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Research Case Study

Modeling the Impact of Hydraulic Reconnection on 
Estuary Hydrodynamics
Megan Kramer1, Mauricio E. Arias1

Coastal environments around the globe are subject to anthropogenic stresses due 
to dense coastal populations. The response of development activities on dynamic 
estuarine ecosystems, influenced by tidal forces, freshwater flows, salinity variations, 
and intricate coastal land morphology, is often uncertain. This case study evaluates 
how connectivity and coastal geomorphology influence flow patterns by modeling 
the effects of a proposed hydraulic reconnection project on water movement between 
the Manchester Waterway, a coastal residential community, and Charlotte Harbor, a 
large open water estuary in the Gulf of Mexico. An unstructured grid, 2D model was 
developed utilizing Delft3D Flexible Mesh to simulate estuary hydrodynamics under 
proposed conditions for four different weather conditions, including recorded 2021–
2022 weather, future sea level rise, an extreme weather event, and a combination of 
extreme weather and sea level rise. Simulated flow results for proposed conditions 
were compared to present day flow patterns for analysis of the predicted changes 
in water levels and velocity magnitudes in the waterway. The results show that 
increased connectivity between the Manchester Waterway and Charlotte Harbor is 
expected to increase tidal amplitudes largely due to a lowering of minimum water 
levels in the waterway. During storm events, water elevations are predicted to drop 
to lower elevations following peak storm surge due to proposed conditions, which 
may provide flooding relief. Model simulation results will aid hydraulic reconnection 
and guide a more comprehensive ecological restoration plan. This case study will 
also improve understanding of the major influencing forces in intricate estuarine 
environments and how ecosystems may respond to land development, sea level rise, 
and increasing magnitude and frequency of tropical storms.
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1. Introduction
Over one-third of the global population is concentrated 
within 100 km from the coast, with some of the fast-
est growing megacities located next to deltas (Brown et 
al. 2013) and approximately 230 million people living 
in coastal areas below 1 m of high tide lines (Kulp and 
Strauss 2019). Coastal areas hold high economic and 
cultural value, because ports are important for interna-
tional trade and transportation, fishing provides food 
for much of the world, and beaches are popular areas 
for recreation. This concentration of human develop-
ment along coastlines has many serious implications 
for communities exposed to coastal hazards, including 
tropical storms, sea level rise, erosion, and harmful algal 
blooms. To reduce threats of erosion and property loss 
from coastal processes, massive development operations 
have been undertaken, which alter the natural shoreline. 
The installation of shoreline hardening structures, such 
as seawalls, riprap revetment, piers, and breakwaters, 
has helped make coastal regions habitable by serving 
as physical barriers between the land and sea. In many 
regions, the tragic consequence of these historic develop-
ments is coastal ecosystem decline. Hardened shorelines 
threaten species biodiversity in the littoral zone because 
they often replace or impair productive coastal hab-
itats. Nearshore habitats are also threatened by human 
activities that alter watershed functions and water qual-
ity (Prosser et al. 2018). In some cases, perimeter dikes 
have eliminated sediment supply to estuary marshes and 
reduced the tidal prism (Weishar et al. 2005). Increased 
dredging activities and reduced downstream sediment 
supply have further deteriorated the ecological value of 
many estuaries (Stark et al. 2017).

The degradation of estuarine habitats has prompted 
coastal ecosystem restoration projects worldwide for the 
benefit of both human communities and natural habitats. 
Such projects aim to restore ecological function through 
changes to land cover and environmental flows, follow-
ing the estuarine ecohydrology concept that recognizes 
physics often drive the ecological and biological pro-
cesses of a system (Wolanski and Elliot 2015). This can 
include the creation of intertidal wetlands, changes to 

water infrastructure to maintain 
freshwater flows, and dredging 
to improve water flow and res-
idence time in stressed estuar-
ies (Wolanski and Elliot 2015). 
These efforts are gaining popu-
larity as sustainable approaches to 
regaining the ecosystem services 
provided by estuaries (Stark et al. 
2017).

Technological advancements 
in recent decades have provided tools for predicting out-
comes of coastal restoration efforts. Numerical modeling 
has been applied in several case studies for simulating 
biological and/or hydrodynamic responses to changes 
in estuary morphology and flow regimes (George et al. 
2012; Stark et al. 2017; Wan et al. 2012; Weishar et al. 
2005). Some consequences of modifications to geomor-
phology can involve an array of physical changes includ-
ing altered flood patterns, water circulation, salinity and 
temperature distribution, sediment transport, tidal prism, 
and tidal asymmetry (Stark et al. 2017).

This study utilizes a proposed hydraulic reconnec-
tion project in Charlotte Harbor, Florida, as a case study 
to investigate how restoration of coastal geomorphology 
influences flow patterns in an intricate estuarine ecosys-
tem. The main objective of this project was to quantify 
how the proposed reconnections would alter estuarine 
hydrodynamics under a range of extreme future sce-
narios. For the purpose of this study, the effects of the 
proposed project on water movement between the 
Manchester Waterway and Charlotte Harbor were sim-
ulated, focusing specifically on two fundamental indica-
tors: surface water elevations and velocity. Given that 
sea level rise is likely to alter estuarine flows, we consid-
ered both short-term and long-term impacts of the pro-
posed hydraulic reconnection. Short-term impacts were 
considered by evaluating hydrodynamics of the water-
way under recorded 2021–2022 weather conditions and 
during a storm event. Long-term impacts were consid-
ered by evaluating the waterway under future sea-level-
rise projections, and future storm events in combination 
with sea-level-rise.

2. Case Study Site 
The growing Manchester Waterway community located 
in Port Charlotte, Florida (Fig. 1), is interested in 
improving boat access by restoring previous connec-
tions between the local waterway and the harbor, sepa-
rated by a mangrove vegetated barrier peninsula. As the 
community continues to develop along the waterway, 
there is increasing motivation to reduce navigation time 
through slow no-wake zones to the harbor, reduce boat 

Highlight
Evaluation of a high-resolution 2D hydrodynamic model showed that 
restoring flow connections in a developed subtropical estuary would 
increase the tidal range and reduce the average surface water elevations 
in the surrounding canals.
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traffic through the sole access channel, improve emer-
gency response time, provide better waterway flushing, 
and provide additional recreational opportunities to pad-
dlers. This endeavor has prompted an investigation into 
alternative navigational routes between the residential 
waterway and the harbor, for which 3 harbor connections, 
designed to connect the west and southwest portions of 
the Manchester Waterway community to the harbor, have 
been proposed (Fig. 1). Each connection would be formed 
by dredging three, 12-meter-wide channels through the 
existing barrier peninsula vegetated with mangrove, pine 
palmetto flatwoods, and Juncus marshes, currently pro-
tected as part of Charlotte Harbor Preserve State Park. It 
is known that the geometry, distribution, and size of inlets 
through barrier islands influence the volume of water 
transferred to semienclosed back-barrier bays, with larger 
inlets allowing for greater tidal range (Aretxabaleta et al. 
2014). Thus, prior to the implementation of these recon-
nection plans, we find it critical to evaluate the impacts 
that such changes may have on local water circulation, 
for there is concern that restoring hydraulic connections 
through the barrier peninsula would increase flooding 
to homes near the proposed connections during storm 
events, as well as concern about the ecological impacts 
associated with the proposed changes. Innovative meth-
ods of assessing high-resolution estuary hydrodynamics 
are needed in order to characterize changes to local flow 
trends. 

Charlotte Harbor is located between Sarasota and 
Fort Myers on the Gulf Coast of Florida, United States of 

America, and is recognized as the second-largest estuary 
in Florida, serving as home to diverse wildlife where salt 
water from the Gulf of Mexico mixes with fresh water 
from the Myakka, Peace, and Caloosahatchee rivers 
(FDEP 2021). The harbor open-water surface area cov-
ers approximately 700 km2, averages just over 2 m deep 
(FDEP 2005), and is largely bordered by Florida’s third 
largest state park, Charlotte Harbor Preserve State Park, 
which protects over 160 km of shoreline and 183 km2 of 
land (Florida State Parks 2022). This region is character-
ized by mixed semidiurnal tides. 

Prior to development, the Manchester Waterway 
area in Charlotte Harbor consisted of meandering tidal 
creeks through pine and palmetto flatwoods (Fig. 2a). In 
the late 1950s through early 1960s, the area was exca-
vated to create canals and fill for development (Fig. 2b). 
A lock was constructed in 1975 to provide residents 
access to Charlotte Harbor. Following permitting in 1977 
that allowed additional residential development, naviga-
tional access was reduced when connections in the upper 
Manchester Waterway were plugged during construction 
and development (Fig. 2c; Manchester Waterway Civic 
Association 2021). The lock was removed in 2007 to 
address environmental concerns, and the channel to the 
east of the waterway remains the only navigational chan-
nel between the Manchester Waterway and the harbor 
(Fig. 1). 

Water movement in Charlotte Harbor has been eval-
uated in several previous modeling studies. A three-di-
mensional water quality modeling system was developed 

Fig. 1. Map of Manchester Waterway (shaded in blue) and 3 proposed connections (red dashed lines), with analysis sites 
indicated by blue circles. (Map created using ArcGIS 2.7.0 software by Esri. ArcGIS is the intellectual property of Esri and is 
used herein under license.)
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Fig. 2. Historical images of Manchester Waterway. a) 1952 image showing natural tidal creeks circled (USDA 1952), b) 1974 
image of development in Manchester Waterway with connection between Tippecanoe Bay and the waterway circled  
(USDA 1974), (c) 2022 image of present-day conditions in the waterway, showing fill between previous connection to 
Tippecanoe Bay circled (Google Earth Pro 2022).

by Kim et al. (2010) to forecast hypoxia in the upper 
harbor. Chen (2020) further investigated salinity trans-
port processes and thermodynamics in the region using 
a coupled 3D–2D (laterally averaged) model with a 
domain that incorporated the major contributing riv-
ers. The response of the harbor to Hurricane Irma was 
evaluated with the West Florida Coastal Ocean Model, 
which simulated the observed negative surge and cor-
responding drying of the estuary and Tampa Bay (Liu 
et al. 2020). The estuary and gulf circulation patterns 
were also assessed in a three-dimensional modeling 
study, which evaluated the influence of tides, rivers, and 
wind on estuarine hydrodynamics and salinity (Zheng 
and Weisberg 2004). These models extend from the tidal 
rivers to the Gulf of Mexico, providing information on 
regional water movement, without predicting hydrody-
namic behavior in the narrow inland channels. In this 
study we used a high spatial-resolution model to extend 
understanding of this estuary into a residential waterway. 
We worked closely with community members to learn 

about the system, collect data, and understand their nav-
igational concerns. 

3. Methods
3.1 Model Description
Changes to water movement were investigated by sim-
ulating two-dimensional, depth-averaged, unsteady flow 
with the open-source modeling suite, Delft3D Flexible 
Mesh. This numerical hydrodynamic modeling software 
solves the equations of motion, the continuity equation, 
and the transport equations for conservative constitu-
ents. An orthogonal unstructured grid with Cartesian 
coordinates (Fig. 3) was developed to solve the Navier 
Stokes equations for incompressible fluid under the shal-
low water and Boussinesq assumptions (Deltares 2021). 
The model domain extends from the lower Peace and 
Myakka rivers toward the Gulf of Mexico to mid-Char-
lotte Harbor. The entire grid consists of 63,868 nodes, 
with grid lengths varying from approximately 300 m at 
the open boundaries to 15 m within the channels of the 
Manchester Waterway.

https://doi.org/10.21428/f69f093e.4f085bec
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Fig. 3. Unstructured mesh developed for Delft3D hydrodynamic modeling of the Manchester Waterway, extending from 
Charlotte Harbor to the lower Myakka and Peace rivers. Analysis sites are indicated by blue circles. (Map created using 
Deltares D-Flow FM module.)

A synthesis of all datasets used for this model is 
presented in the Supplementary Material (Table S2), and 
the most important data are described in this section. All 
bed levels outside of the waterway were obtained from 
a digital elevation model with ninth arc-second (~3 m) 
resolution (CIRES 2014), merged with a 3 arc-second  
(~90 m) resolution digital elevation model from NOAA 
NCEI (2021) to extend to the north-eastern model bound-
ary, then reduced to 24 m resolution. In addition to the 
regional bathymetry map, a local, high resolution sonar 
bathymetric survey was conducted in cross sections 
approximately every 300 m throughout the waterway. 
These data were combined with existing bathymetric data 
gathered during pre-dredging and post-dredging surveys 
conducted in 2019 and 2020 (Atkins Engineering 2020). 

The model was forced by 3 open boundaries from the 
surrounding water bodies: Myakka River at North Port 
Charlotte, Peace River at Harbor Heights, and Charlotte 
Harbor. Both the Myakka River and Peace River flow 
boundaries were imposed as a water level time series at 
15-min intervals (USGS 2021a; USGS 2021b), while 
the Charlotte Harbor tidal boundary was forced by water 
levels at 1-h intervals. The rivers were forced as water 
level boundaries because of the availability of high-res-
olution (15-min) water level time-series records in this 

data scarce region. Model simulations using calculated 
discharge values from cumulative upstream discharge 
data at the river boundaries resulted in very similar 
velocity values (R2 greater than 0.96) when compared 
with water level boundaries at the Ohara connection in 
the Manchester Waterway over a 1-month period. This 
period (July 2021) included the passage of Hurricane 
Elsa. Moreover, velocity comparisons between baseline 
and reconnection scenarios were indistinguishable for 
both boundary types.

Myakka River and Peace River temperature bound-
aries were forced by time-series data gathered from the 
Coastal & Heartland National Estuary Partnership Water 
Atlas (CHNEP 2021). River salinity boundaries were 
set to a constant value of 0 ppt to represent an inflow 
of freshwater. Charlotte Harbor water level, salinity, 
and temperature boundary data were gathered from the 
Hybrid Coordinate Ocean Model (HYCOM) + NCODA 
Gulf of Mexico 1/25° analysis hindcast dataset (Naval 
Research Laboratory 2022). Wind speed and direction 
data sourced from the closest weather station located at 
Fort Myers, Florida, approximately 40 km southeast of 
the waterway, was incorporated into the model as a con-
stant time series at 1-h intervals (NOAA 2021a).

https://doi.org/10.21428/f69f093e.4f085bec
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3.2 Model Calibration and Validation
Model performance was evaluated by comparing model 
simulated water levels to observed water surface ele-
vations at 4 sites in the waterway over the period April 
1, 2021–April 1, 2022. A record of surface water ele-
vations was collected at Knox, Como, Gulfspray, and 
Site C (see locations in Fig. 1) for the period March 29, 
2021–July 1, 2022. The model was calibrated by varying 
the Manning roughness coefficient because sensitivity 
analyses and existing literature (Bastidas et al. 2016) 
showed that water levels are significantly more sensitive 
to changes in the bed roughness compared to the phys-
ical parameters of horizontal eddy viscosity and hori-
zontal eddy diffusivity (Table S1 in the Supplementary 
Material). Model performance was evaluated using four 
statistical measures: root mean square error (RMSE), 
Nash-Sutcliffe efficiency (NSE), percent bias (PBIAS), 
and R2 coefficient of determination.

3.3 Modeling Scenarios
Four different weather conditions were considered 

for this study to evaluate how the reconnection alterna-
tive may respond under future and/or extreme weather 
conditions compared to the present land configuration. 
The different scenarios were evaluated by changing the 
water level and wind surface boundaries that character-
ize the 4 environmental conditions of interest:

Condition 1: 2021–2022 Weather 
Recorded environmental conditions for  
April 1, 2021–April 1, 2022

Condition 2: 2040 Sea Level Rise (SLR) 
Increased boundary water levels to represent 
the 2040 SLR projections

Condition 3: Extreme Weather (EW) 
Recorded water levels and wind speeds during 
Hurricane Eta

Condition 4: Cumulative Impact of an Extreme 
Weather Event + Sea Level Rise (EW+SLR) 
Combination of Conditions 1 and 2

The proposed reconnection was simulated sep-
arately and compared to a baseline evaluation (BL) 
representing the present-day terrain in the Manchester 
Waterway. Thus, for each weather condition there 
were 2 different simulations representing the baseline 
and hydraulic reconnection, culminating in a total of 8 
model simulations. The model setup was identical for the 
hydraulic reconnection, with the exception of changes to 
the bed levels to represent the depth, length, and width of 
constructed channels at the locations of the 3 proposed 
connections between Manchester Waterway and the 
harbor. The proposed connection between Tippecanoe 
Bay and the O’Hara Waterway through Muddy Cove is 

approximately 2,000 m, the second connection between 
Tippecanoe Bay and the intersection of the Flamingo 
and O’Hara waterways through Muddy Cove is approx-
imately 2,530 m, and the connection between Myakka 
River and the intersection of the Como and O’Hara 
waterways has a channel length of approximately  
2,180 m (see locations in Fig. 1). The bathymetry was 
adjusted for each navigational channel to best represent 
12-meter-wide channels box cut to -1.6 m, based on the 
North American Vertical Datum of 1988 (NAVD 88). 

The 2021–2022 weather condition was setup with 
hydrological and HYCOM boundary data spanning 
one year characterized by 124 cm of precipitation in 
Charlotte County, representing both dry and wet season 
conditions for the area. This year was representative of 
typical weather conditions for the area, for Charlotte 
County receives an annual average of 130 cm of rainfall, 
based on a historical record of 127 years (NOAA NCEI 
2023).

To investigate the extent to which changing the 
waterway structure may have the potential to impact 
water movement in the waterway, extreme conditions 
were also tested. According to the NOAA Office for 
Coastal Management (2021b), there is an intermediate 
likelihood that the sea level will rise by 0.31 m by the 
year 2040 in the Fort Myers, Florida, region. Thus, the 
harbor and river boundary water levels were increased 
by 0.31 m to evaluate the baseline and connection alter-
native for the 2040 SLR projection condition (SLR).

To test the system during an extreme weather event 
(EW), reconnection alternative water levels were com-
pared to the existing land configuration under the weather 
conditions of Hurricane Eta, which passed through the 
Gulf of Mexico near Charlotte Harbor as a Tropical Storm 
on November 12, 2020 (Pasch et al. 2021). This storm 
event was characterized by heavy rainfall (4.7 cm in 24 
h, a rainfall event with approximately 7-month return 
interval; SWFWMD 2023), and recorded wind speeds 
at the nearest weather station in Fort Myers reached 15 
kts (28 km/h), which exceed the 90th percentile mean 
hourly wind speeds of 13 kts for this region in November 
(Weather Spark 2023). Although this observed speed is 
below the tropical storm threshold, Eta was the most 
extreme weather event encountered in the region in 
recent times for which we can verify the model’s input 
data. The storm surge resulting from these conditions is 
simulated in the model by imposing the hourly measured 
wind speeds at Fort Myers and forcing the 3 boundaries 
with water levels for the dates November 5–19, 2020.

The last scenario considered was a combination of 
a storm event and sea level rise conditions (EW+SLR). 
To simulate these future environmental conditions, the 
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Fig. 4. Time series of measured (grey solid line) and simulated (blue dashed line) surface water elevations in July 2021.  
See Fig. 1 for locations.

same model setup was used as the EW condition, with 
the harbor and river boundaries increased by 0.31 m as 
described in the SLR condition, and the model was sim-
ulated once again for the dates November 5–19, 2020.

The resulting surface water elevations and velocities 
under baseline and proposed reconnection conditions 
were compared for each scenario. Visual inspection of 
time-series and model-generated maps indicated changes 
to flow trends, as well as comparison of maximum, min-
imum, range, and average values over the simulation 
periods. Three primary locations within the waterway 
are the focus of analysis: Flamingo, Ohara, and Como, 
which are located at the waterway entrance to each of 
the proposed constructed channels through the barrier 
peninsula, in addition to Site C, which is situated south-
east from the connections and is used to demonstrate the 
extent of influence to which the proposed connections 
would change water levels and velocities (see Fig. 1).

4. Results
4.1 Model Calibration and Validation

The calibrated RMSE at four sites in the waterway 
was 0.10–0.14 m and for validation was 0.11–0.15 m. 
This accuracy is satisfactory and consistent with other 
coastal modeling studies that calibrated models to 
RMSE of 0.08–0.28 m (Green et al. 2018; Stark et al. 

2016; Yang et al. 2010; Smolders et al. 2015). Results of 
model calibration (April 1, 2021–September 30, 2021) 
determined that a spatially uniform Manning roughness 
coefficient of 0.006 was required to produce the tidal 
amplitudes observed in the waterway. The model has a 
tendency to underestimate water levels during months 
of heavy rainfall, and overestimate water levels during 
dry seasons as indicated by the PBIAS values in Table 
1, reflecting on how the simulated waterway is strongly 
responsive to tidal influence and less sensitive to sea-
sonal river fluctuations. The simulated tidal range in the 
waterway is also less than the observed range (0.11 m, 
0.08 m, 0.1 m, and 0.27 m less at Knox, Como, Site C, 
and Gulfspray, respectively, during validation period), 
with the site located in a canal furthest from the har-
bor (Gulfspray) exhibiting the greatest difference from 
measured surface water elevations. A comparison of 
model simulated and measured water surface elevations 
during the weeks of July 1–14, 2021, is provided in  
Fig. 4, showing that the model captures peak water lev-
els during storm events. During that time, Hurricane Elsa 
passed through the Gulf of Mexico approximately 110 
km off the coast of Florida as a Category 1 Hurricane, 
bringing with it a total of 28 cm of rainfall to Port 
Charlotte and maximum sustained winds of 32 kts with 
38-kt gusts in Charlotte Harbor (NOAA 2022).

https://doi.org/10.21428/f69f093e.4f085bec
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Table 1 Model performance for water levels (m)

4.2 Condition 1: 2021–2022 Weather
For the baseline evaluation of existing conditions from 
April 2021–April 2022, surface water elevations fluctu-
ated uniformly with the tides at Flamingo, Ohara, Como, 
and Site C. The overall tidal range was the greatest at 
Como with 1.16 m, and smallest at Ohara with 1.12 m 
during the simulation period. The average water eleva-
tion was 0.2 m (NAVD 88). 

Model outputs for the harbor side of the barrier pen-
insula exhibited greater range in tidal fluctuations, with 
high and low peaks exceeding those within the waterway. 
The tidal range over the evaluation period in Tippecanoe 
Bay was 1.7 m. Locations within the waterway tended 
to reach high tide and low tide approximately 2 h after 
Tippecanoe Bay, demonstrating how the existing narrow 

connections to the harbor at the east of the waterway 
cause a delay in tidal water movement. 

Velocities in the waterway reached maximum 
speeds just before high and low tide, with greater sim-
ulated velocities during flood tide as compared to ebb 
tide (Fig. 5). Site C exhibited the greatest average veloc-
ities (0.27 m/s), followed by Como (0.17 m/s), Flamingo 
(0.14 m/s), and lastly Ohara (0.09 m/s). Site C typically 
reached maximum velocities of approximately 0.5 m/s, 
while Flamingo, Ohara, and Como reached maximum 
values of about 0.3 m/s during flood currents. During 
Hurricane Elsa (July 2021), Site C reached a maximum 
of 0.84 m/s while Flamingo, Ohara, and Como peaked 
at velocities of 0.41 m/s, 0.40 m/s, and 0.27 m/s, respec-
tively (Fig. 5). 

Fig. 5. Maximum velocity magnitudes simulated during Hurricane Elsa (July 6–8, 2021) for Condition 1: 2021–2022 Weather. 
(Map created using ArcGIS 2.7.0 software by Esri. ArcGIS is the intellectual property of Esri and is used herein under license.)
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Fig. 6. Surface water elevations for baseline and reconnection simulations from April 2021–April 2022 (Condition 1) at  
a) Ohara, b) Flamingo, and c) Como.

Surface water elevations for the proposed hydraulic 
reconnection were simulated by the model for the same 
time period as the baseline condition. Model results 
show that tidal amplitudes are greater under the recon-
nection scenario throughout the waterway (Fig. 6), with 
influence on water elevations decreasing further from 
existing connections. The simulated reconnection sce-
nario resulted in a 10% to 17% increase in tidal range 
at the analysis sites Ohara, Flamingo, and Como, and a 
15% to 18% decrease in average water levels due to an 

asymmetric response to tidal fluctuations. Water levels 
would be lower at low tide under the proposed connec-
tions, with the Ohara connection exhibiting the great-
est change in minimum water level over the simulation 
period of 16 cm (-80%) (Table 2). While these differ-
ences are notable, they are not expected to pose a major 
navigational challenge because at the lowest levels, at 
least approximately 1 m of water depth is maintained in 
the middle of the channels.

Table 2 Summary of surface water elevations and comparison between baseline and hydraulic reconnection for 2021–2022 
weather conditions (m). See Fig. 1 for locations.
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Fig. 7. Surface water elevations for baseline and reconnection simulations over a 24-h period at Ohara (Condition 1: 2021–
2022 Weather). Plots for Flamingo and Como are provided in the Supplementary Material (Fig. S1).

In addition to an increase in the tidal range, Fig. 7 
demonstrates a shift in the tidal phase induced by the 
proposed connections. The model simulations show that 
with the proposed connections, water elevations would 
peak earlier than the baseline at high tide and low tide, 
reducing the lag time between tidal fluctuations in the 
harbor and the waterway. For instance, at Ohara a tidal 
phase shift of up to 1 h 30 min was simulated under pro-
posed conditions, while at Flamingo and Como, shifts 
of up to 60 min and 30 min are projected, respectively. 
The changes in tidal range and tidal phase shift can be 
attributed to a reduction in the length of the path that 
water would travel to reach locations further from the 
harbor in the waterway and correspondingly a reduction 
in the effects of frictional forces encountered. The larg-
est phase shift is simulated at Ohara, which is located 
furthest from any substantial water connection to the 
harbor under present environmental conditions.

Velocities are expected to change locally at the 
connection entrances in the waterway compared to the 
baseline. While in the baseline condition Ohara exhib-
ited the lowest average velocity (0.09 m/s) compared to 
Flamingo (0.14 m/s) and Como (0.17 m/s), simulated 
velocities at this location would become the highest (0.18 
m/s) under proposed conditions, showing considerable 
change to the system. Hydraulic reconnection increased 
the maximum velocity by 0.30 m/s (+57%) and average 
by 0.08 m/s (+87%) at Ohara, reduced the maximum 
by 0.03 m/s (-7%) and increased the average by 0.003 
m/s (+2%) at Flamingo, and reduced the maximum by  
0.11 m/s (-19%) and average by 0.05 m/s (-26%) at 
Como. 

4.3 Condition 2: 2040 Sea Level Rise
The SLR condition was simulated for the same time 
period as the 2021–2022 weather condition, spanning one 
year. As expected, a simulated increase in water levels of 
0.31 m for all boundary flows caused a corresponding 
increase in average water levels of 0.29 m–0.31 m at all 
locations in the waterway for the baseline and hydraulic 
reconnection relative to the 2021–2022 weather condi-
tion. Along with an increase in water elevations, the tidal 
range increased at all analysis sites throughout the water-
way. The overall range in water elevations for the sim-
ulation period increased by 0.22 m–0.32 m at each site.  

Comparing the hydraulic reconnection to the base-
line for the SLR condition, the percent change for max-
imum, range, and average water elevations are all less 
than for the 2021–2022 weather condition, demonstrat-
ing that at higher sea levels the relative effect of con-
nectivity between the harbor and waterway on water 
elevations is reduced (Table S3 in the Supplementary 
Material). Therefore, it is expected that as the mean 
height of sea level rises, differences in flow caused by 
changes to connectivity between the waterway and har-
bor will be less pronounced. 

Similar water level elevations are predicted during 
high tide for the hydraulic reconnection and baseline 
scenarios due to flooding of the vegetated barrier penin-
sula under both conditions at these extreme water levels 
(Fig. 8). During lower high tides there is still a phase 
shift, but to a lesser degree than during the 2021–2022 
weather condition, indicating some inundation of the 
barrier peninsula as well. At Flamingo, for instance, in 
the historical scenario where there was a tidal phase shift 
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Fig. 8. Surface water elevations for 2021–2022 weather and SLR (Condition 2: 2040 Sea Level Rise) at Flamingo. Plots for 
Ohara and Como are provided in the Supplementary Material (Fig. S2).

of approximately 1.5 h between reconnection and the 
baseline, in the SLR scenario the shift was reduced to 
60 min.

The difference in water velocity between the 
hydraulic reconnection and baseline vary by location in 
the waterway for the year-long simulation period. The 
model results predict that reconnection would increase 
the maximum velocity by 0.315 m/s (+66%) and the 
mean velocity by 0.101 m/s (+116%) at Ohara, but 
would reduce the maximum by 0.007 m/s (-1.7%) and 
mean by 0.003 m/s (-1.6%) at Flamingo, and reduce the 

maximum by 0.103 m/s (-14%) and increase the average 
by 0.002 m/s (+0.9%) at Como. 

4.4 Condition 3: Extreme Weather
Two-week simulations, which span 1 week before and 
after Hurricane Eta, show an increase in tidal amplitudes 
due to hydraulic reconnection compared to the baseline 
as observed in the previous weather conditions. Water 
elevations and tidal phases were nearly identical, how-
ever, for the duration of the storm event (0000 to 1300 
on November 12, 2020, Fig. 9). In all simulations and at 
all locations of interest in the waterway, the water levels 

Fig. 9. Comparison of surface water elevations at Como during Hurricane Eta (Condition 3: Extreme Weather). Plots for Ohara 
and Flamingo are provided in the Supplementary Material (Fig. S3).
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Fig. 10. Difference in mean velocity between baseline and reconnection at 0200 during November 12, 2020, storm event 
(Hurricane Eta). a) Manchester Waterway and surrounding waters, b) Close-up of Ohara and Flamingo connections,  
c) Close-up of Como connection. (Maps created using Deltares post-processing tool, Delft3D-QUICKPLOT.)

peaked on November 12, 2020, from 0530 to 0545, 
and the difference in maximum water surface elevation 
between the baseline and proposed reconnection did not 
exceed 0.3 cm (Table S4 in the Supplementary Material). 
While surface water elevations converge during the 
storm event, time series plots show that following the 
peak of the storm event, water levels drop to lower ele-
vations and at a faster rate for the reconnection scenarios 
than for baseline condition.

The proposed hydraulic reconnection simulation 
demonstrated local influence on velocities in the water-
way during the storm event. The geographic extent of 
influence on velocity magnitudes in the waterway for 
each connection option is depicted in Fig. 10, which 
shows the mean difference in velocity between the base-
line and reconnection at 0200 on November 12, 2020. 
During the storm for the baseline condition, maximum 
water velocities at Flamingo, Ohara, Como, and Site C 
reached magnitudes of 0.27 m/s, 0.26 m/s, 0.71 m/s, and 
1.16 m/s, respectively. Maximum velocity magnitudes 
at Flamingo, Como and Site C decreased by 0.04 m/s 
(-14%), 0.08 m/s (-11%), and 0.12 m/s (-10%), respec-
tively as a result of reconnection in comparison to the 
baseline during the storm event, while they increased at 

Ohara by 0.07 m/s (+27%). Average velocities differed 
by 0.02 m/s to 0.08 m/s.

4.5 Condition 4: Extreme Weather + Sea Level Rise
The final weather condition evaluated, Extreme Weather 
+ Sea Level Rise (EW+SLR), predicts behavior of the 
system under future extreme conditions, a demonstra-
tion that is critical to include in analysis for coastal 
planning and restoration. Similar to results for the EW 
condition, surface water elevations as a result of recon-
nection show little deviation from the baseline, such 
that timing and maximum elevations of water levels 
are synchronized during the storm event. The max-
imum elevation for all locations evaluated differed by 
no more than 0.1 cm, however  the minimum eleva-
tions at all sites were lower in the hydraulic reconnec-
tion simulation than the baseline for all sites (Table 3). 
During the storm event, maximum velocities decreased  
(0.01 m/s–0.04 m/s) while average velocities increased 
(0.01 m/s–0.03 m/s) at Flamingo, Ohara, and Como, 
compared to the baseline.

5. Discussion
Coastal engineering activities have disrupted estuarine 
ecosystems in many parts of the world and in some 
cases have created unanticipated challenges for coastal 
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Table 3 Summary of surface water elevations (m) during the hours of 0000 to 1300 of the November 12, 2020, storm event in 
combination with sea level rise (Condition 4: EW+SLR)

communities (Jones et al. 2012; Rangel-Buitrago et al. 
2018; Silver et al. 2019). The construction of housing 
developments in the Manchester Waterway has created a 
fundamentally different system, thus optimal flow con-
ditions for this system may be assessed by predicted risk 
to the local community and impact to ecosystem health 
based on environmental indicators, rather than a return 
to historic conditions. Improving hydraulic connectivity 
between Manchester Waterway and Charlotte Harbor has 
the potential to restore some environmental functions 
by creating channels that emulate tidal creeks, thereby 
increasing exchange of water between the harbor and 
the open ocean through the barrier peninsula. Changes 
to hydraulic connectivity have been shown to impact 
estuarine ecology in some regions, such as the change in 
dominant plant species and subsequent increase of bird 
population and species observed following reconnection 
of river flow to the Yellow River Delta, China (Jiang et 
al. 2021). In Great South Bay, New York, for instance, 
shellfish production increased following the opening of 
an inlet which increased flushing (Gobler et al. 2019). 
Along the west coast of Florida, it was suggested that 
estuarine flow velocities and flushing rates be altered 
to reduce destructive K. brevis blooms, also known as 
“red tide” (Yentsch et al. 2008). The proposed hydraulic 
reconnections would certainly be the first step in a poten-
tial ecological restoration plan for the region, though 
such a plan has not yet been created. Still, given lim-
ited historic hydrodynamic, water quality, and biological 
data for this system, restoration to “pristine” conditions 
would be challenging. 

5.1 Surface Water Elevations
Because homes in the case study community are situated 
along the edge of the waterway, they are vulnerable to 
flooding and storm surge caused by elevated water levels. 

The concern expressed by community members about 
hydraulic reconnection is increased flooding owed to the 
additional tidal inlets through the protective barrier pen-
insula for storm surge to funnel through. Reconnection 
of the waterway to the open estuary is expected to 
increase maximum and average surface water eleva-
tion, therefore these indicators are of primary concern. 
Results of this study show that tidal amplitude and high 
tide surface water elevations under average flow condi-
tions are expected to increase as a result of reconnection 
(Fig. 6), though not by a magnitude that would cause 
an increased risk of flooding, which would occur with 
the breach of residential seawalls (approximately 0.9 m 
NAVD88; NOAA 2021b), to the community during the 
regular tidal cycle. These findings are consistent with the 
results of other studies that have associated increased 
channel depths with an increase in tidal amplitudes (Jay 
et al. 2011; Vellinga et al. 2014) and a decrease in the 
tidally averaged water levels in some estuarine systems, 
attributed to frictional effects (Ralston et al. 2019). 
Potentially impactful to local residents is the lowering 
of water levels at low tide under proposed conditions, 
which could pose a navigational challenge in the already 
shallow channels. 

Model evaluations show that storm surge is antic-
ipated to reach the same maximum elevation under 
both baseline and reconnection conditions for storm 
events (Table 4), as shown in evaluations of Hurricane 
Eta and Hurricane Elsa. This shows that reconnection 
would cause minimal change to high water levels dur-
ing flood events, although the simulated decrease in 
low tide following storm surge may provide additional 
relief to the system by reducing the duration of flooding 
events. The evaluation of a hydrodynamic model vali-
dated in the local Manchester Waterway presented here 
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Table 4 Heat map of percent change in surface water elevations between the proposed hydraulic reconnection and baseline 
configurations for each weather condition and analysis site

provides a high-resolution assessment of water flow in a 
residential waterway as compared to large scale models 
of Charlotte Harbor, which yield regional results of cir-
culation (Chen 2020; Kim et al. 2010; Liu et al. 2020; 
Zheng and Weisberg 2004). The simulated increase in 
tidal range has ecological implications, for tidal ampli-
tude heavily influences the distribution and characteris-
tics of estuarine vegetation (McLusky and Elliott 2004). 
This is especially relevant in flat shorelines common 
to Florida, where a small increase in water level could 
have an exponential increase in inundation area. Some of 
the shoreline habitats that have historically always been 
inundated may experience regular dry periods during the 
tidal cycle, and habitats that are rarely inundated may 
experience regular flooding, potentially increasing the 
area available for mangrove establishment.

5.2 Velocities
Model results show that changes to velocity magni-

tudes are dependent on the location in the waterway due 
to variations in circulation patterns. Increased connec-
tivity and water exchange with the harbor is expected 
to cause an increase in maximum and mean velocities 
at Ohara, which is furthest from any existing connection 
to the harbor but would be located at a waterway con-
nection under the proposed connections. The changes 
are most pronounced under sea level rise conditions at 
Ohara, during which the mean velocities are predicted to 
double due to the proposed reconnections. Conversely, a 
decrease in velocity magnitudes at Flamingo and Como 
is expected under typical weather conditions (Table 5), 
though changes are less than those predicted at Ohara. 
Because erosion rates are a function of water velocity, 
higher velocity magnitudes pose the risk of increased 

erosion in the waterway, while lower velocities may 
cause increased sediment deposition (Earle 2019; 
Simms 2023; Wolanski et al. 1995). Changes to the cur-
rent velocities occurring during flood and ebb currents 
have the potential to alter sediment transport processes 
and consequently, long-term estuarine morphodynamics 
(Stark et al. 2017). Investigation of sediment character-
istics (particle size, density) in the waterway would be 
needed to estimate critical erosion velocities, particu-
larly at Ohara, and to predict whether any resulting ero-
sion rates and concentrations of suspended particulate 
matter exceed a given threshold (Widdows et al. 1998). 
Such processes should be considered in future research. 
Moreover, flow velocities have been shown to have an 
impact on marine intertidal community structure, such 
as the difference in barnacle density observed between 
areas of low-flow and high-flow sites in a Maine estu-
ary (Leonard et al. 1998). Habitat distribution in the 
Manchester Waterway thus has the potential to be altered 
by changes to velocity patterns.  

5.3 Sea Level Rise  
There remain critical opportunities to design sustainable 
coastal restoration projects using hydrodynamic mode-
ling to simulate system response under expected future 
environmental conditions. This study contributes to the 
body of literature investigating the impact of sea level rise 
on estuarine environments, by assessing the influence on 
water level and velocity trends of designed—but not yet 
constructed—local geomorphological modifications. 

Model results of the Manchester Waterway show 
that the tidal range is expected to increase with rising 
sea levels, consistent with the findings of other studies 
that conclude that sea level rise in estuaries will result 

Table 5 Heat map of percent change in water velocities between the proposed hydraulic reconnection and baseline  
configurations for each weather condition and analysis site
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in a larger tidal prism (Khojasteh et al. 2021; Passeri et 
al. 2016). This response is amplified under the proposed 
reconnection scenarios that further increase the cross-sec-
tional flow area available at the waterway entrances. Due 
to increased inundation of the barrier peninsula under 
2040 SLR projections, surface water elevations at high 
tide would become more similar between baseline and 
the proposed reconnection channel configurations than 
under present day water elevations, while differences at 
low tide would be amplified. When considering the com-
bined effects of SLR and an extreme weather event, the 
predicted difference in maximum storm surge is negligi-
ble (<0.1 cm). 

5.4 Future Research 
This study demonstrates the application of a high-resolu-
tion, unstructured grid hydrodynamic model to evaluate 
2D water movement in an estuarine system. The mod-
eling approach used in this study is based on necessary 
simplifying assumptions that make numerical evaluations 
computationally possible. Impacts to coastal water circu-
lation resulting from the hydraulic reconnections can, in 
turn, rearrange estuary structure as the system reaches 
a new equilibrium state (Elliott et al. 2016). Therefore, 
modeling of sediment transport and erosion should also 
be conducted to account for land morphological change 
over time. This would assess the longevity of restora-
tion projects and inform what maintenance efforts may 
be required to sustain the new system, such as regular 
dredging or sediment stabilization. Because changes in 
tidal amplitude were observed in the model results, addi-
tional analysis should be conducted to assess the changes 
to tidal asymmetry, and, in turn, investigate how sediment 
transport would be affected (Stark et al. 2017). 

Furthermore, altering the barrier island geomorphol-
ogy has the potential to impact the coastal ecosystem in 
many ways that have not been considered here, some 
of which are complex and may result from a series of 
interactions. Additional analysis is required to predict the 
effect of such combined interactions. Ecohydrological 
modeling, for instance, could be conducted to incorpo-
rate the influences of dynamic ecological components 
and, in turn, assess the impacts to water quality, wildlife, 
and vegetation. Moreover, evaluation of salinity and tem-
perature would serve as an initial indicator of changes to 
habitat conditions and the life that may be supported. The 
results of this study, for instance, could be combined with 
mapping of sediment characteristics and sensitive habi-
tats to identify species that may benefit or be harmed by 
changes to connectivity and the tidal regime.  

6. Conclusion
The 8 scenarios evaluated in this study (2 coastal con-
figurations x 4 weather conditions) improve the under-
standing of this relatively unstudied, complex estuarine 
system, and the potential outcomes of hydraulic recon-
nections in similar coastal systems. Resulting water 
levels and velocities from model simulations predict 
future system behavior in the event that proposed recon-
nection plans are implemented or if the present spatial 
configuration is maintained. The model evaluations con-
ducted in this study simplify the complex environmen-
tal characteristics that influence water movement and 
allow for the prediction of general flow patterns in the 
waterway. Following is a synthesis of the major findings:  
(1) Increased connectivity would increase tidal ampli-
tudes, increase maximum water levels, decrease mini-
mum water levels, decrease average water levels, and 
induce a tidal phase shift during average conditions; 
(2) During extreme weather events, maximum surface 
water elevations would be nearly equal for the hydraulic 
reconnection and baseline land configurations, though the 
reconnection would allow water levels to return to lower 
levels than the baseline; (3) Under 2040 sea level rise 
conditions, the difference in water elevations between 
the reconnection and baseline configuration would be 
reduced; (4) Mean velocity magnitudes would increase 
in some parts of the waterway but decrease in others as a 
result of the hydraulic reconnection. 

The value of hydrodynamic modeling prior to mak-
ing transformative changes to the environment should 
not be underutilized, for it is a powerful tool that has the 
potential to deter the implementation of projects which 
may result in adverse outcomes. As advanced hydrody-
namic modeling techniques improve, the ability to predict 
the outcomes of coastal ecological engineering activities 
is enhanced. While the hydrodynamics of coastal regions 
influenced by large-scale engineering projects have been 
evaluated in previous studies, the research presented in 
this paper exemplifies how modeling can be used as a tool 
at the local scale to evaluate site-specific flow conditions, 
and the effects of hydraulic reconnection and subsequent 
ecological restoration. This methodological approach 
should be used to support other small coastal communi-
ties in their efforts to sustain and restore environmental 
conditions. 

Supplementary Material
The online version of this article contains a link to sup-
plementary material that includes: Table S1 Sensitivity 
Analysis; Table S2 Model Database; Table S3 Summary 
of surface water elevations (m) and comparison between 
baseline and reconnection (Condition 2: Sea Level Rise); 
Table S4 Summary of surface water elevations (m) during 
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the hours of 0000–1300 of the November 12, 2020, 
storm event (Condition 3: Extreme Weather); Fig. S1 
Surface water elevations for baseline and reconnection 
simulations over a 24-h period at a) Ohara, b) Flamingo, 
and c) Como (Condition 1: 2021–2022 Weather); Fig. 
S2 Surface water elevations for 2021–2022 weather and 
SLR at a) Ohara, b) Flamingo, and c) Como (Condition 
2: 2040 Sea Level Rise); Fig. S3 Comparison of surface 
water elevations at a) Ohara, b) Flamingo, and c) Como 
during Hurricane Eta (Condition 3: Extreme Weather).
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