and in response to future sea-level rise) is needed, if the desired
salinity range within the bay can be controlled by the amount of freshwater available. To
achieve this goal, first one must delineate what are the main contributors of freshwater to
the bay, and second if those contributors can be controlled. For example, rainfall is a major
freshwater contributor to Florida Bay. Yet, this freshwater source is not under our control.
On the other hand, the amount of freshwater discharges reaching the bay from point
sources such as TR and SR, is currently managed and controlled. Therefore, the amount
of freshwater sources can be classified into two types, “human-controlled” freshwater
contributors (i.e., Taylor River and Shark River), and human-uncontrolled freshwater input
(i.e., rainfall, wetlands runoff, and groundwater).

3. Methods
3.1. Overview

Sea-level rise (SLR) is another major contributor to material distributions within
Florida Bay. Seawater from the SR will penetrate deeper into coastal wetlands of the
southern Everglades and all southern creeks. Increasing freshwater managed discharges
through those creeks may counterbalance the impact of saltwater intrusion in the southern
Everglades. With or without a limitless supply of available freshwater, a calibrated Florida
Bay hydrodynamic model, can not only be used to mimic future conditions and determine
how much freshwater is needed to counterbalance saltwater intrusion, but also determine
if available future freshwater supply can indeed counterbalance SR.

SFWMD sponsored several modeling studies starting far back as early as the 1990s. The
final selected and calibrated hydrodynamic and water quality modeling tools of Florida Bay
were finally delivered and documented [6,7]. The calibrated environmental fluid dynamic
code (EFDC) model already depicted accurate exchange between basins and also simulated
the impact of freshwater contributors on salinity distributions under existing conditions
(i.e., “current conditions base”) within Florida Bay [6–8]. Combining all available and
observed freshwater, salinity, and future sea-level rise, will help in predicting future salinity
conditions in Florida Bay. Model-predicted salinity from the calibrated EFDC model [7], is
used as the base (i.e., “current conditions base”) for all the freshwater scenario analyses
presented here. To achieve the intended goal of this study, we compared the original
model results against model-predicted salinity, after doubling the Taylor River base run
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freshwater discharges, while holding all other input and boundary conditions the same as
in the original model setup. Doubling freshwater input into TR was selected based on the
SFWMD goals for Florida Bay. Second, we compared model-predicted salinity by doubling
the Shark River base run freshwater discharges, while holding all other input and boundary
conditions the same as in the original model setup. Third, we compared model-predicted
salinity by doubling the rainfall (RF) amount of the base run, while holding all other input
and boundary conditions the same as in the original model setup.

3.2. Florida Bay EFDC Model

The EFDC modeling system has been extensively applied to simulate numerous
projects not only worldwide, but also in numerous South Florida studies, including St.
Lucie Estuary [9], Lake Okeechobee [10], wetlands [11], and Florida Bay [12]. The Florida
Bay EFDC model was calibrated and documented [6,7]. The primary conclusion of those
studies was that the EFDC based Florida Bay hydrodynamic model using the medium
resolution multi-level grid system (i.e., original grid) was calibrated over a seven-year
period (1996–2002; [6,7]). The model grid with the northeast wetland consists of 4300 grid
cells in the horizontal direction, with cell size varying from approximately 500 m in the
eastern interior of the bay to approximately 8 km at the western open boundary in the Gulf
of Mexico. Favorable results were presented in project report [6], and more recently in [7]
indicating that the EFDC based Florida Bay model is at a level of calibration, based on
statistical test results [7], appropriate for investigating freshwater impacts alternatives and
for the calibration of the water quality model component.

3.3. Florida Bay Model Calibration Set Up

The EFDC Florida Bay hydrodynamic model has been well documented where the
details of the calibration processes and results were recently described in great detail [6,7].
The authors illustrated how model predictions matched field observation and focused on
the ability of the model to predict tidal and sub-tidal frequency, currents, salinity, and
temperature. Various quantitative approaches including harmonic and time series analysis
were also used to evaluate the calibration as well as commonly used methods of visual
comparisons of model predictions with observational data. Two model grid configura-
tions were also evaluated. The first configuration truncates the grid along the nominal
coastline in northeast Florida Bay, while the second configuration includes a large wetland
region along the northeast boundary of the bay which dynamically interacts with the open
water regions [7].

Both configurations of the model are judged to perform well in simulating observed
tidal frequency sea level and currents [7]. The configuration which includes the wetland
region is better in predicting low-frequency sea-level variability in northeast Florida Bay,
particularly during times of high variability associated with tropical storms. Temperature
simulation, including evaporation prediction, using both model configurations is excep-
tionally good. Both model configurations perform well for salinity prediction, capturing
season variability, and extreme inflow events associated with tropical storms. The nominal
coastline configuration is superior in predicting salinity [7].

3.3.1. Fresh and Brackish Water Inflow

Fresh and brackish water inflow along the boundaries of the Florida Bay EFDC model
domain is provided by the USGS TIME model [13] for all simulations reported in this
manuscript. The TIME model provides an estimate of net freshwater inflow at 12-point
locations (human-controlled sources) along the nominal coastline of Florida Bay and the
southwest coast and actual flows and salinities at the TIME model cell faces and centers.
Figure 2 shows the location of six net freshwater inflow locations along the southwest coast,
the location of the six net freshwater inflows along the northeast boundary of Florida Bay,
and 148 brackish inflow locations in the wetlands. Table 1 lists a summary of descriptive
statistics of all freshwater inflow (human controlled) to Florida Bay for the calibration
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base run. For model simulations using the nominal coastline version of the grids, the
12-net freshwater inflows were used and assigned zero inflowing salinity. For the model
simulations, which include the northeast wetland region, brackish inflow was assigned to
the model cell containing the 148 inflow locations shown in Figure 2. These flows were
assigned upwind salinities from the time simulation and brackish water inflow along
the boundaries of Florida Bay EFDC model domain, was provided by the USGS TIME
model [13] for all simulations presented in this manuscript. The TIME model provides
an estimate of net freshwater inflow at 12-point locations along the nominal coastline of
Florida Bay and the southwest coast (Figure 2) and the actual flows and salinities at the
TIME model cell faces and centers. Figure 2 shows the location of six net freshwater inflow
locations along the southwest coast, the location of the six net freshwater inflows along the
northeast boundary of Florida Bay, and 148 brackish inflow locations in the wetlands. For
model simulations using the nominal coastline version of the grids, the 12-net freshwater
inflows were used and assigned zero inflowing salinity. For the model simulations, which
include the northeast wetland region, brackish inflow was assigned to the model cell
containing the 148 inflow locations shown in Figure 2. These flows were assigned upwind
salinities from the time simulation. Flow quantities for all 12 inflow points used for model
base calibration are depicted in Figure 3.

Table 1. Summary descriptive statistics of all freshwater inflow (m3 s−1) to Florida Bay. Highlighted
rows are the dominant and the highest discharge into Florida Bay. All discharge values are the
original ones from the calibrated EFDC model of Florida Bay.

Fresh Water Point Source Size Mean Median Min Max Range 0.25 0.75 Std.
Dev.

Std.
Error

Barron Creek (1) 2924 0.43 0.14 −0.32 7.07 7.39 0 0.57 0.74 0.01
Turner (2) 2924 6.49 2.83 −0.05 88.56 88.61 0.74 8.73 9.83 0.18
Lopez (3) 2924 1.53 0.77 −3.16 24.97 28.13 0.32 1.83 2.38 0.04
Chathan (4) 2924 9.98 2.44 −36.05 224.87 260.92 0.11 10.52 21.76 0.4
Lostmans (5) 2924 20.24 9.27 −105.29 235.96 341.25 0.02 28.28 30.87 0.57
Broad/Harney/Shark (6) 2924 30.43 10.58 −540.9 923.05 1463.96 0 54.81 108.82 2.01
Trout (7) 2924 5.83 0.13 0 44.6 44.6 0 10.14 8.49 0.16
Mud Creek (8) 2924 1.17 0 0 9.51 9.51 0 2.01 1.71 0.03
Taylor Creek (9) 2924 0.98 0.3 0 6.85 6.85 0 1.74 1.26 0.02
McCormick Creek (10) 2924 1.02 0 0 9.91 9.91 0 0.99 1.94 0.04
Long-Sound (11) 2924 0.88 0 −43.33 24.55 67.88 0 1.08 3.57 0.07
Alligator (12) 2924 0.07 0 −8.75 6.06 14.81 0 0.01 0.5 0.01
USGS: (S197 (13)) 2924 1.43 0 0 83.32 83.32 0 0 7.11 0.13

3.3.2. Wind and Atmospheric

Wind forcing was provided by wind records at five C-Man or National Data Buoy
Center overwater stations [7]. Wind speed and direction in each model cell were deter-
mined as an inverse squares distance-weighted average of the five stations. Atmospheric
data included air temperature, relative humidity, rainfall, solar radiation, and cloud cover.
Air temperature, relative humidity, and cloud cover were based on the National Weather
Service (NWS) data at Key West, Naples, Marathon, and Miami. Solar radiation was
estimated from theoretical clean sky values and cloud cover, adjusted by comparison with
the actual solar radiation data from a South Florida Water Management District (SFWMD)
station. Rainfall data at the NWS stations were supplemented by ENP rainfall data. The
final atmospheric datasets were spatially located at the four NWS stations, and values in
each model cell were determined as an inverse squares distance-weighted average of the
four stations [7].
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Figure 2. All discharge inflows used in EFDC model calibration, and all scenario runs. (Top Panel): 

Location of TIME Model estimates of net fresh water inflow along the southwest coast (points 1 
Figure 2. All discharge inflows used in EFDC model calibration, and all scenario runs. (Top Panel):
Location of TIME Model estimates of net fresh water inflow along the southwest coast (points 1
through 6). (Bottom Panel): Locations of TIME Model estimates of net freshwater inflow along the
northeast shoreline of Florida Bay (points 7 through 12), and locations of brackish inflows to the
northeast wetland region.
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Figure 3. Time series of freshwater inflows (A–F) at location of TIME Model estimates of net
freshwater inflow along the southwest coast (points 1 through 6) and along the northeast shoreline of
Florida Bay (points 7 through 12). All freshwater inflow (1 through 12) were used for both the EFDC
model calibration and all model scenario simulations.

3.3.3. EFDC Model Calibration Results (Current Conditions Base)

Hydrodynamic model calibration involved the adjustment of open boundary forcing,
bottom roughness, and bottom elevations to obtain the general best agreement between
model predictions and observations of water surface elevations and horizontal currents [8].
All hydrodynamic model calibration set ups and results, at 15 stations (Figure 4), are
presented in detail [7] and are not repeated here, while the impact of freshwater on the
model-predicted salinity, for all scenarios presented here, are from the original model grid.
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Figure 5. EFDC hourly model-predicted mean and median salinity values at a total of 15 stations
depicted in Figure 4 in the northeastern corner of Florida Bay in response to increase in freshwater
inflow. Black-solid line represents freshwater inflow for the calibration run (current conditions base
run: 1Q); Blue-solid line represents double the Taylor River current conditions base run of freshwater
inflow (2Q), Green-solid line represents twice the current conditions base run (2R) of rainfall amount
over the bay compared to the calibration run.
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4. Model Scenarios Results

The EFDC model scenario analysis started with the freshwater discharges (a total of
12-point source discharges) used in the original calibrated EFDC Florida Bay model [7,8].
Salinity descriptive statistical results are used to compare model-predicted salinity from
all runs, including, the EFDC model calibration period (1 January 1996 through 1 January
2002), as the current conditions base run, the increased (2Q) freshwater inflow, and the
increased rainfall (2R) amount to Florida Bay during the same period. All model scenario
results are presented at the same 15 stations in Figure 5.

4.1. Northeast Corner Model Results

Results of all EFDC model scenarios are presented in this section in various formats to
illustrate and delineate the cause and effect in terms of salinity mean values, and most importantly
in terms of time; how long a specific salinity value persists over time. Figure 5 illustrates how
salinity results are impacted by increasing the human-controlled freshwater inflow from TR
and the human-uncontrolled (RF) into Florida Bay. All calculated salinity statistics are based on
hourly values over the calibration period from 1996 through 2002 at each location.

It is clear that the uncontrolled contributor (i.e., rainfall) over the bay is the dominant
factor in the northeastern corner of the bay for all stations located in this section and the
decreased salinity values within the bay (Figure 5). It is also clear that increasing the
freshwater of controlled discharges through TR, not only reduces salinity values in Florida
Bay, but also moves the salt wedge away from the inflow locations, a typical estuarine
circulation pattern. The most pronounced salinity decrease is observed at Trout Cove,
Taylor Creek, and Mud Creek. The Trout Cove station receives the largest freshwater inflow
at this location (Figure 5).

Box and Whisker data summary also demonstrated consistently that model predictions
captured the general trend in the bay, over the seven-year calibration period, compared to
observed salinity data (Figure 6). The purpose here is not to compare model-predicted salinity
to field observations, which is presented accurately in detail in [7]. The goal of this analysis is
to illustrate, in relative terms, “what if” scenarios, and how salinity structure in Florida Bay
would respond to an increase in freshwater inflow. All scenario results indicated that salinity
structure in the bay in the northeastern corner would benefit greatly from the increase in TR
freshwater inflow. Model-predicted scenario results also showed that salinity values at all
14 stations are more likely to remain within the 5–35 ppt range; a CERP goal for the salinity
performance measure to protect and maintain a healthy Florida Bay ecosystem.
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Figure 6. Monthly representation comparisons of daily average observed and model-predicted
salinity at Bouy Key station (location = 15) over a seven-year period (1996–2002). Circles represent
5th and 95th percentile, The boundary of the box closest to zero indicates the 25th percentile. Black-
and red-solid lines within the box mark the median and the mean, respectively. The boundary of the
box farthest from zero indicates the 75th percentile. Whiskers (error bars) above and below the box
indicate the 90th and 10th percentiles.
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4.2. Northwest Corner Model Results

Although the focus of this analysis is the northeastern corner of Florida Bay, the model
scenarios-predicted-salinity in SR are also included (Figure 7). In all model scenarios,
regardless of the northeastern vs. southwestern corner, rainfall remains the dominant
freshwater input into Florida Bay and the deciding factor of salinity structure in this region
as well. Yet, rainfall is unpredictable and not under human control.
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5. Discussion

The major objectives of the Comprehensive Everglades Restoration Plan (CERP) for
Florida Bay are to reverse ecosystem decline and re-establish a healthy stable ecosystem.
The Florida Bay ecosystem has been deteriorating due to upland human activities intensi-
fied by the lack of both quantity and quality of the freshwater reaching the bay. Freshwater
reaching Florida Bay over the past few decades was delivered totally through a highly
managed complex system and increased nutrient loading. Unlike the currently existing
conditions, Florida Bay historically received most of its water from Lake Okeechobee
through the Everglades National Park and through rainfall [4].

Two essential parts were planned to help restore and protect the Florida Bay ecosystem.
Part one was to plan and construct projects to increase the amount of managed and
controlled freshwater inflow reaching the bay. Part two would be to develop a management
tool to simulate and assist decision makers to evaluate options and alternatives to protect
the bay’s ecosystem (i.e., water quality model) and plan appropriately for the foreseeable
SLR (i.e., hydrodynamic model).

For Part one, SFWMD approved several major projects to clean water runoff from
farms and residential areas (stormwater treatment areas, STAs) and store that clean water
(flow equalization basins, FEBs) for use during the dry season and drought conditions as
well as send more clean water to Florida Bay, both through TR and SR (human controlled
and managed discharges). The major project to provide more to TR (planned twice the
original inflow quantity) was completed in 2023. The CERP original intent of increasing
freshwater inflow, particularly for the northeast corner, was to protect and maintain the
health of the Florida Bay ecosystem. CERP also identified salinity performance levels
(i.e., salinity between 5 and 35 ppt) to protect and maintain the health of the Florida Bay
ecosystem. All the aforementioned CERP plans of increasing quantity and quality of water
reaching the bay and meeting the proposed performance measure for the Florida Bay,
not only require a tool to investigate, evaluate, assess, and optimize the management
of the system, but also to explore how to prevent frequent hypersalinity conditions and
counterbalance saltwater intrusion into the Bay.

Part two of the SFWMD Florida Bay long term plans was to develop a management
tool to assess alternatives and options of the bay restoration plan. Since the early 1990s the
SFWMD and the Army Corps of Engineers focused on developing a hydrodynamic and
water quality model for this purpose [14]. The need for such a model is critical, as models
are commonly used to delineate and identify cause and effect. In particular a coupled
hydrodynamic and water quality modeling system is needed to meet the goal of restoring,
protecting, and maintaining Florida Bay ecosystem heath. Model needed data collection
was also initiated to ensure those models not only represent the Florida Bay ecosystem,
but are also calibrated, verified, and scientifically defendable. However, early Florida Bay
model development failed to demonstrate the long-term predictive ability, due to lack of
data and resources [14], while the water quality model development was also limited in
predicting conditions within the bay, due to the lack of a calibrated hydrodynamic model
to provide transport [15].

The Water Resources Development Act of 2000 approved CERP as the roadway and
guide to restore, protect, and preserve the water resources of central and southern Florida,
as well as for flood protection. CERP has been described as the world’s largest ecosystem
restoration effort focusing on restoring the south Florida ecosystem Everglades, including
Florida Bay. The CERP main goal is to capture and redirect freshwater, which currently
flows to the ocean and the gulf to areas that need it most. Most of the redirected water
will be dedicated to environmental restoration projects. Yet, the CERP approved plan in
2000 failed to include impacts of future SLR on critical restoration areas, including salinity
distribution within Florida Bay. Currently, SFWMD is working on addressing future SLR
impacts on other critical areas [5].

As part of the Florida Bay long term plans, SFWMD sponsored and funded the
development and the calibration of the Florida Bay EFDC hydrodynamic model, over a
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ten-year period [12]. For the analysis presented here, we used the calibrated EFDC model
to run several scenarios to assess the impacts of increasing freshwater inflows (human-
controlled contributor) and rainfall (human-uncontrolled contributor) into the bay. The
goal of this study was to determine the major freshwater contributors to the bay, how
freshwater inflow to Florida Bay impacts material distributions (particularly salinity), and
assess the impacts of freshwater inflow through managed and controlled point sources (e.g.,
TR and SR) as well as uncontrolled and unmanaged sources (e.g., rainfall, evaporation, and
groundwater) on salinity distributions within the bay.

Salinity has been identified as a restoration performance-measures target for Florida
Bay, with guidelines established to (1) reduce the number of hypersaline events each year,
(2) increase the frequency and spatial extent of lower salinity conditions in the bay, and
(3) provide more stable conditions by avoiding rapid salinity decreases in the northeastern
region of the bay [5]. Our results showed that increasing freshwater inflow through TR,
as originally planned, will benefit the bay ecosystem (Figure 6). The increased observed
benefits to the bay, in terms of salinity structure in the northeastern region, increased as
the quantity of the flow discharges through TR increased (Figure 6). Salinity performance
measures, as proposed by CERP (redlines in Figure 6), within the northeastern corner
of the bay, were also met with increased discharge quantities. Yet, as far as the major
contributors to salinity structure go in Florida Bay, and clearly meeting the intended salinity
performance, it was the rainfall quantity not TR. However, the impact of doubling the inflow
to TR still met the salinity performance measure as proposed (5–35 ppt). Rainfall quantity
(human-uncontrolled) was the major contributor followed by TR (human-controlled).

Previous study [16] used monthly data from 1965 through 1995 to conduct a water
budget study from field observation of Florida Bay. Similar to our results, doubling the
rainfall quantity produced lower salinity in the eastern bay, increased salinity variability in
the south bay areas, and had a trivial effect on the western bay salinity. Our results are more
concise regarding salinity distribution over a seven-year model application using field
observation and delineating the major contributors, specifying individually the impacts
from both TR, SR, and rainfall in the northeastern region of the bay.

Further improvements and additional data collections, particularly around mud banks
(e.g., water depth), would increase the EFDC hydrodynamic model accuracy with regard
to water exchange between open water and subbasins/mud banks. The calibrated EFDC
Florida Bay hydrodynamic model is capable of simulating water temperature and all
other water budget components such as, exchange fluxes with the coastal ocean, fluxes
of freshwater, rainfall, evaporation, all of which vary in time and space (Figure 8). USGS
runoff and freshwater discharges from the main rivers and creeks were combined with field
observations of rainfall, windspeed and direction, air and water temperature (to calculate
evaporation), to predict water temperature and salinity in the bay (Figure 8). For the EFDC
model to simulate future water-budget scearios, it is essential to include future plans on
how to deliver freshwater discharges from managed upstream structures to the Taylor and
Shark rivers. Future freshwater supply delivery plans, to those two sources, may be sent
either seasonally or as a constant year-around flow as prescribed by the water volume
stored and managed in upstream reservoirs. By including a complete water budget, based
on planned discharges, supply, and historical or newly acquired salinity observations,
and combined with forthcoming SLR, a management tool would be provided for decision
makers to predict future salinity conditions of the bay.
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Figure 8. Temperature (Left Panel) and salinity (Right Panel) comparisons between model-predicted
values and field observations at Card Sound Bridge station during the EFDC model calibration period
for Florida Bay (1996 through 2002).

It is important to note that to restore and protect the Florida Bay ecosystem health, it
is essential to maintain the CERP targeted salinity performance measure for an extended
period of time; not just to meet the salinity value at a single location, but to make it persist
for a longer time over the entire bay. The current/existing freshwater inflow simulated (i.e.,
1Q) by the EFDC Florida Bay calibrated model provides acceptable results that targeted
salinity performance in the bay yet is only maintained for 45% of the time (Figure 9).
Future plans of increasing freshwater inflow to twice the discharge (i.e., 2Q) used in the
calibration run, increased the targeted salinity performance-measure envelope from 45%
to 70% of the time. A greater increase of other inflow scenarios (twice 2Q or twice the
rain) increased the duration and maintained the targeted salinity values by 70% and 85%,
respectively (Figure 9). The current SFWMD plan is to double TR (i.e., 2Q), which provided
satisfactory results to maintain the salinity performance envelope for more than 70% of the
time (Figure 9).
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freshwater inflow in Taylor River, and green-solid line represents twice the amount of rain (2R) in
current conditions base run. Solid red lines represent the CERP salinity restoration target (i.e., highest
and lowest values).
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An additional supply of clean water will be added to both SR and TR. The new
and added fresh/clean water to Florida Bay, if available, is particularly essential in the
coming decades to offset saline invasions with increasing SLR. Freshwater groundwater
discharges may not contribute, or have a greater impact, compared to surface freshwater
inflow, on Florida Bay salinity [17–19]. Yet, one may conclude that there must exist a
surface-ground water exchange that may have an impact on salinity structure in the
bay. A recent groundwater SUTRA, (model for saturated–unsaturated, variable-density
groundwater flow with solute) modeling study in TS, with a 2-D profile and variable mesh
size, with a grid-size length 37 km, depth 60 m, and varying width from 2 km to 13 km for
a 17-year simulation period [20–22], provided more detail regarding surface-groundwater
interactions. The purpose of those studies was to simulate shallow groundwater flow
patterns and assess the dynamics of recent seawater intrusion. The authors concluded
that slight changes in topography (in the order of centimeters) such as the Park Road, can
cause differences in groundwater discharge and recharge along TS. Also, seawater intruded
250 m inland at 20 m depth in the aquifer from 2000–2013. The groundwater horizontal
speed was estimated to be 250 m/14 year (or an average of 17.8 m/year) and the vertical
speed was (20 m/14 year (or an average of 1.4 m/year). The major conclusion from this
study is that surface freshwater impacts on groundwater salinity are felt in the top 15 m,
and there is a two-month lag of salinity changes in Florida Bay observed, from the surface
freshwater inflow from both TR and SR.

Results from their study suggest that freshwater inflow quantity and timing are critical
for controlling and determining the Florida Bay salinity structure. Yet, most importantly
is the fact that the freshwater inflow from TR pushed saltwater back towards the bay and
away from the wetland inland areas, not only in the surface water, but also in the top 15 m
in ground waters. The EFDC calibrated model results, along with the scenario simulated
here, clearly show that increasing inflow surface-water discharges in TR, results in lower
salinity in the northeastern section of the bay. Consequently, the freshwater inflow through
TR will also pushback saltwater intrusion in the top 15 m in ground water towards the bay
and decreases salinity near the mouth.

Future SLR is another major concern worldwide particularly for low lying coastal
areas [23]. In the study referenced, they included varying tidal amplitudes and freshwater
discharge from the Guadiana River, while bathymetries of the estuary were incorporated in
the model to fully evaluate the impacts of sea-level rise on salinity distribution and flooding
areas of the estuary. Unlike their approach, we focused primarily on freshwater inflow as
planned and executed through several CERP projects [5], mainly due to the complexity
and highly managed systems of canals, wetlands, pumps, and reservoirs, upstream of
the Everglades National Park. Furthermore, hydrodynamic and other model-types have
demonstrated the need for applying such tools to predict future impacts from SLR on
wetlands along the west coast of the USA [24]. In the study referenced, they used a different
modeling approach using Bayesian network (BN) to predict changes in resilience of tidal
saline wetlands as probabilities, which can be useful in risk analysis [24].

The Florida Bay estuary is unique and different from other studies dealing with SLR.
Due to the large horizontal spatial expanse, combined with the shallow water depth, both
lead to two influencing mechanisms (rainfall and evaporation) for the salinity structure
in the bay, as demonstrated with the 2R model scenario application (Figures 5 and 6).
Runoff from the Everglades is mainly represented by the major creeks depicted in Figure 2.
The TIME, USGS ground water model, linked to the EFDC hydrodynamic model made it
possible to capture surface and ground water runoff from the Everglades National Park.
Unlike other estuaries, the Florida Bay point sources from these creeks and rivers are
managed and heavily controlled, along with the complex set of canals and reservoirs,
upstream; they pose a major test. All of those unique facts represent a challenge in
predicting the full impacts of SLR on the Florida Bay ecosystem and an opportunity
for possible future research.
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Accelerating sea-level rise (SLR), shifting precipitation patterns, and frequency and
intensity of storms will affect coastal ecosystems, including salt marshes. Similar to these
studies referenced [23,24], SLR is a major future contributor to material distributions (i.e.,
salinity and nutrients) within Florida Bay. For example, “shallow mud-banks” near the
coastline, where bathymetry is not well defined, will be covered at a minimum with
90 cm of rising saltwater by the end of this century [1]. The newly created water depth
at the mud banks is likely to allow more water exchange and lead to lower values of
high salinity, assuming the same weather conditions prevail, which will be beneficial to
the Florida Bay ecosystem [1]. Yet, saltwater intrusion will penetrate deeper into coastal
wetlands and all southern creeks. The planned current increase of freshwater discharges
through TR and SR may counterbalance or minimize the impact of saltwater intrusion in
the southern Everglades wetlands for the current/existing conditions. However, how much
water is needed to counterbalance future SLR and how much water is physically available
to meet the CERP performance measure, is another matter, and requires further modeling
scenarios, not only in Florida Bay, but also upstream of the Everglades National Park.

6. Summary and Conclusions

The goal of this study was to determine how much current freshwater inflow to Florida
Bay impacts salinity distributions, to identify and rank the major freshwater contributors
to their distributions within the bay, and how the CERP planned increase in freshwater,
through TR and SR, would control hyper salinity in the northeastern part of the bay. Our
results clearly indicated that rainfall has the most impact on salinity structure in the bay
regardless of location (northeast vs. northwest), followed by the Taylor River. The rainfall
impacts on salinity distribution were in excess of 10–15 ppt. None of the salinity means
in all those runs exceeded 38 ppt. Most salinity changes ranged between 43 to 5 ppt and
most salinity impacts were due to rainfall, followed by the Taylor River. However, no
measurable impacts were observed due to an increase in freshwater inflow through Shark
River Slough; rainfall remains the dominant contributor to salinity structure in the bay.

Currently, our results indicate that salinity performance measures in the bay can be
controlled and achieved by doubling the flow in the Taylor Slough, as targeted by CERP.
The increase of freshwater inflow will also ensure that salinity performance measure can
be met for more than 70% of the time and minimize the impacts on ecosystem health. Yet,
future sea-level rise will require additional action to protect and maintain the Florida Bay
ecosystem health and counterbalance saltwater intrusion in the Everglades wetlands. In
addition, hypersalinity events in Florida Bay (defined as >40 ppt) are considered detrimen-
tal for the bay’s ecosystem. Frequent re-occurrence of hyper salinity conditions, whether
drought or lack of freshwater inflow, in the bay would lead to a drastic change in the
ecosystem and a possible shift from species of estuarine conditions to more hypersaline
tolerant species. Additional freshwater input, particularly through the Taylor River, is
required to offset future SLR impacts on salinity and protect Florida Bay ecosystem health.
However, the additional water needed to counterbalance SLR and how much water is
physically available are yet to be determined and it may not be practically possible to com-
bat hypersalinity/saltwater intrusion with increasing freshwater flow from CERP projects
alone. The hydrodynamic model, presented here, can be used for determining future SLR
impacts on salt intrusion and how to manage “controlled” freshwater discharges (quantity
and timing) to counterbalance changes in the Florida Bay ecosystem.
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