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The effects of large-scale interior headland restoration on tidal hydrodynamics

and salinity transport in an open coast, marine dominant estuary (Grand Bay,

Alabama, U.S.A) are investigated using a two-dimensional model, the

Discontinuous-Galerkin Shallow Water Equations Model (DG-SWEM). Three

restoration alternatives are simulated for present-day conditions, as well as

under 0.5 m of sea level rise (SLR). Model results show that the restoration

alternatives have no impact on tidal range within the estuary but change

maximum tidal velocities by ±5 cm/s in the present-day scenarios and by ±7

cm/s in the scenarios with 0.5 m of SLR. Differences in average salinity

concentrations for simulated tropical and frontal seasons show increases and

decreases on the order of 2 pss in the embayments surrounding the restoration

alternatives; differences were larger (on the order of ±4 pss) for the scenarios

with 0.5 m of SLR. There were minimal changes in average salinity outside of the

estuary and no changes offshore. The size and position of the alternatives played

a role in the salinity response as a result of changing the estuarine shoreline

geometry and affecting the fetch within the bay. SLR was more impactful in

increasing exposure to low salinity values (i.e., less than 5 pss) than the presence

of the restoration alternatives. Overall, the modeled results indicate that these

large-scale restoration actions have limited and localized impacts on the

hydrodynamics and salinity patterns in this open coast estuary. The results also

demonstrate the nonlinear response of salinity to SLR, with increases and

decreases in the maximum, mean and minimum daily salinity concentrations

from present-day conditions. This nonlinear response was a result of changes in

the directions of the residual currents, which affected salinity transport.
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1 Introduction

Coastal estuaries are economically and ecologically significant

environments that support diverse habitats and provide a range of

ecosystem services to human communities including protection during

storm events. Climate change and sea level rise (SLR) in particular have

the potential to alter the hydrodynamic processes that govern coastal

ecosystems and habitats for a variety of species (Passeri et al., 2016,

Alizad et al., 2018, Xie et al., 2020). The effects of SLR are particularly

pronounced on low-gradient coastlines like the northern Gulf of

Mexico where higher water levels can penetrate further inland

(Passeri et al., 2015). In coastal estuaries, SLR can nonlinearly

increase tidal ranges, tidal prisms, tidal velocities and alter sediment

transport patterns (French, 2008; Leorri et al., 2011; Pickering et al.,

2012; Hall et al., 2013; Pelling et al., 2013; Valentim et al., 2013; Arns

et al., 2015; Passeri et al., 2016; Xie et al., 2022). Additionally, SLR

allows greater amounts of saline water to enter estuaries, resulting in

higher salinity ranges (Huang et al., 2015). Like hydrodynamics, salinity

response to SLR is nonlinear; previous work has shown that salinity

under future SLR may be 20-50% higher than present-day conditions

in coastal estuaries (Mulamba et al., 2019). Further, a previous

modeling study found that under 0.2 m of SLR, bay-averaged salinity

increased by 0.5 on the practical salinity scale (pss) (Hilton et al., 2008).

Changes in salinity can have adverse outcomes for the ecology of

coastal systems. For example, salt marshes are governed by tidal

inundation, salinity and sediment supply (Alizad et al., 2016, Alizad

et al., 2018, Ganju et al., 2019). Ecological processes are moderated by

coastal salinity ranges, particularly extreme values of salinity, which can

affect the viability of species such as oysters (Yurek et al., 2023).

Coastal ecosystem restoration has been used to reestablish the

ecological function and services of declining coastal and marine

habitats. There is an increasing interest in large-scale restoration

efforts that combine remediation of degraded ecosystems due to

past impacts with adaptation to future threats such as climate

change (Abelson et al., 2020). Sediment is a critical natural

resource that can be used to achieve conservation and restoration

initiatives in coastal systems (Parson and Swafford, 2012; Miselis

et al., 2021). In the northern Gulf of Mexico, beneficial use of

dredged sediments has been used as a way to keep sediment within

the natural system to improve environmental conditions, provide

storm damage protection and contribute to habitat creation and

restoration goals (Parson and Swafford, 2012; King et al., 2020;

Suedel et al., 2021). One area of interest for beneficial use of dredged

sediments is Grand Bay, an open coast, marine-dominant estuary

that is located within the Mississippi Sound at the border of

Mississippi and Alabama (Figure 1). Grand Bay is separated from

the Gulf of Mexico by Mobile Bay to the east, and a series of offshore

barrier islands. The estuary contains embayments on the

Mississippi and Alabama side, tidal creeks and an extensive salt

marsh system. The bays are shallow with average water depths

ranging from 0.5 m to 3.0 m (Peterson et al., 2007). Currently, the

estuary does not have a fluvial source, and hydrodynamics are

primarily driven by tides and winds. Tides are microtidal (range less
Frontiers in Marine Science 02
than 1 m). Within the bays, winds modify water levels and currents,

whether from daily sea breezes or stronger frontal and tropical

events (Nowacki and Ganju, 2020). The estuary supports

recreational and commercial fisheries with an abundance of

marine life including shrimp, crabs and oysters (Eleuterius and

Criss, 1991). Since the mid-1800s, high rates of shoreline erosion

(between -0.50 m/year and -3.39 m/year (Terrano, 2018)) have led

to the degradation of interior headlands within the estuary

including Grand Batture Island, Isles aux Dames and Marsh

Island (Figure 1). Coastal managers are exploring restoration

actions to increase estuarine resilience including reconstructing

the degraded interior headlands on the Alabama side of the

estuary with dredged sediments. However, management decision-

making relies on scientific evaluations to assess the impacts of large-

scale restoration efforts on broader estuarine hydrodynamics and

water quality (salinity) in order to understand potential changes to

ecosystems including seagrass beds that surround the remnant

Grand Batture shoals and oysters on the eastern shoreline near

Isle aux Dames.

This study assesses the impacts of a proposed large-scale

restoration effort, namely interior headland restoration, on tidal

hydrodynamics and salinity transport in an open coast, marine

dominant estuary in Grand Bay, AL. A two-dimensional numerical

model was developed to simulate hydrodynamics and salinity

transport, with and without the proposed restoration. The results

of the study provide insight into how large-scale restoration can

alter the physical estuarine processes under present-day conditions

as well as future SLR.
2 Methodology

2.1 Restoration alternatives

The purpose of restoring the interior headlands within the estuary

to their historic footprint is to increase estuarine resilience (e.g.,

reducing shoreline erosion) while not creating adverse effects for

ecosystems. Three restoration alternatives were considered: 1) no-

action (no restoration occurs and the system evolves naturally); 2)

reconstruction of the Grand Batture Island (herein referred to as GBI);

and 3) reconstruction of the Grand Batture Island, Isle aux Dames and

Marsh Island (herein referred to as All Alternatives). The proposed

reconstructed islands and headlands are sandy features that are low in

elevation (less than 1 m). Their footprint covers the historic (circa

1848) shoreline positions that existed on the Alabama side of the

estuary (Figure 1). Grand Batture Island is the largest of the features, at

approximately 3500 m in alongshore length and 350 m in cross-shore

length. Its position changes the geometry of the shoreline and creates a

semi-enclosed bay. Isle aux Dames broadens the existing headland,

increasing the alongshore length to approximately 2500 m and the

cross-shore width to 350 m. Marsh Island is a small feature positioned

in the middle of the bay that is approximately 500 m in alongshore

length and 350 m in cross-shore width.
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2.2 Model description

To simulate hydrodynamics and salinity transport, the

Discontinuous-Galerkin Shallow Water Equations Model (DG-

SWEM) was used. DG-SWEM is a two-dimensional (2D) model that

solves the depth-integrated shallow water equations and depth-

averaged transport equation for the simulation of hydrodynamics

(water surface elevations and currents) and salinity transport using

discontinuous-Galerkin methods within the ADCIRC framework

(Luettich et al., 1992; Kubatko et al., 2006). An unstructured finite

element mesh was adapted for the localized region of coastal

Mississippi/Alabama from a previously validated large-scale ADCIRC

model (Bilskie et al., 2016). The modified mesh includes the Gulf of

Mexico (open ocean boundary) and Mississippi Sound, with higher

spatial resolution elements (on the order of 20 m) incorporated in the

Grand Bay estuary (herein referred to as the MSAL model; Figure 1).

Bathymetric and topographic elevations were derived from a digital
Frontiers in Marine Science 03
elevation model (DEM) constructed with lidar data, National Ocean

Service (NOS) hydrographic surveys, U.S. Army Corps of Engineers

(USACE) channel surveys and the National Oceanographic and

Atmospheric Administration (NOAA) nautical charts to represent

present-day conditions (see Bilskie et al., 2016 for details). Within

the marsh regions of Grand Bay, an elevation correction based on

biomass density was used to adjust lidar-derived elevations due to the

inability of lidar to penetrate marsh grass and correctly measure the

elevation of the marsh platform (Medeiros et al., 2015; Alizad et al.,

2020). This technique uses ASTER (Advanced Spaceborne Thermal

Emissions and Reflection Radiometer) and IfSAR (interferometric

synthetic aperture radar) satellite imagery along with lidar-derived

canopy heights to classify the above-ground biomass density as high,

medium or low. The biomass density class is then used to lower

the DEM.

Salinity was initialized using data from Conductivity,

Temperature, Depth (CTD) casts collected within Grand Bay in
FIGURE 1

MSAL model domain and grid elevations with locations of National Data Buoy Center (NDBC) stations CRTA1 (Cedar Point, AL) and DPAI1 (Dauphin
Island, AL) and National Oceanic and Atmospheric Administration (NOAA) tide gauge stations N1 – N12 (top); Inset of Grand Bay estuary with
restoration alternatives and model output stations for MSAL salinity simulations (bottom).
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2016 (Marot et al., 2019). The salinity profile of the water column

was recorded at 26 sites from May 14 – May 18, 2016 (Figure 2),

with depths ranging from 0.15 to 3.34 m. The range of observed

salinity was 13.8 to 19.8 pss with an average standard deviation of

0.18 pss. Based on the salinity measurements, the estuary appears to

be well-mixed with negligible vertical stratification. This supports

the use of a 2D depth-integrated model to assess spatial changes

in salinity.

The average salinity at each CTD cast was combined with

forecasted salinity data from the NOAA Northern Gulf of Mexico

Operational Forecast System (NGOFS2) to provide initial salinity

conditions. The best available forecast data from NGOFS2 at the

time of the study was extracted at various locations within the

MSAL model domain throughout the Mississippi Sound, Mobile

Bay and Gulf of Mexico, and averaged temporally over the

collection period. The nodes of the offshore MSAL boundary

were assumed to have salinity values of 36 pss representing an

open-ocean salinity value; land nodes had values of 0 pss. Using

these point-based measurements, kriging interpolation was used to

create an initial salinity surface, which was then interpolated onto

the MSAL model grid (Figure 2).

Additional DG-SWEM model parameters and settings include

spatially varying quadratic bottom friction using the Manning’s

roughness formulation, nonlinear advection, nonlinear finite

amplitude effects, wetting and drying, horizontal eddy viscosity of

20 m2/s and a spatially varying Coriolis parameter. The model was

run with a timestep of 1 s.
2.3 Model forcing

To provide boundary conditions for the MSAL model, the

previously developed and validated 2D large-scale ADCIRC

NGOM-RT model was used (Bilskie et al., 2020). The NGOM-RT
Frontiers in Marine Science 04
unstructured finite element mesh encompasses the Western North

Atlantic Tidal model domain west of the 60°W meridian (open

ocean boundary), including the Caribbean Sea and the Gulf of

Mexico. Higher spatial resolution elements (on the order of 20–

100 m) are incorporated in the northern Gulf of Mexico (NGOM)

coast across Mississippi, Alabama and the Florida panhandle

coastal floodplain. The model has been validated for astronomic

tides and hurricane storm surge simulations for hurricanes Ivan

(2004), Dennis (2005), Katrina (2005) and Isaac (2012). For details

on model development and validation, see Bilskie et al. (2020). In

this study, NGOM-RT was used to force the MSAL model with

hourly timeseries of water levels at the locations of the open-ocean

boundary nodes. To simulate astronomic tides, NGOM-RT was

forced with water surface elevations of eight harmonic constituents

(K1, O1, M2, S2, N2, K2, Q1, and P1) along the open ocean boundary

(Egbert et al., 1994; Egbert and Erofeeva, 2002). For salinity

transport simulations that included meteorological forcing,

NGOM-RT was hot-started from a 14-day tide spinup.

Meteorological forcing was obtained from the NOAA National

Centers for Environmental Prediction (NCEP) North American

Mesoscale Forecast System (NAM), which models regional winds

and pressures at a 12 km spatial scale and a 6-hour temporal scale.

Details onMSALmodel simulations can be found in Section 2.4 and

Section 2.5.
2.4 Model validation

Validation of the MSAL model was done in two parts: 1) a tidal

hydrodynamic validation and 2) a salinity transport validation. For

the tidal validation, astronomic tides were simulated for 45 days

beginning from a cold start with a 10-day ramp using a hyperbolic

tangent function, followed by 5 days of dynamic steady state. 23

modeled tidal constituents were analyzed over the last 30 days of the
FIGURE 2

Initial salinity (pss; practical salinity scale) interpolated onto the model mesh. Black dots represent locations of NGOFS2 modeled salinity and grey
dots represent locations of CTD casts in Grand Bay that were used to create the initial salinity.
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simulation and compared with recorded tidal constituents at 12

NOAA tide gauge stations within the model domain (Figure 1;

https://tidesandcurrents.noaa.gov). A tidal resynthesis of the

measured and observed constituents for the first spring-neap

cycle of a tidal epoch (~14.7 days) at each of the tide gauge

stations was performed. For brevity, the tidal resynthesis at four

stations is shown in Figure 3; these stations were selected based on

their proximity (both near and far) to the study area. The modeled

tidal signals match well in amplitude and phase, particularly at
Frontiers in Marine Science 05
stations located along the offshore barrier islands (e.g., N2, N7 in

Figure 1) and close to Grand Bay (e.g., N6 in Figure 1). The stations

with the largest deviations (e.g., N10 in Figure 1) are located in

Mobile Bay. The average root mean square error (RMSE) in the

water levels at all stations is 0.06 m. In addition to the tidal

resynthesis, a comparison of the modeled and observed

amplitudes and phases for the five dominant constituents (K1, O1,

M2, Q1, and S2) at all stations is shown in Figure 4. Difference bands

are plotted at ±0.025 and ±0.05 m in the amplitude plots, and ±10°
FIGURE 3

Tidal resynthesis of observed and modeled tidal constituents for the first spring-neap cycle of a tidal epoch (~14.7 days) at four select tide gauge
stations (locations in Figure 1).
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and ±20° in the phase plots. The modeled constituent amplitudes at

all stations fall within the 0.05 m difference band. The majority of

the modeled phases of the three most dominant constituents (K1,

O1, and M2) fall within the 20° difference band. The largest

deviations in phase occur for the S2 and Q1 constituents,

particularly at the stations located in Mobile Bay. The

discrepancies in the modeled amplitudes and phases are likely a

result of the model grid only capturing the in-bank areas of Mobile

Bay, and not the surrounding floodplain where low elevation
Frontiers in Marine Science 06
wetlands may play a role in tidal propagation (e.g., as seen in the

tidal resynthesis at the N10 station in Figure 3, which inaccurately

predicts low tide). However, the contribution of these constituents

to the tidal signal is minimal in comparison with K1, O1, and M2

and inaccuracies in the tidal signal at gauges within Mobile Bay are

not expected to affect the modeled hydrodynamics in Grand Bay.

To validate the MSAL model with respect to salinity transport, a

101-day salinity simulation was performed for the time period of

May 14, 2016 to August 23, 2016, a quiescent period prior to the
FIGURE 4

Comparison of the dominant harmonic constituent amplitudes (top) and phases (bottom) measured by NOAA tide gauges and predicted by MSAL
model. Difference bands (dashed lines) are located at 0.025 and 0.05 m in the amplitude plot and 10˚ and 20˚ in the phase plot.
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occurrence of Hurricane Hermine and when salinity observations at

the Point aux Chenes water quality station (GNDPCWQ; Figure 1)

on the Mississippi side of the estuary were fairly available without

gaps in the data. The MSAL-modeled water levels were output every

hour at the location of the Dauphin Island tide gauge (NOAA

station 8735180/DPAI1 https://tidesandcurrents.noaa.gov/

stationhome.html?id=8735180; Figure 1) and compared with

observations (Figure 5). Overall, water levels matched well in

amplitude and phase. Discrepancies between the modeled and

observed water levels can be seen particularly during periods of

low water (e.g., around June 9) where the model overpredicted the

low water levels. This could be a result of the coarse spatial

resolution of the meteorological forcing capturing larger offshore

wind patterns rather than localized nearshore wind patterns

affecting the study area. However, the RMSE in the water levels

was 0.13 m, illustrating that the model performs well at reproducing

the wind-driven hydrodynamics during this time period.

Modeled hourly salinity concentrations were compared with

hourly observations at GNDPCWQ (Figure 5). The model captures

the daily variations in salinity corresponding to diurnal tidal flows,

as well as periods of decreasing salinity (e.g., from June 8 -18) and

increasing salinity (e.g., June 27-29) that result from low- and high-

water levels. Overall, the modeled salinity signal has more

variability than observations and is generally overpredicted with

an RMSE of 4.47 pss. The observed salinity distribution (mean and

standard deviation) at GNDPCWQ for the time period was 18.45 ±

1.55 pss, and the modeled salinity distribution was 18.52 ± 2.97 pss.
Frontiers in Marine Science 07
This indicates that the model captures the average salinity trends

but shows more variation in daily maximum and minimum salinity

than the observations. The errors in salinity are likely attributed to

limited spatial salinity data for initial conditions, particularly on the

Mississippi side of the estuary where the GNDPCWQ station is

located. The influence of freshwater flows due to precipitation may

also be responsible for the lower observed salinity. The validation

period spans the months with the highest rainfall (rainy season) in

Mississippi and Alabama; however, the model is unable to simulate

precipitation. Additionally, previous research has shown that DG-

SWEMmay require 6-9 months of simulation time for the modeled

salinity field to achieve dynamic equilibrium and not be sensitive to

the initial conditions (Mulamba et al., 2019). Nonetheless, this

RMSE is within reasonable error bounds based on previous work

(Bacopoulos et al., 2017; Mulamba et al., 2019). Calibration of input

parameters to achieve reduced errors was not performed in order to

avoid “tuning” the model to a specific time period.
2.5 Simulations of restoration alternatives

The impact of the restoration alternatives was assessed in two

parts. A tidal hydrodynamic assessment was conducted to

understand the impacts of reconstructing the interior headlands

on tidal amplitudes and currents. For this, a 45-day astronomic tide

simulation was performed for each alternative. Model output

consisted of depth-integrated velocities, amplitudes and phases of
FIGURE 5

MSAL modeled versus observed water surface elevations at the Dauphin Island tide gauge (top) and salinity concentrations at GNDPCWQ station (bottom).
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harmonic constituents as well as the maximum elevations of water

and maximum velocities for the duration of the simulation.

A salinity transport assessment was conducted to determine the

impact of the restoration alternatives on spatial salinity patterns. A

quiescent frontal and tropical period were simulated to capture the

effects of seasonal wind patterns on salinity. Long-term wind data

from 2011 – 2019 was obtained at two NOAA National Data Buoy

Center (NDBC) stations located in Dauphin Island, AL (DPAI1)

and Cedar Point, AL (CRTA1) (see locations in Figure 1). The

hourly wind records for each gauge were divided by wind direction

and binned by wind speed (Figure 6). Both gauges show similar

directional patterns with the predominant wind directions being
Frontiers in Marine Science 08
north/northeast and southeast. Wind speeds were further divided

into frontal (November – May) and tropical (June – October)

periods to assess seasonal effects on wind speeds and direction

(Figure 6). The frontal season is dominated by winds from the

north, northeast and southeast. The tropical season has mixed wind

directions with southwest being the most dominant, but with the

highest wind speeds from the north/northeast and southeast. To

develop model forcing for MSAL, the long-term wind data were

compared with data for the year 2016 at both NDBC stations; this

year was chosen due to the availability of salinity observations used

for initial conditions and model validation. The 2016 wind record

shows good agreement with the long-term wind patterns in terms of
A B

D

E F

C

FIGURE 6

Wind roses for Cedar Point, AL: (A) Frontal season, (B) Tropical season, (C) long-term and (D) 2016 only; and for Dauphin Island, AL: (E) long-term
and (F) 2016 only.
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wind direction and wind speed magnitude (Figure 6). Therefore,

2016 was selected as a representative year to simulate the seasonal

patterns of winds on salinity. The frontal period was selected from

January 1, 2016 –March 27, 2016; this was a quiescent period ahead

of a major cold front. The tropical period was selected from June 1,

2016 – August 23, 2016, a quiescent period without tropical cyclone

activity (prior to the formation of Hurricane Hermine). Quiescent

periods without storms are selected to reduce the influence of

drivers such as freshwater flows, precipitation and surface runoff

that may affect salinity levels that the model is unable to account for.

MSAL was forced with the NGOM-RT water levels and the NAM

meteorological forcing for each season. Model output from MSAL

consisted of depth-integrated salinity concentrations and

water levels.

For both the tidal hydrodynamic and salinity assessments, a

SLR of 0.5 m was also considered to assess the impacts of SLR on

estuarine hydrodynamics and salinity with and without the

restoration alternatives. This amount of SLR corresponds to a

high projection of SLR by the year 2050 (Sweet et al., 2022). The

incorporation of a SLR assessment is not meant to forecast a future

estuary state, but rather to understand how the proposed

restoration alternatives behave under a plausible future SLR in the

lifetime of the project. In total, 6 tidal hydrodynamic simulations

were performed: three restoration alternatives (no-action, GBI and
Frontiers in Marine Science 09
All Alternatives) that were modeled under two sea level conditions

(present-day and 0.5 m of SLR). Additionally, 12 salinity

simulations were performed: three restoration alternatives (no-

action, GBI and All Alternatives) that were modeled under two

seasons (frontal and tropical) and two sea level conditions (present-

day and 0.5 m of SLR).
3 Results

3.1 Tidal hydrodynamic assessment
of alternatives

Within the Grand Bay estuary, the modeled tidal amplitude (i.e.,

the amplitude of the tide with respect to mean sea level) is on the

order of 44 cm. For both the GBI and All Alternatives scenarios, the

restoration actions do not alter tidal amplitudes within the estuary;

this is also the case for the scenarios with 0.5 m of SLR. Figure 7

shows the maximum tidal velocities for the no-action scenario and

the change in maximum tidal velocities with the restoration

alternatives for present-day conditions (panels a-c) and with

0.5 m of SLR (panels d-f). In the GBI scenario, tidal velocities

decrease by approximately 5 cm/s (50% decrease from the no-action

scenario) in the areas immediately behind GBI but increase by
FIGURE 7

Maximum tidal velocities (cm/s) for the (A) no-action and (D) no-action with 0.5 m of SLR scenarios; and the change in maximum tidal velocities
(cm/s) for (B) the GBI scenario and (E) the GBI with 0.5 m of SLR scenario, (C) All Alternatives scenario and (F) All Alternatives with 0.5 m of SLR
scenario. For (B–F), warmer colors indicate increases in maximum tidal velocities with the alternative, cooler colors indicate decreases in maximum
tidal velocities with the alternative.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1193462
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Passeri et al. 10.3389/fmars.2023.1193462
approximately 5-10 cm/s (50-100% increase from the no-action

scenario) in the eastern bay. Similar patterns are seen in the All

Alternatives scenario, with small decreases in the area immediate to

Isle aux Dames. This indicates that the GBI restoration alternative is

more influential in changing the tidal hydrodynamics of the estuary

than Marsh Island and Isle aux Dames, likely due to its size and

position within the embayment. Residual currents (the net tidal

current throughout the duration of the simulation) indicate changes

in the direction of currents with the alternatives present

(Figures 8A–C). With the GBI alternative, currents diffract

around the restored island and are directed more westward

behind the island; this creates a counterclockwise residual eddy

(rotary current) at the tip of the island. In the All Alternatives

scenario, there are localized directional changes in the residual

currents around Isle aux Dames and Marsh Island as currents

diffract, but otherwise the currents remain relatively the same as the

in the no-action scenario.

For the no-action scenario with 0.5 m of SLR, the maximum

tidal velocities increase by ~5-7 cm/s within the marsh, tidal creeks

and embayments compared to the present-day scenario. The same

patterns of increases and decreases in the maximum tidal velocities

exist in the GBI and All Alternatives scenarios with 0.5 m of SLR as

the present-day scenarios. With 0.5 m of SLR, residual currents are

directed more northeastward and southward than in the present-

day no-action scenario (Figures 8D–F). With the GBI alternative,

currents move westward alongshore of the island with a rotary

current at the tip of GBI that is larger in diameter than the present-

day scenarios. In the All Alternatives scenario, residual currents

again diffract around Marsh Island and Isle aux Dames.
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3.2 Salinity assessment of alternatives

To observe salinity changes in the estuary with and without the

restoration alternatives, the average salinity concentration at each

node in the model mesh over the duration of the simulation was

calculated from the spatial time-series output for each scenario

(Figures 9, 10). Additionally, time-series of salinity concentrations

(pss) were output every hour at four locations that were selected

based on their proximity to the restoration alternatives (Stations 1

and 2 in Figure 1) and nearby oyster leases (see Stations 3 and 4 in

Figure 1). Cumulative distribution functions (CDFs) of salinity at

each station were developed to assess changes in the salinity

distribution for each simulation (Figures 11, 12). The mean salinity

concentrations were calculated from the CDFs at each station as well

as at the GNDPCWQ station on theMississippi side of the estuary for

comparison (Table 1). The CDFs show changes in mean salinity, as

well as the extremes (maximum and minimum), which are

meaningful in terms of ecosystem health and may not be

represented if salinity is generalized as a mean (Yurek et al., 2023).
3.2.1 Frontal period
The spatial plots of average salinity concentrations for the no-

action frontal period show that salinity ranges from 25 – 30 pss in

the Mississippi Sound, and between 15 and 20 pss within Grand Bay

(Figures 9A–C). The changes in average salinity concentrations

with the GBI alternative are low in magnitude (on the order of ±2

pss). Salinity increases in the areas immediate to GBI and decreases

further landward and seaward of the island. In the All Alternatives
FIGURE 8

Tidal residual velocities (cm/s) for the (A) no action scenario, (B) GBI scenario and (C) All Alternatives (D) no-action with 0.5m SLR, (E) GBI with 0.5 m
of SLR and (F) All Alternatives with 0.5 m of SLR scenarios. Black errors represent the residual velocity magnitude (1 cm/s) and direction.
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scenario, there are additional areas in close proximity to the Marsh

Island and Isle aux Dames that have decreased salinity by 1-2 pss.

The CDFs at the four stations (Figures 11A–D) have similar

salinity distributions for the no-action scenario with 80% of salinity

values less than 25 pss at Station 1, 80% of values less than 23 pss at

Station 3 and 80% of values less than 24 pss at Station 4. Station 2

was least saline with 80% of salinity values less than 18 pss. The GBI

alternative has more of an influence on the salinity distribution at

Stations 1 and 2 than 3 and 4. There is a small shift to a lower

salinity distribution at Station 1 (80% of values less than 23 pss

when GBI is present; mean ± SD decreases from 19.49 ± 4.59 in the

no-action scenario to 18.17 ± 3.76) and Station 2 (80% of values less

than 16 pss when GBI is present; mean ± SD decrease from 14.86 ±

4.13 to 13.64 ± 3.40.). At Stations 3 and 4, there are minimal

changes in the CDFs. In the All Alternatives scenario, the additional

features have more of an influence at Stations 3 and 4 than at

Stations 1 and 2 due to proximity; the CDFs of salinity are almost

identical as in the GBI scenario at Stations 1 and 2, and there are

minimal changes in the mean ± SD of salinity. At Station 3, there is

a small decrease in the middle of the salinity distribution in the All

Alternatives scenario from the no-action scenario; in the no-action

scenario, 50% of the values are less than 18 pss compared to 55% of

values less than 18 pss in the All Alternatives scenario. However, the

mean ± SD of salinity stays relatively the same in both scenarios. At

Station 4, there is also a shift in the middle of the distribution, with
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50% of values less than 17 pss in the no-action scenario increasing

to 50% of values less than 20 pss in the All alternatives scenario.

There is minimal shift in the mean ± SD from 18.71 ± 3.90 to

19.01 ± 3.43 pss.

3.2.2 Frontal period with 0.5 m of SLR
The spatial plots of average salinity for the frontal period with

0.5 m of SLR show similar salinity values as the present-day scenarios,

but have lower salinity values (on the order of 15 pss) along the

estuarine shoreline (Figures 9D–F). The GBI alternative generally

reduces the average salinity by approximately 2 to 3 pss in the areas

seaward of the island. Small increases in salinity (1 pss) are seen in the

embayments east of the estuary. Changes in the average salinity for the

All Alternatives scenario are similar to those seen in GBI, with some

additional decreases near Isle aux Dames and Marsh Island.

The frontal period with 0.5 m of SLR scenarios show similar

behavior in the CDFs at the four stations as in the present-day

scenarios (Figures 11E–H). In the no-action scenario with 0.5 m of

SLR, salinity is slightly higher than present-day at Stations 1 and 2 with

80% of salinity values less than 24 pss and 80% of values less than 20

pss, respectively. Stations 3 and 4 show decreases in salinity from

present-day conditions, with 80% of values less than 19 pss at both

stations. The GBI alternative again is more influential at changing the

salinity distribution at Stations 1 and 2 due to proximity, with 80% of

values less than 20 pss at Station 1, and 80% of values less than 18 pss at
FIGURE 9

Average salinity for the frontal period (A) no-action scenario. Difference in average salinity for the frontal period between the (B) GBI alternative and
no-action and (C) All Alternatives and no-action. Average salinity for the frontal period with 0.5 m of SLR (D) no-action scenario. Difference in
average salinity for the frontal period with 0.5 m of SLR between the (E) GBI alternative and no-action and (F) All Alternatives and no-action. For the
difference plots, warmer colors indicate increases in the average salinity with the alternative, cooler colors indicate decreases in the average salinity
with the alternative.
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Station 2; the mean ± SD decreases from 19.81 ± 3.98 in the no-action

scenario to 16.62 ± 4.95 at Station 1 and 15.88 ± 4.38 to 13.76 ± 5.09 at

Station 2. At Stations 3 and 4, there are minimal changes in the CDFs.

In the All Alternatives scenario, the CDFs are almost identical as the

GBI scenario at Stations 1 and 2. At Stations 3 and 4, there are minimal

changes in the CDFs between the no-action, GBI and All Alternative

scenarios, indicating that under SLR, the Marsh Island and Isle aux

Dames scenarios are even less influential on salinity patterns at

these locations.

3.2.3 Tropical period
For the tropical period, average salinity concentrations in the

estuary are lower than during the frontal period as a result of

predominant southwest winds and reduced fetch (Figures 10A–C).

Changes in the average salinity between the no-action and GBI

scenarios indicate mostly decreases (between 1 and 3 pss)

surrounding the restored island, with small increases (~1 pss) in

the embayments to the east. There are small (~ 1 pss) changes to

salinity on the Mississippi side of the estuary near the shoreline. The

All Alternatives scenario shows similar order of magnitude of

changes as in the GBI scenario with decreases surrounding GBI

and around Marsh Island and Isle aux Dames.

Similar to the frontal period, the CDFs (Figures 12A–D; Table 1)

show that Station 1 has the most saline conditions with 80% of values
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less than 21 pss and a mean ± SD of 18.15 ± 3.26 pss, whereas Station 2

has the least saline conditions with 80% of values less than 16 pss and

mean ± SD of 10.74 ± 4.59 pss. As seen in the frontal period, GBI is

most influential in altering the salinity distribution at Stations 1 and 2

given their proximity to the restored island. At both stations, GBI

results in a lower salinity distribution with 80% of values less than 16

pss at Station 1 and 80% of values less than 14 pss at Station 2. The

mean ± SD also decrease to 14.79 ± 1.60 pss at Station 1 and 9.70 ± 4.28

at Station 2 from the no-action scenario. Decreases in the standard

deviation indicate there is less spread in the salinity distribution, as seen

in the CDFs. At Stations 3 and 4, there are minimal changes (less than

1%) in the CDFs of salinity with GBI present. For the All Alternatives

scenario, there are minimal changes in the CDFs of salinity from the

GBI scenario at Stations 1 and 2, indicating that Marsh Island and Isle

aux Dames are not influential in salinity patterns in this part of the

estuary. At Stations 3 and 4, there are minimal changes in the CDFs of

salinity from the no-action scenario, further supporting that Marsh

Island and Isle aux Dames have little impact on salinity when wind

directions are predominantly from the southwest.

3.2.4 Tropical period with 0.5 m of SLR
For the tropical period with 0.5 m of SLR, average salinity values

followed similar patterns as the present-day scenario, but again

were lower by ~5 pss along the eastern estuarine shoreline
FIGURE 10

Average salinity for the tropical period (A) no-action scenario. Difference in average salinity for the tropical period between the (B) GBI alternative
and no-action and (C) All Alternatives and no-action. Average salinity for the tropical period with 0.5 m of SLR (D) no-action scenario. Difference in
average salinity for the tropical period with 0.5 m of SLR between the (E) GBI alternative and no-action and (F) All Alternatives and no-action. For the
difference plots, warmer colors indicate increases in the average salinity with the alternative, cooler colors indicate decreases in the average salinity
with the alternative.
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(Figures 10D–F). Changes in the average salinity between the

restoration alternatives follow similar patterns as the present-day

scenarios; there are decreases in salinity (on the order of 2 to 4 pss)

surrounding GBI, with small increases (1 pss) in the eastern estuary.

Overall, the changes in average salinity for the tropical period

indicate that the impact of the restoration actions on salinity

values is rather minimal (less than 4 pss) and localized in the

vicinity of the restored features.

The CDFs (Figures 12E–H) show that out of the four stations,

Station 1 has the most saline conditions with 80% of salinity values

less than 19 pss and a mean ± SD of 17.10 ± 3.79 for the no-action

scenario. Station 3 is the least saline with 80% of salinity values less

than 13 pss and a mean ± SD of 9.93 ± 3.85 pss. The GBI alternative

is again most impactful at Station 1 due to its proximity to the

restored island, which results in a shift to a lower salinity
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distribution (80% of values less than 16 pss) and a decrease in the

mean ± SD to 14.0 ± 3.58 pss (18% decrease in mean). A shift to a

lower salinity distribution is also seen at Station 2 with 80% of

values less than 15 pss and an 8% decrease in the mean. Stations 3

and 4 have small shifts to higher salinity distributions (7% and 4%

increases in the mean at Stations 3 and 4, respectively), indicating

the GBI has more of an impact on the salinity dynamics in the

eastern estuary under SLR. The All Alternatives scenario further

lowers the salinity distribution at Station 1 (80% of values less than

15 pss; 26% decrease in the mean) and Station 2 (80% of values less

than 14 pss; 13% decrease in the mean) from the no-action scenario.

Stations 3 and 4 show minimal changes in the salinity distributions

from the GBI scenario (less than 3%), further indicating that the

restored Marsh Island and Isle aux Dames in the All Alternatives

scenario have little impact on salinity during the tropical period.
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FIGURE 11

Cumulative distribution function (CDF) plots of salinity at Stations 1-4 (see locations in Figure 1) for the Frontal simulation (A–D) and the Frontal with
0.5 m of SLR simulation (E–H).
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4 Discussion

4.1 Influence of large-scale
restoration features

In the context of previous studies, most assessments of

restoration actions on salinity have been observations from post-

construction monitoring (e.g., U.S. Army Corps of Engineers

Mobile District (2016) and Byrnes et al. (2018)). More recently,

predictive numerical models have been used to assess the impacts of

potential restoration actions on estuarine hydrodynamics and

salinity prior to construction. This has included assessing

potential river diversions (Ou et al., 2020), barrier island sand

placement strategies (Enwright et al., 2020) and water resource

management (Qiu andWan, 2013). Models have shown that closing

storm-induced barrier island breaches can lower salinity in back-

bay areas (e.g., Katrina Cut at Dauphin Island, AL (Park et al., 2014)

and Camille Cut at Ship Island, MS (U.S. Army Corps of Engineers

Mobile District, 2016)). However, the impacts of creating new
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islands and headlands which significantly change the geometry of

the shoreline and resulting fetch in estuaries has not been well

studied. This research improves the overall understanding of the

influence of large-scale restoration features on the physical

processes (tidal hydrodynamics and salinity) in an open coast,

marine dominant estuary. Out of the three restoration

alternatives, GBI had the largest footprint and substantially

altered the geometry of the shoreline and fetch within the bay. As

a result, it had the greatest influence on hydrodynamic and salinity

patterns. For both the frontal and tropical periods, GBI sheltered

the western bay and generally reduced salinity in the areas

immediately behind the restored island. It had minimal influence

in the eastern estuary, on the Mississippi side of the estuary and

offshore. In comparison, Marsh Island and Isle aux Dames had a

small footprint and had small localized influences on salinity in the

immediate areas to the alternatives. The largest changes occurred

for the Frontal period when winds are predominately southeast and

north/northeast and Isle aux Dames reduced the fetch to the eastern

bay (stations 3, 4). This illustrates that interior headland restoration
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FIGURE 12

Cumulative distribution function (CDF) plots of salinity at Stations 1-4 (see locations in Figure 1) for the Tropical period simulation (A–D) and the
Tropical with 0.5 m of SLR simulation (E–H).
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has localized effects on the physical processes within the vicinity of

the features.

From a biological standpoint, changes in current velocities and

salinity ranges could affect the ecosystems within the estuary. The

relative differences in the modeled salinity between the restoration

alternatives were on the order of ±5 pss. Some of these changes were

observed in the vicinity of existing oyster leases within the estuary

(near Stations 3, 4). Previous research has shown that the eastern

oyster, commonly found in estuaries in the northern Gulf of

Mexico, can tolerate salinities ranging from 0 to 42 pss, with

optimal growth occurring between 14-29 pss (Shumway, 1996).

These oysters are sensitive to extreme salinities (<5 and >35 pss),

particularly if they are exposed for prolonged periods of time

(Marshall et al., 2021a; Marshall et al., 2021b). Oysters can be

impacted at both extremes in locations where salinity broadly

fluctuates, which may affect feeding rates, respiration and even

result in mortality (Yurek et al., 2023). The mean salinity for all

scenarios in the frontal and tropical periods remained within the

optimal range. The salinity distributions did not exceed the upper

tolerance of 35 pss in any of the scenarios; however, the model was

not initialized with salinity values greater than 36 pss, which could

occur due to processes such as evaporation that the model is unable

to capture. The CDFs (Figures 11, 12) at the stations generally

indicated shifts towards lower salinity regimes with the restoration

alternatives; there were a few exceptions at Stations 3 and 4 in the

All Alternatives scenario and the scenarios with SLR, where the

middle of the distribution was slightly higher, thus potentially

squeezing suitable salinity range for oyster growth and

recruitment. In terms of low salinity, the CDFs show that for the

frontal simulations (Figures 11A–D; Table 2), salinity did not

decrease beneath 5 pss at any of the stations for any of the

restoration alternatives. For the frontal simulations with 0.5 m of

SLR (Figures 11E–H; Table 2), Station 2 and Station 4 experienced

low salinity with 1% of values less than 5 pss and 3% of values less

than 5 pss in the no-action scenarios, respectively. The GBI

alternative increased low salinity exposure at Station 1 to 3% of
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values less than 5 pss and Station 2 to 5% of values less than 5 pss;

low salinity exposure remained the same at Station 4. The All

Alternatives scenario did not further alter low salinity exposure at

Station 1 or 2, but decreased low salinity exposure at Station 4 to 0%

of values less than 5 pss. For the tropical simulations (Figures 12A–

D; Table 2), Station 2 was the only station impacted by low salinity,

with 2% of values less than 5 pss in the no-action scenario. This

increased to 14% of values less than 5 pss in both the GBI and All

Alternatives scenarios. In the no-action tropical scenarios with

0.5 m of SLR (Figures 12E–H, Stations 1, 2 and 3 experienced low

salinity with 2% of values less than 5 pss, 1% of values less than 5 pss

and 7% of values less than 5 pss, respectively; Station 4 did not

experience low salinity. The GBI alternative did not further alter

exposure to low salinity ranges; however, the All Alternatives

scenario increased low salinity exposure to 3% of values less than

5 pss at Station 1 and 10% of values less than 5 pss at Station 3;

Station 2 and Station 4 remained the same as the no-action scenario.

These results show that overall, SLR was more impactful to low

salinity exposure in terms of duration and spatiality than the

presence of the restoration alternatives; this is similar to the

findings of previous work (Wang et al., 2020). The model results

support the need for a more detailed habitat suitability study to

determine if these changes in salinity could be impactful to oysters

or other species such as submerged aquatic vegetation (SAV).

The model results also showed changes in tidal velocities and

residual currents. Current velocities are critical to oyster larval

transport and settlement, nutrient availability, oyster filtration and

growth and mortality (Harsh and Luckenbach, 1999; Smith et al.,

2009; Campbell and Hall, 2019; Theuerkauf et al., 2019; La Peyre

et al., 2021; Lipcius et al., 2021; Salatin et al., 2022). Current

velocities below 15 cm/s have been found optimal for required

nutrient delivery and oyster filtration (Theuerkauf et al., 2019);

maximum currents are below this threshold for the majority of the

study area with the restoration alternatives. In terms of salt marsh

productivity, flood dominant currents typically increase suspended

sediment concentrations at the marsh boundary, which supplies
TABLE 1 Mean ± standard deviation of salinity (pss) for each restoration scenario at output stations.

GNDPCWQ Station 1 Station 2 Station 3 Station 4

Frontal

No-action 18.16 ± 4.84 19.49 ± 4.59 14.86 ± 4.13 18.91 ± 3.44 18.71 ± 3.90

GBI 17.58 ± 4.86 18.17 ± 3.76 13.64 ± 3.40 19.30 ± 3.38 18.33 ± 3.78

All Alternatives 17.60 ± 4.88 18.07 ± 3.69 13.53 ± 3.20 18.47 ± 2.87 19.01 ± 3.43

Frontal + 0.5 m SLR

No-action 20.64 ± 4.07 19.81 ± 3.98 15.88 ± 4.38 15.63 ± 3.76 14.87 ± 4.55

GBI 20.37 ± 4.95 16.62 ± 4.95 13.76 ± 5.09 15.60 ± 4.20 15.19 ± 4.82

All Alternatives 20.34 ± 4.17 16.42 ± 4.81 13.80 ± 5.01 15.54 ± 3.61 15.37 ± 4.39

Tropical

No-action 15.07 ± 2.48 18.15 ± 3.26 10.74 ± 4.59 15.74 ± 1.31 15.68 ± 0.76

GBI 14.10 ± 2.56 14.79 ± 1.60 9.70 ± 4.28 15.64 ± 1.07 15.63 ± 0.72

All Alternatives 14.12 ± 2.57 14.86 ± 1.81 9.71 ± 4.32 15.42 ± 1.03 15.44 ± 0.62

Tropical + 0.5 m SLR

No-action 16.27 ± 2.50 17.10 ± 3.79 13.67 ± 4.35 9.93 ± 3.85 11.55 ± 1.81

GBI 16.59 ± 2.13 14.0 ± 3.58 12.58 ± 3.75 10.63 ± 3.73 12.04 ± 1.35

All Alternatives 16.85 ± 2.37 12.68 ± 3.75 11.94 ± 3.36 10.45 ± 4.66 12.53 ± 1.06
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more marine sediment to the marsh. Ebb dominant currents can

reduce sediment supply to the marsh and move sediment offshore

(Friedrichs and Perry, 2001). A follow on to this study uses a

process-based sediment transport model to assess if these

restoration alternatives would affect suspended sediment

concentrations and sediment fluxes in the estuary and to the

marsh (see companion paper Jenkins et al., 2023 Frontiers in

Marine Science in review).
4.2 Limitations in modeling

All modeled changes in salinity were on the order of ±5 pss,

which is within the error of the model. However, this analysis is

meant to look at the relative changes in salinity between scenarios,

rather than the values themselves. Further, there is high confidence

in the hydrodynamics based on the validation, which showed

changes in velocities and residual currents with the restoration

alternatives; these results support the simulated changes in salinity

concentrations. There are limitations in this study including the

availability of spatial and temporal salinity data to initialize the

model. This study relied on CTD casts that were collected over a 4-

day period in May 2016 at a limited number of locations within

Grand Bay; there was no other spatial or temporal data available

within the estuary to parameterize initial salinity conditions.

Therefore, there is uncertainty in the spatial values of salinity

concentrations particularly in the areas outside of the CTD casts

(e.g., on the Mississippi side of the estuary where the GNDPCWQ

station is, which was used for validation). Further, because these

data were collected in May, the values of salinity concentrations

may vary during the frontal and tropical seasons from the modeled

conditions. However, the relative differences in salinity between

scenarios would likely stay the same. As mentioned in Section 2.5,

the incorporation of SLR was not meant to forecast the state of the

estuary in the future, but rather to isolate the behavior of the
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proposed alternatives under a plausible future SLR in the lifetime of

the project. Integrated modeling approaches that consider the

feedbacks between hydrodynamics and morphology under SLR

can provide a more holistic understanding of potential future

estuarine conditions (Passeri et al., 2015).
4.3 Effects of sea level rise on salinity

The response of salinity to SLR varied, resulting in increases and

decreases in the salinity distributions from the present-day scenario.

Comparing the average salinity for the frontal and tropical no-

action scenarios (Figures 9, 10) shows there were increases in the

average salinity under SLR in the middle of the bays, but reductions

in the average salinity closer to the estuarine shoreline, particularly

along the eastern side of the estuary. This is also seen in the CDFs of

the salinity distributions where the salinity distribution increased at

Station 1 and Station 2 but decreased at Stations 3 and 4. To further

illustrate the nonlinear response, the daily maximum, mean and

minimum salinity values were calculated for the no-action and no-

action with 0.5m of SLR across the frontal and tropical periods; the

frontal and tropical periods were combined to determine the daily

salinity values independent of seasonal effects. Values were

calculated at the 4 stations as well as at GNDPCWQ and DPAI1.

Table 3 shows the percent change in the daily maximum, mean and

salinity between the present-day scenario and the 0.5 m of SLR

scenario. Out of all of the stations, DPAI1 had the lowest percent

change (ranging from -0.6 to -1.4%) in the daily maximum, mean

and minimum salinity under SLR, illustrating a more static

response (i.e., no change) in salinity offshore. Changes in salinity

increased with distance into the estuary (e.g., Station 1 versus

Station 2). At all stations, SLR caused larger changes in lower

salinity values (i.e., daily minimum) than higher salinity values (i.e.,

daily maximum). The nonlinear response of salinity with SLR is

likely a result of the changing velocities. As the residual velocities in
TABLE 2 Percent change in the daily maximum, daily mean and daily minimum salinity calculated over the combined frontal and tropical periods for
the no-action and no-action with SLR scenarios.

Station 1 Station 2 Station 3 Station 4

Frontal

No-action 0% 0% 0% 0%

GBI 0% 0% 0% 0%

All Alternatives 0% 0% 0% 0%

Frontal + 0.5 m SLR

No-action 0% 1% 0% 3%

GBI 3% 5% 0% 3%

All Alternatives 3% 5% 0% 0%

Tropical

No-action 0% 2% 0% 0%

GBI 0% 14% 0% 0%

All Alternatives 0% 14% 0% 0%

Tropical + 0.5 m SLR

No-action 2% 1% 7% 0%

GBI 2% 1% 7% 0%

All Alternatives 3% 1% 10% 0%
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the estuary changed magnitude and direction under SLR,

particularly along the estuarine shorelines, there were resulting

changes to salinity transport. This is in agreement with previous

research that has shown salinity changes were nonlinear with SLR

as a result of changes in the current velocities (Moore et al., 2019).
5 Conclusions

A two-dimensional DG-SWEM hydrodynamic and salinity

model was developed to simulate changes in tidal hydrodynamics

and salinity patterns with and without interior headland

restoration, for present-day and a future SLR of 0.5 m in the

Grand Bay estuary. The model was initialized with observed and

modeled salinity measurements and validated for astronomic tides

and salinity concentrations. A tidal hydrodynamic assessment

indicated the restoration alternatives had no impact on tidal

range within the estuary, but changed maximum tidal velocities

by ±5 cm/s and changed the directions of residual currents in the

areas surrounding the alternatives. Under SLR, similar patterns

were observed with slightly larger changes in maximum tidal

velocities ( ± 7 cm/s) and additional directional changes in

residual currents.

Salinity was modeled for frontal and tropical seasons, with and

without SLR. With the restoration alternatives, changes in the

average salinity concentrations ranged from ±2 pss for both

periods; these changes were confined within bays and had

minimal impacts to offshore regions or on the Mississippi side

of the estuary. Changes in salinity with the alternatives were

greater for the tropical season than the frontal season due to

predominant southwest winds and the associated reduced fetch,

particularly in the areas behind GBI. The alternatives also changed

the salinity distributions at various locations throughout the

estuary. Although no areas were exposed to high salinity (>35

pss), some locations experienced small shifts towards higher

salinity ranges in the All Alternatives scenario. SLR was more

impactful for increasing exposure to low salinity values (< 5 pss)

than the restoration alternatives. Both the tidal hydrodynamic and

salinity assessments indicated that the GBI alternative was more

influential in changing hydrodynamics and salinity than Marsh

Island and Isle aux Dames as a result of its size and position in

changing the geometry of the shoreline and fetch within the bay.
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Overall, the modeled results indicate that these large-scale

restoration actions have limited and localized impacts on the

hydrodynamics and salinity patterns in this open coast estuary.

The results also demonstrated the nonlinear response of salinity to

SLR, with increases and decreases in the maximum, mean and

minimum daily salinity concentrations from present-day

conditions. Locations that were more sheltered within the

estuary had a more nonlinear response than locations offshore.

This nonlinear response was a result of changes in the directions

of the residual currents, which affected salinity transport. Overall,

this study improves the understanding of large-scale restoration

actions on estuarine hydrodynamics and salinity for present-day

and future conditions.
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