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A B S T R A C T

Many coastal regions around the globe experience land loss due to high relative sea level rise rates, declining
sediment supply, and a host of other anthropogenic factors. To evaluate possible restoration strategies, we
developed a computationally efficient Simplified Biophysical Model (SBM). The SBM includes hydrodynamic,
morphodynamic, and marsh inundation components. The hydrodynamic and mineral sediment processes of the
SBM are based on open source Delft3D models. The marsh inundation MATLAB module is a simplified vegetation
response to salinity and inundation used to estimate annual organic accretion rates. Organic accretion is added
annually to the morphodynamic calculations of mineral sediment. The typical run time for the SBM for an area of
4500 km2 is ~0.8, 2.5, and 4.7 days real time for one, three, and five decade simulations, respectively which is
considered a computationally efficient for modeling decadal landscape evolution. The utility of the SBM was
demonstrated through an application to assess the performance of a sediment diversion in the Barataria Basin in
Louisiana, USA. The model results demonstrate the importance of incorporating the impact of salinity and
inundation effects on the resilience of marshes subjected to high rates of relative sea level rise. Further, the
sediment reduction analysis confirms the critical impact of the Mississippi River sediment decline on potential
land building from sediment diversions where 1.5%, and 3% annual declining rates show a reduction in net land
gain due to Mid-Barataria Sediment Diversion operation of 30% and 50 %, respectively. This highlights the
importance of considering the Mississippi River sediment supply decline in restoration projects’ planning and
specifically, sediment diversions.

1. Introduction

Relative sea level rise (RSLR), the combination of sea level rise (SLR)
and subsidence is impacting many coastal regions (Crossland et al.,
2005; Huu Nguyen et al., 2016; Chen et al., 2021). Numerous deltaic
systems are experiencing severe environmental impacts from RSLR
resulting in varying levels of vulnerability (Sušnik et al., 2015; Huu
Nguyen et al., 2016; Takagi et al., 2016; Abutaleb et al., 2018; Vu et al.,
2018; Parker, 2020; Chen et al., 2021). Each delta is unique regarding
processes, their complex feedbacks and resulting impact on the deltaic
system (Crossland et al., 2005; Hu et al., 2021). For example, marsh
transitions over time (Reed et al., 2020) respond to factor including
relative sea level rise (RSLR) (Kirwan and Temmerman, 2009; Kirwan
et al., 2010), storm patterns (Schuerch et al., 2013), salinity, tidal
regime, inundation (depth, frequency, and duration) (Reed and Cahoon,
1992; Rozas and Reed, 1993; Cahoon and Reed, 1995), meteorological

forces, marsh edge erosion (Reed et al., 2020; Lauzon and Murray,
2022), nutrient availability, biomass distribution, seedling establish-
ment (Hu et al., 2021), and mineral and organic accretion (Foster--
Martinez et al., 2023). To assess different restoration strategies,
modeling tools, either numerical, physical, or conceptual, are needed to
reflect interdependent processes. Consequently, deltaic models require a
detailed understanding of these complex interactions, which poses sig-
nificant challenges for researchers. One of the major challenges in
deltaic processes modeling is the large spatial and temporal scales
involved (Syvitski et al., 2009; Wasklewicz et al., 2017). Deltas can
extend over several thousand square kilometers and undergo changes
over decades or even centuries. Another challenge is the complex in-
teractions between physical, biological, and chemical processes that
occur in all deltaic systems. Also, deltaic processes can be highly sen-
sitive to human activities, such as dam construction, coastal develop-
ment, and land-use changes. These activities can alter the natural flow of
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water and sediment in the river, which can have significant impacts on
the deltaic system (Meade and Moody, 2010; Angamuthu et al., 2018).
The complex and dynamic nature of deltaic systems means that
modeling efforts need to be adaptable and flexible. Models must be able
to account for changes in the environment and adjust to new data and
understanding as it becomes available. This requires ongoing research
and development, as well as collaboration between researchers from
different disciplines.

Numerical models are widely used to study coastal and deltaic sys-
tems around the globe. They are broadly used for research, planning,
and engineering design (Wang et al., 2009, 2014; Stark et al., 2016;
Gaweesh and Meselhe, 2016; Meselhe et al., 2016, 2021b; Xing et al.,
2017; White et al., 2019a, 2019b; Reed et al., 2020). While models
exhibit uncertainties (Meselhe et al., 2021b), they can provide valuable
information and insights regarding coastal systems dynamics and their
response to the implementation of restoration strategies (Rego et al.,
2010). Based on the assumption that ecological processes do not sub-
stantially influence the hydrodynamic processes, most studies used a
one-way relationship to flow information between physical and
ecological models (Collins and Bras, 2004; D’Alpaos et al., 2006;
Edmonds and Slingerland, 2007; Yuill et al., 2016). However, to
adequately capture the complex ecosystem processes, their feedback
must be represented (Meselhe et al., 2015; Baustian et al., 2018; USACE,
2020). For example, the physical presence of vegetation influences the
water movement and affects the sediment erosion and deposition pro-
cesses. Further, submerged and emergent vegetation in wetland regions
take up nutrients, their roots grow and consolidate soils, and their stem
density changes drag, water circulation, flow velocities, water level, and
salinity. Conversely, hydrodynamic parameters such as water depth and
salinity influence vegetation composition, and conversion between open
water and marshland (Meselhe et al., 2015; Baustian et al., 2018;
USACE, 2020). These two-way relationships are important to correctly
model the complexity associated within an ecosystem; however, it is
challenging to incorporate such feedbacks into the model in a compu-
tationally efficient way. Examples of numerical modeling applications to
coastal and deltaic systems include Lauzon and Murray (2022)who
examined the effect of sediment and flow discharge on synthetic delta
building under various conditions of channel stabilization due to vege-
tation. They found that, compared to those without vegetation, vege-
tated deltas are muddier, have lower elevations with more stable
channels, and steeper water surface slopes. Also, they found that vege-
tation is able to stabilize the channel network under high discharges of
water and sediment by reoccupation of abandoned channels instead of
incising new channels or shifting through vegetated regions (Lauzon and
Murray, 2022). Kalra et al. (2021) developed a 3D coupled
wave-flow-sediment framework that accounts for biomass-produced
vertical accretion and erosion of marsh edges due to lateral wave
forces. They defined a simplified biomass production technique that
compared hydroperiod from tidal datums and marsh elevation. They
observed that the marsh interior is dominated by organic deposition
where marsh edge is dominated by estuarine mineral deposition (Kalra
et al., 2021). Temmerman et al. (2003, 2004) developed a refined
zero-dimensional time-stepping model (MARSED) that simulates the
variations in tidal marsh sedimentation in response to SLR and changes
in suspended sediment concentrations (SSC). They validated their model
against field data from 25 vegetated sites in Belgium. This model was
able to quantify the combined effect of sea level change and SSC on
variations in accumulation rates (Temmerman et al., 2003, 2004). The
recently developed version of the same model was able to simulate the
interaction between hydrodynamics and vegetation dynamics by
calculating the biomass on a 1 m2 resolution vegetation grid that is
coupled with a several km2 resolution hydrodynamic grid for several
decades period (Gourgue et al., 2022). Although the biomass calculation
responds to morphodynamic change and matches well with observa-
tions, the model is not capable of simulating the entire landscape of
several hundreds of km2 (Gourgue et al., 2022). Reed et al. (2020) used a

lower resolution model for coastal Louisiana to examine the spatial and
temporal variability in future wetland loss over thousands of km2 and
how different factors contribute to the total wetland loss. Reed et al.
(2020) showed, using fifty-year model results, that marsh edge erosion is
relatively consistent in magnitude across different environmental sce-
narios, but there was great variation in land loss caused by excessive
inundation.

These advances in modeling applications to coastal and deltaic sys-
tems, are all limited in how they account for hydrodynamics, morpho-
logical change, and vegetation dynamics at a landscape scale. An
Integrated Biophysical Model (IBM) was developed and was successfully
applied to part of coastal Louisiana (Meselhe et al., 2015; Baustian et al.,
2018; USACE, 2020). The IBM was used to perform long term (decadal)
landscape evolution simulations, assess responses of deltaic and coastal
systems to climate change scenarios, and inform ecosystem restoration
strategies. The IBM attempted to account for some two-way relation-
ships as it modeled dynamic coupling among (1) morphodynamics, (2)
nutrient dynamics, (3) hydrodynamics, and (4) vegetation dynamics.
More details about the internal dynamics regarding the coupling are
outlined in detail in previous studies (Meselhe et al., 2015; Baustian
et al., 2018; USACE, 2020)Although the IBM is a highly detailed bio-
physical model (Baustian et al., 2018), it exhibits two main drawbacks:
(1) the model needs 24–48 h to complete a single year run, and (2) often,
the calculated accretion rates from the biomass processes are lower or
higher than the range depicted from field observations (Baustian et al.,
2023). Thus, the calculated accretion rates had to be controlled by
values from the field observations for each vegetation species. These two
limitations were the impetus for developing a simplified modeling
approach to significantly reduce the computational burden and capture,
to the extent possible, the two-way interaction among the hydro,
morphology, and vegetation dynamics.

In this study, hydrodynamic and morphodynamic Delft3D models
are coupled with a new developed MATLAB script that captures the ef-
fect of marsh inundation on accretion rates and consequently on the
landscape evolution. This newly developed model, the Simplified Bio-
physical Model (SBM), is simpler than the previous detailed IBM
(Baustian et al., 2018), as it does not explicitly model vegetation or
nutrient dynamics and it does not have detailed two-way relationship
between hydrodynamic and morphodynamic components. However, it
is substantially more computationally efficient (10 times faster) to
perform decadal morphodynamic and landscape evolution simulations.
The computational efficiency is highly beneficial as it allows perfor-
mance of a large number of scenarios to examine variety of climate
change conditions or a range of restoration strategies with a reasonable
simulation time (days) (Meselhe et al., 2022; Khalifa, 2023).

This paper describes the model approach and structure and the re-
sults of calibration and validation over a hindcast period (1994–2020)
where modeled land loss trends are compared with land loss estimates
from aerial imageries (Couvillion, 2017; Couvillion et al., 2017) for two
estuarine Basins in Louisiana. To demonstrate its utility, the paper
presents results from application of the SBM to assess the land building
potential and performance of the proposed Mid-Barataria Sediment
Diversion (MBSD), and impact of sediment load reduction in the Mis-
sissippi River Delta (MRD) on the potential land building from the
MBSD.

2. Data and methods

2.1. Model development

The primary components of the SBM are: (1) hydrodynamic model,
(2) morphodynamic model, and (3) marsh inundation module. There is
interaction and feedback among these three components during decadal
simulations as shown in Fig. 1. Each of the three components is
described in the following subsections. More details are presented by
Khalifa (2023).

A.M. Khalifa et al.
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2.1.1. Hydrodynamic model
The open source physical processes based numerical model Delft3D

(V-6.04) modeling suite (Lesser et al., 2004) developed by Deltares
(http://www.deltares.nl/en/), which has been used widely for hydro-
dynamic studies (Elias et al., 2001; Luijendijk, 2001; Baustian et al.,
2018; Ramakrishnan et al., 2019; Thanh, 2021; Hu et al., 2022), was
selected to provide the hydrodynamic calculations for the SBM.
Delft3D-FLOW is a multidimensional hydrodynamic model that calcu-
lates non-steady flow that results from tidal, source-sink and meteoro-
logical forcing on a curvilinear or boundary-fitted grid. It solves the
Navier Stokes equations for incompressible fluid, under the
three-dimensional or depth averaged shallow water and the Boussinesq
assumptions (Lesser et al., 2004). More information about
Delft3D-FLOW can be found in https://content.oss.deltares.nl/delft3d/
manuals. A set of full hydrodynamic annual simulations are performed
independently to obtain annual averaged salinity at every computa-
tional point in the model domain. Spatially varied subsidence is added to
the initial digital elevation model (DEM) on an annual basis. Each year,
the annual averaged salinity map is passed to the third component of the
SBM (marsh inundation module) to be used for organic accretion
calculations.

2.1.2. Morphodynamic model
The SBM utilizes the open source morphodynamic numerical model

Delft3D (Lesser et al., 2004) suite developed by Deltares (http://www.
deltares.nl/en/) to simulate mineral sediment transport. This model

has been used widely for both conceptualization and morphodynamic
case studies in coastal and riverine environments (Elias, 1999; Caldwell
and Edmonds, 2014; Reyns et al., 2014; Sandén et al., 2016; Yuill et al.,
2016; Gaweesh and Meselhe, 2016; Meselhe et al., 2016, 2021a; Baus-
tian et al., 2018; Brakenhoff et al., 2020; Morgan et al., 2020). It has the
capability to calculate the sediment flux for coarse/non-cohesive sedi-
ment fractions in riverine environments through a variety of available
sediment transport equations (e.g., Meyer-Peter-Muller, 1948;
Engelund-Hansen, 1967; Ashida-Michiue, 1974; Van Rijn, 1984;
Wilcock-Crowe, 2003). Additionally, it uses different sets of equations to
simulate coastal environments (e.g., Bijker, 1971; Van Rijn, 1993;
Soulsby, 1997; Van Rijn, 2003; Van Rijn, 2007). In contrast, it calculates
sediment fluxes for fine/cohesive sediment fractions through one
equation: Partheniades (1965). The SBM uses Van Rijn (2007); Van Rijn
(2007); Partheniades (1965); Partheniades (1965) equations to calculate
the sediment fluxes from non-cohesive, and cohesive sediment fractions,
respectively. More information about Delft3D sediment transport
equations, can be found in https://content.oss.deltares.nl/delft3d/
manuals. On annual basis, the SBM uses this morphodynamic model to
update the initial DEM and passes the new updated DEM (Updated DEM
+ Mineral in Fig. 1), and annual averaged water level (WL) to the third
component (marsh inundation module) to be used for organic accretion
calculations. The DEM annual updating interval is selected primarily
because the available relationships between salinity and marsh inun-
dation tolerance are based on annual averages. Further, the available
information about accretion rates is also annual. Thus, there will be no
justification to increase the frequency of update to the DEM other than
the interaction between hydrodynamics and morphodynamics. If more
frequent data are available, the model is capable of adjusting the
updating interval. However, given that we are using morphological ac-
celeration, we do not believe any benefit would be realized from
updating the DEM update frequency.

2.1.3. Marsh inundation module
A marsh inundation module was developed using MATLAB pro-

gramming language as shown in Fig. 2. This module consists of three
main steps described by the numbers 1 to 3 in the figure.

In the first step the pre-generated annual averaged salinity map ob-
tained from the hydrodynamic model is used to create a marsh type
classification map based on salinity weighted average score as described
by Baustian et al. (2023) and listed in the supplement material. The
salinity map is used to drive a calculation of an annual inundation depth
(DI). The DI map represents the maximum submergence depth that
vegetation can tolerate. This approach is based on the Integrated
Compartment Model (ICM) used for the 2023 Louisiana Coastal Master
Plan (CMP) (Baustian et al., 2023; Foster-Martinez et al., 2023). This
approach relies on data from the Coastwide Reference Monitoring Sys-
tem (CRMS) that identifies a relationship between salinity and annual
average water depth tolerated by vegetation.

In the second step the water depth (D) and DI are used together to
classify each cell into marsh or water. A model cell is classified as marsh
if D is lower than DI and water if D is larger than DI. Marsh cells produce
organic material based on marsh type (assigned in the first step), while
water cells do not.

In the third step the subsequent year’s calculation determines
whether a marsh cell will sustain its classification or if it would convert
to water. For a given cell, where the depth (D) exceeds the maximum
inundation depth (DI-guided by salinity) for two consecutive years, it
would convert to water. Water cells can convert into marsh, based on the
emergence depth (DE) value, and start producing organic accretion or
remain as water. Water cells convert to marsh if the annual averaged
water depth is lower than or equal to emergence depth (DE) that is
considered 0.1 m in this study (Foster-Martinez et al., 2023). DE rep-
resents the water depth threshold for new vegetation establishment.
Organic accretion rates applied to marsh cells vary with marsh types and
are based on measurements in coastal Louisiana as shown in Table 1

Fig. 1. SBM schematic diagram. Blue polygons represent the three different
components utilized through the SBM as: (1) hydrodynamic model, (2) mor-
phodynamic model, and (3) marsh inundation module. Revised from Khalifa
(2023). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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(Baustian et al., 2023).
The module produces, annually, an updated DEM (Updated DEM-(t

+ Dt)) based on the calculated organic accretion rates. This updated
DEM is fed into the morphodynamic model for mineral sediment cal-
culations of the following year. Through this process, the SBM accounts
for the interaction between landscape morphology and marsh inunda-
tion induced by changes to the water and salinity due to SLR, restoration
strategies, etc. as shown in Fig. 2. The typical run time for the SBM is
~0.8, 2.5, and 4.7 days real time for one, three, and five decade simu-
lations for an area of 4500 km2 defined by 295,400 nodes.

2.2. Modeling the lower Mississippi River’s adjacent Basins

The MRD in coastal Louisiana, USA is utilized here as a case study
(Fig. 3). This delta and the adjacent estuaries are subjected to high RSLR
rates, up to 20 mm/year (Byrnes et al., 2019). Based on 66 tide gauge
records from the Permanent Service for Mean Sea Level (PSMSL) along
the North American and Gulf coast and covering the period 1900–2021,
Dangendorf et al. (2023) showed peak-to-peak variations in Mean Sea
Level (MSL) of ~45 mm (~25 mm due to open ocean wind stress forcing

with additional contributions from coastal longshore winds and river
discharge) on muti-year timescales such internal variability may either
mask or amplify externally forced trends and acceleration along this
coastline. Construction of dams along major Mississippi River (MR)
tributaries reduced the sediment supply and increased the likelihood of
drowning of the MRD coastal wetland system due to RSLR (Allison and
Meselhe, 2010). Similarly, leveeing the MR has cut the connection be-
tween the river and its floodplains that consequently controlled river
meandering and reduced the sediment supply (Allison et al., 2012) to
adjacent wetlands. Canals dredged across the coast alter hydrology
leading to loss of coastal wetlands and progradation of wave forces
further upland into the coastal regions (Scaife et al., 1983). Although,
hurricanes nourish the MRD with mineral sediments from offshore and
onshore sources, they generate storm surge that can cause erosion in
vegetated and unvegetated areas (Palaseanu-Lovejoy et al., 2013; Bev-
ington et al., 2017). These and other modifications to the system result
in land loss – conversion of wetlands to open water.

The focus here is to examine the loss of coastal Louisiana wetlands
due to: (1) the lack of mineral deposition that used to nourish the delta
and (2) RSLR. These two combined impacts change the relative eleva-
tion of a marsh in the tidal frame and can result in larger inundation
depth, higher inundation duration, higher inundation frequency, and
ultimately marsh collapse and land loss (Couvillion and Beck, 2013;
Couvillion, 2017; Couvillion et al., 2017). Thus, as the main focus for
restoration is to retain remaining wetlands in coastal Louisiana and
restore the deltaic processes to build additional wetlands (CPRA, 2023),
our analysis will consider temporal and spatial landscape response due
to changes in marsh elevation resulting from changes in mineral sedi-
ment input and RSLR including the influence of organic accretion.

2.2.1. Model setup
A previously developed 3D hydrodynamic and salinity model with

seven sigma layers has been used to calculate salinity patterns in Bar-
ataria and Breton Sound Basins as shown in Fig. 3 (Hu et al., 2022,

Fig. 2. Marsh inundation module. (DI) is the maximum annual averaged inundation depth that vegetation can tolerate, (DE) is the annual averaged emergence depth,
and (D) is the modeled annual averaged depth. Purple polygon represents data obtained from the hydrodynamic model. Maroon polygons represent data obtained
from the morphodynamic model. Dark brown boxes represent calculations depending on marsh type. Orange boxes represent water depth comparisons. Different oval
shapes’ colors represent different land categories where red is land loss, light green is land created, dark green is land sustained due to a restoration strategy (if
applicable), and grey means land sustained due to the bed elevation. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Table 1
Organic accretion rates for the Barataria Basin including limits used in model
calibration revised from Baustian et al. (2023).

Marsh Type Lower
Limit-2SD
Barataria
rates
(mm/yr)

Lower
Limit-1SD
Barataria
rates
(mm/yr)

Median
Limit
Barataria
rates
(mm/yr)

Upper
Limit
Barataria
rates
(mm/yr)

CMP2023
Coast
Wide rates
(mm/yr)

Fresh 7.50 9.61 11.71 14.08 11.70
Intermediate 7.89 8.95 10.00 11.18 8.20
Brackish 6.71 7.63 8.55 9.74 8.30
Saline 7.63 9.21 10.79 12.76 12.20

A.M. Khalifa et al.
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2023). Three computational domains were set up for nesting (Hu et al.,
2015, 2022, 2023) computation as: (1) Gulf of Mexico model, (2)
regional model, and (3) local model as shown in Fig. 3. The Gulf of
Mexico model covers the entire Gulf of Mexico and part of the Atlantic
Ocean with a spatial resolution ranging from 6 km near Louisiana coast
to 40 km in the Atlantic Ocean. From a tidal constituent database (Mukai
et al., 2002), seven dominant constituents (O1, K1, Q1, M2, N2, S2 and
K2) are considered to determine tidal levels at the open-sea boundary
across the Atlantic Ocean. The purpose of this large-domain model is to
provide water level boundaries for the regional model (Hu et al., 2023).
The second coupled layer (regional model) focuses on Louisiana coast in
the north-central region of the Gulf of Mexico (Hu et al., 2023). The MR
discharge data are either from gauge observations (if available) or es-
timates from the 2017 CMP model input (Hu et al., 2023). The third
coupled layer (local model) encompasses the main part of Barataria
Basin or Breton Sound Basin. More details on the development of this
hydrodynamic model is available by Hu et al. (2023). The simulated
local domain is subsided from year to year based on a predefined sub-
sidence map assuming constant rates through years. Also, the hydro-
dynamic model accounts for SLR variations.

The two local models described in the previous paragraph have fine
grid size ranges from 50 m to ~200 m. The USGS 5 m-resolution Na-
tional Elevation Dataset (http://ned.usgs.gov/) is used as the primary
source of the topo-bathymetric of the local models. The two morpho-
dynamic local models presented here are parameterized based on pre-
vious modeling efforts for the same and neighboring Basins (Allison
et al., 2017; Baustian et al., 2018; Meselhe et al., 2015, 2021a; Sen-
drowski et al., 2018; Yuill et al., 2016). These previous modeling efforts

detailed the validated model outputs against field observations. A
summary of the model parameters used here include horizontal eddy
viscosity and diffusivity of 2 and 20 m2 s− 1, respectively. Five sediment
fractions (sand, silt, clay, consolidated clay, and marsh soil) where
consolidated clay and marsh soil are used to define the initial Basin
substrate and sand, silt, and clay are used to define the diverted loads
from the MR through restoration strategies (if applicable) (Baustian
et al., 2018). Spatially variable Chezy roughness is used ranging from 60
(land) to 75 (open water and channels) (Meselhe et al., 2022). Based on
a sensitivity analysis along with guidance from the previous modeling
efforts (Meselhe et al., 2015, 2022; Baustian et al., 2018; USACE, 2020),
the morphological simulation was accelerated using a morphological
acceleration factor (MorFac) of 80 to reduce the simulation time
(Roelvink, 2006). The substrate was designed with total of 30 layers
covering a 20 m depth where the top 1 m is surficial uncompacted fine
sediment layer and the bottom 19 m are consolidated clay (Bomer et al.,
2019). The top 15 layers have 0.3 m thickness while the bottom 15
layers have 1-m thickness each. More details on the morphodynamic
model design and calibration are presented in Khalifa (2023). The
morphodynamic model boundaries include an offshore open boundary
to reflect SLR rates.

2.2.2. Model validation

2.2.2.1. Hydrodynamic model calibration and validation. The year of
2018 is selected for the hydrodynamic model calibration and validation
following previous studies (Hu et al., 2022, 2023). Daily water level, and
salinity data are collected at CRMS and United States Geological Survey

Fig. 3. Barataria and Breton Sound Basins, and different hydrodynamic nested layers’ domains. (A) Location of Louisiana and the extent of the regional hydro-
dynamic model within the Gulf of Mexico model domain. (B) Location of Barataria and Breton Sound Basins and the extent of the two local models within the
regional model domain. (C) DEM data in (m-vertically referenced to North American Vertical Datum NAVD-88). The location of the proposed Mid-Barataria Sediment
Diversion (MBSD) is indicated by the red mark. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

A.M. Khalifa et al.
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(USGS) stations in Barataria Basin for calibration and Breton Sound
Basin for validation as shown in Fig. 4 for model outputs versus field
observations comparisons. The same hydrodynamic parameters are used
for both the Barataria and Breton Sound Basins.

2.2.2.2. Landscape evolution calibration and validation. To assess the
performance of the newly developed SBM, the period 1994–2020 is
selected to evaluate its ability to estimate land loss rates. The model is
calibrated for Barataria Basin, then validated for Breton Sound Basin.
Due to the limitation of mineral sediment input to both Basins during the
1994–2020 period, the landscape change will primarily occur due to
elevation change due to organic accretion rates, subsidence, and sea
level rise. Landscape marsh areas’ estimates (Couvillion, 2017; Cou-
villion et al., 2017) are used to assess the modeled landscape evolution
through the calibration period (1994–2020). The calibrated setup that
shows the best fitting to satellite imagery data for Barataria Basin is used
as a validation setup for Breton Sound Basin. To assess the performance
of each simulation, we track the modeled land loss slopes versus
observed historical estimated land loss rates for different timeline win-
dows. Using this criterion, the best fitting setup is the one that shows the
most comparable modeled land loss rates versus the historical estimates.

3. Results

3.1. Model performance assessment

The overall agreement of WL is good shown by the difference be-
tween measured annual averaged WL and modeled annual averaged WL
where all stations showed 0.01–0.09m differences (Fig. 5-A). A full daily
WL and salinity timeseries analysis is included in the Supplement Ma-
terial. Barataria upper, middle, and lower stations show Root Mean
Square Error (RMSE) of 0.01–0.02 m, 0.01–0.04 m, and 0.05–0.08 m,
respectively for WL. The same stations show RMSE of 0.5–2 PPT, 3–7

PPT, and 3–7 PPT, respectively for salinity. Breton upper, middle, and
lower stations show RMSE of 0.02–0.04 m, 0.03–0.09 m, and 0.05–0.09
m, respectively for WL. The same stations show RMSE of 0.5–3 PPT,
0.5–4 PPT, and 4–7 PPT, respectively for salinity. The seasonal variation
of salinity diminishes from the lower Basin to the upper Basin and the
model reproduced this trend very well and Fig. 5-B shows the difference
between measured annual averaged salinity and modeled annual aver-
aged salinity where all stations showed 0.5 to 5 PPT differences. It is
noteworthy to mention that the maximum salinity differences of 2–5
PPT are limited spatially to the offshore (lower) part of the two Basins
where fragmented saline and brackish marsh types are located. These
regions are predicted to diminish and convert into open water during the
first decade with consideration of all SLR scenarios even the 1m by 2100
whereas, the majority of the healthy intact marsh regions in the existing
2020 DEM are located within a low range of salinity difference of 0.5–1
PPT.

Sensitivity analysis was conducted on several of the key input pa-
rameters as part of model calibration for wetland loss/gain. Annual
averaged eustatic sea level measured record at Grand Isle station (see
Fig. 3 for its location) for the period 1994–2020 is used to provide an
estimate of sea level change (PSMSL, 2022). Table 1 shows the different
annual accretion rates for different marsh types developed by the
CMP2023 (Baustian et al., 2023) where the lower, median, upper limits
of accretion rates are specifically calibrated values for Barataria and
Breton Sound Basins. CMP2023 coast wide data are the averaged ac-
cretion rates obtained from all available CRMS stations (Baustian et al.,
2023). Different subsidence rates from 20 to 50 % of the defined sub-
sidence range by the 2012 and 2017 CMP (Shinkle and Dokka, 2004;
Reed and Yuill, 2017) are used for sensitivity analysis. A set of 23 runs
were conducted as shown in Table 2. Sensitivity analysis involved
organic accretion rates, subsidence rates, and emergence depth for
existing marsh (DE) described earlier in the model development section.

Due to lack of information of the actual DEM at the start of the

Fig. 4. Stations used for WL and salinity comparisons at Barataria and Breton Sound Basins. Stations are divided into three categories as: (1) upper Basin, (2) middle
Basin, and (3) lower Basin.
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calibration period (1994), the 2020 DEM is used as is, and landscape
evolution comparison is done using the land loss trend rather than ab-
solute values as shown in Fig. 6. All sensitivity runs’ results are repre-
sented in the grey envelope shown in Fig. 6-A. The modeled landscape
evolution shows a good response to the environmental drivers and a
reasonable comparison to the historical landscape evolution trend. Run
#20 shows a reasonable agreement between the historical and modeled
estimates and thus concluded as a calibrated setup. The same set of
parameters used in the calibration effort in Barataria is used to validate
the SBM for Breton Sound. Landscape areas’ estimates (Couvillion,
2017; Couvillion et al., 2017) are used to assess the modeled landscape
evolution. Fig. 9-B shows a good agreement between the modeled land
loss trend and the historical estimates. Through the sensitivity analysis,
subsidence is defined as a primary driver that shows the highest impact
on the modeled land loss. This agrees with the findings from Edmonds
et al. (2023) where resources extraction that influences deep subsidence
is defined as the most important cause for land loss in Barataria Basin.
Run 11 and Run 23 have subsidence ranges of (3.6–8.8), and (6–13)
mm/years, and they correspond to the highest and lowest limits that
define the grey shade in Fig. 6-A, respectively. A 65-45% increase in
subsidence corresponds to an excessive land loss of 54, 94, and 226 Km2

by 2000, 2010, and 2020, respectively as shown in Figure S 11-A in the
Supplement Material. The second important sensitivity parameter is the
annual accretion rate where a 2 standard deviation change in the

accretion rate corresponds to excessive land loss of 12, 20, and 57 Km2

by 2000, 2010, and 2020, respectively as shown in Figure S 11-B in the
Supplement Material. The third and least effective sensitivity parameter
is the emergence depth (DE). A decrease in DE from 0.2 m to 0 m cor-
responds to an excessive land loss of 9, 12, and 55 Km2 by 2000, 2010,
and 2020, respectively as shown in Figure S 11-C in the Supplement
Material.

3.2. Restoration strategy: sediment diversion

3.2.1. Environmental drivers and implementation dates
To date, coastal restoration planning in Louisiana’s coast has been

based on projected SLR scenarios laid out in the Coastal Master Plans
(CPRA, 2023) and the goal of restoration planning in Louisiana has been
to slow down land loss in a sediment-starved coastal system. One of the
common restoration strategies targeted in the Louisiana Coastal Master
Plan (CPRA, 2023) is sustaining and rebuilding wetlands through
mimicking a natural deltaic formation process using sediment diversions
from the river. The MBSD is one of the proposed sediment diversions
(Meselhe et al., 2016, 2022; CPRA, 2017, 2023) and is utilized here as an
example application to show the SBM applicability to existing deltaic
systems. It will be located on the west bank of the MR in Barataria Basin
as shown in Fig. 3.

Fig. 5. Barataria and Breton Sound hydrodynamic models’ validation. (A)
Difference between modeled and observed annual averaged WL at different
stations. (B) Difference between modeled and observed annual averaged
salinity at different stations.

Table 2
Calibration runs attributes. Run ID with (*) shape represent runs with better fit
to the calibration dataset.

Run-
ID

Organic Accretion
Rates

Subsidence Emergence Depth (DE)
for Existing Marsh (m)

1 2023 CMP (Mean) CMP 2017
(3.6–8.8) mm/year

0

2 2023 CMP (Mean) CMP 2017
(3.6–8.8) mm/year

0.1

3 2023 CMP (Mean) CMP 2017
(3.6–8.8) mm/year

0.2

4 2023 CMP (Mean) CMP 2017 (4–9.5)
mm/year

0.1

5 5 mm CMP 2017
(3.6–8.8) mm/year

0

6 5 mm CMP 2017
(3.6–8.8) mm/year

0.1

7 5 mm CMP 2017
(3.6–8.8) mm/year

0.2

11* Lower Limit 2023
CMP (Barataria)

CMP 2017
(3.6–8.8) mm/year

0.1

12 Median Limit 2023
CMP (Barataria)

CMP 2017
(3.6–8.8) mm/year

0.1

13 Upper Limit 2023
CMP (Barataria)

CMP 2017
(3.6–8.8) mm/year

0.1

14 Lower Limit 2023
CMP (Barataria)

CMP 2017
(3.6–8.8) mm/year

0.2

15 Median Limit 2023
CMP (Barataria)

CMP 2017
(3.6–8.8) mm/year

0.2

16 Upper Limit 2023
CMP (Barataria)

CMP 2017
(3.6–8.8) mm/year

0.2

17* Lower Limit 2023
CMP (Barataria-2SD)

CMP 2017
(3.6–8.8) mm/year

0.1

18* Lower Limit 2023
CMP (Barataria)

CMP 2017 (4–9.5)
mm/year

0.1

19* Lower Limit 2023
CMP (Barataria-2SD)

CMP 2017 (4–9.5)
mm/year

0.1

20* Lower Limit 2023
CMP (Barataria)

CMP 2017
(4.4–10.2) mm/
year

0.1

21* Lower Limit 2023
CMP (Barataria)

CMP 2017
(5.5–11.6) mm/
year

0.1

22* Lower Limit 2023
CMP (Barataria)

CMP 2017
(5.6–12.3) mm/
year

0.1

23* Lower Limit 2023
CMP (Barataria)

CMP 2017 (6–13)
mm/year

0.1
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Meselhe et al. (2022) used an extensive set of numerical experiments
to examine the impact of key environmental drivers on the performance
of the MBSD used as a coastal restoration strategy. They considered
different environmental drivers as:

- Land subsidence. Two spatially variable subsidence maps were used
based on Reed and Yuill (2017) and Byrnes et al. (2019). These
subsidence rates were assumed to persist over the simulation dura-
tion. Incorporating subsidence into models is challenging due to the
complexity of the process (shallow versus deep subsidence), limited
understanding of how these processes vary with time, and its strong
spatial heterogeneity (Dokka et al., 2006; Yuill et al., 2009). In
Louisiana, USA, a panel of experts (guided by some field observa-
tions) developed spatially variable subsidence ranges for use in the
2012 and 2017 CMP (Shinkle and Dokka, 2004; Reed and Yuill,
2017). The plan used 20% (3.6–8.8 mm/year) and 50% (6–13
mm/year) of the identified range to represent moderate and high
scenarios, respectively. Observations that report historical declining
rates of subsidence from Shinkle and Dokka (2004) supported that
assumption and suggested that in the next 50 years, subsidence rates
will be within the lower end of the range (Reed and Yuill, 2017). For
the SBM, we adopted the approach presented by Reed and Yuill
(2017), however, these rates can be adjusted for applications to other
coastal or deltaic systems.

- SLR rates. Incorporating the eustatic component is fairly a straight-
forward process once a specific curve is selected. Two SLR rates with
a projected elevation of 1 m and 2 m by 2100 were assumed for
consistency with values used in the Louisiana Coastal Master Plan
(Meselhe et al., 2022).

- Mississippi River inflow hydrographs. Five riverine hydrographs,
including four climate scenarios and one historical record were
selected. These climate scenarios are based on the Coupled Model
Intercomparison Project phase 5 (CMIP5) projections span from

1950 through 2100 (Lewis et al., 2019). The Routing Application
Parallel Discharge (RAPID (David et al., 2011; Tavakoly et al., 2017),
) numerical model was used to route runoff datasets provided by
executions of the Variable Infiltration Capacity (VIC (Liang et al.,
1994),) hydrologic model. The VIC model has been executed with its
boundary conditions provided by the downscaled and bias corrected
global climate models. Daily streamflow was generated for the entire
Mississippi River Basin (MRB) at more than 1.2 million river reaches
using high performance computer (HPC) systems.

- Sediment rating curves. To estimate the mineral sediment loading in
the MR, two sediment rating curves were used. The first rating curve,
namely USGS is based on previous studies (Allison et al., 2012;
Meselhe et al., 2016) while the second rating curve estimates the
hysteresis effects (Peyronnin et al., 2017). More details and com-
parisons are available in the Supplement Material.

- MBSD operation date. They considered MBSD hypothesized opera-
tion date of 2025, 2030, and 2035 for the MBSD.

To demonstrate the utility of the SBM for helping decision makers
explore the implications of different assumptions about future condi-
tions., a subset of five scenarios from the full 240 morphodynamic runs
presented in Meselhe et al. (2022), are selected. The five selected sce-
narios represent the 10th, 25th, 50th, 75th and, 90th percentiles of the
land change envelope of possibilities derived from the 240 morphody-
namic runs conducted in the previous study (Meselhe et al., 2022). These
scenarios are modeled using the SBM to demonstrate its ability to pro-
duce decadal landscape changes in a computationally efficient manner.
The selected scenarios and corresponding attributes are presented in
Table 3. It should be noted that the five scenarios are simulated with and
without the MBSD to isolate the positive and negative impacts of the
MBSD. Decadal results from the IBM are extracted and compared to the
annual potential land building and land change from the SBM. The at-
tributes of the IBM two environmental scenarios are shown in Table 3.

The results of the five representative scenarios were analyzed and
corresponding net land change was calculated by subtracting remaining
land from scenarios with and without the MBSD as shown in Fig. 7-A.
Fig. 7-B shows the remaining land percentage for each scenario with and
without the MBSD compared to the existing landscape in 2020. The two
landscape change maps at year 2099 presented in Fig. 8 show: (A) 10th
percentile (lowest net land change) and (B) 90th percentile (highest net
land change).

3.2.2. Sustained and declining sediment loads
Kleiss et al. (2021) generated trends for different water quality pa-

rameters from different USGS stations along the MR path where SSC
showed a declining trend from 1997 to 2019, typically at an annual rate
of around − 1.5% (Mize et al., 2018; Kleiss et al., 2021). This loss in SSC
could be influenced by possible deposition of fine sediments on top of
the flood plain and other sinks along the river. Similarly, Mossa (1996)
reported an overall decline in average annual suspended sediment load
of 70% since 1850. Declining trend that started in 1930 was associated
with soil conservation policies and erosion control measures that include
contour plowing, trees and plants on denuded landscapes replanting
and, constructing small sediment retention dams, and stabilizing banks.
During 1950–1980, most sediment decline is associated with construc-
tion of dams on the Missouri River. Studies of historical changes suggest
that in suspension sand amount and bed material size decreased during
the same period (Mossa, 1996; Meade and Moody, 2010).

In order to examine the impact of the MR sediment supply decline on
potential land building from the MBSD, two annual declining sediment
rates are considered: − 1.5% (Kleiss et al., 2021) and − 3% (Rebich and
Demcheck, 2007; Meade and Moody, 2010). The impact of annual
sediment decline rates on calculated suspended sand and fines is shown
in the Supplement Material. The 90th and 50th scenarios are rerun with
sediment declining rates yielding a total of four new scenarios: 90th with
1.5% decline, 90th with 3% decline, 50th with 1.5% decline, and 50th

Fig. 6. Relative land loss calculated by the SBM are shown in the left Y-axis and
the absolute historical land estimates are represented on the right Y-axis
(Couvillion, 2017; Couvillion et al., 2017). Panel (A) is for Barataria where the
grey shade represents the range of land loss estimates from all the sensitivity
runs. The black line shows land loss trend from the calibrated setup (Run #20).
Panel (B) is for Breton Sound. Uncertainty of the historical land estimates
(Couvillion et al., 2017) is presented as whiskers for one higher and one lower
standard error. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

A.M. Khalifa et al.



Estuarine, Coastal and Shelf Science 306 (2024) 108899

9

with 3% decline. Fig. 9 shows the negative impact of the two sediment
decline rates on the potential land building from the MBSD compared to
the no decline assumption.

4. Discussion

4.1. Verification of the simplified biophysical model applicability

To conserve computational resources, we use 2D local models to
represent the two Basins instead of 3D local models. While there is no
significant salinity stratification inside the Basin, a 3D regional model is
essential to establish the open water boundary for the local model. This
approach is presented in Hu et al. (2023). A full analysis was performed
to assess the performance of 2D versus 3Dmodeling of both regional and
local domains. The analysis showed the importance of running the
regional model in a 3D mode to establish reasonable boundaries to the
local 2D domain. Using 2D for the local domain was adequate as long as
it is driven by a regional 3D model. In addition, based on the salinity
output from the hydrodynamic model, a vegetation distribution map is
generated for Barataria Basin for 2013 which is compared to the USGS
published vegetation distribution developed from remote sensing and
field observations as shown in the Supplement Material. This compari-
son demonstrates the capability of the SBM inundation module to cap-
ture reasonable vegetation distribution. More details on the
hydrodynamic model development are described by Hu et al. (2023).

The model results in this study are compared to land building results
produced by the previously developed IBM (Meselhe et al., 2015;
Baustian et al., 2018; USACE, 2020). Fig. 7 shows a comparison of
remaining land and land change, the subtraction of remaining land from
without-MBSD and with MBSD scenarios. The land change comparison
isolates the impact of the MBSD and its annual potential land building.
The land change comparison shows good agreement between the out-
puts from the SBM and IBM models regarding the magnitude of land
building potential. However, the two models utilize two different ap-
proaches for organic accretion rates. Also, accretion rates calculated by
IBM using LaVegMod (Visser and Duke-Sylvester, 2017) are different
from the annual accretion rates utilized in this study for the SBM which
are based on recent CRMS measurements (Baustian et al., 2023). These
discrepancies in accretion rates from the two models affect both sce-
narios with and without MBSD. In addition, the starting DEM and model
domain are not exactly equivalent between the two models. The dif-
ference in starting DEM of 2020 and model domain between the two
models is shown in Fig. 7-B. There are other differences in environ-
mental forcing assumption between the two models where IBM con-
siders MBSD diversion start date in 2020 whereas, the SBM considers
updated diversion start date scenarios as 2025 and 2035. Additionally,
the SLR scenarios utilized in the IBM runs are 0.79 m and 1.5 m by 2100
whereas, the SBM runs use 1 m and 2 m by 2100 (Table 3). Subsidence
rates are also different between the two models where the IBM run uses
the rates developed for the 2017 CMP (Reed and Yuill, 2017) and the
SBM run uses the recently published rates which are higher (Jankowski
and Reed, 2021). Finally, the IBM run uses measured historical MR
hydrograph from 1970 to 2020 whereas, the SBM run uses two MR
hydrographs generated from the RAPID and VIC climate models (Liang
et al., 1994; David et al., 2011; Tavakoly et al., 2017) to represent most
severe drought and wet scenarios. The IBM results are reported each
decade (USACE, 2020) whereas, SBM has annual results for both land
change and remaining land areas. Collectively these differences make
comparison of exact land building potential numbers from the two
models difficult. However, the bracket of IBM outputs lies within the
SBM outputs bracket and within the same magnitude of land building
potential (see Fig. 7-A). This shows that, although there are differences
between the two model setups, the two studies include similar consid-
erations for which parameters were necessary as model drivers and both
models yielded results indicating similar trends in land change response
to diversion operation. Specifically, the IBM high SLR scenario (1.5 m by
2100) shows a strong remaining land areas agreement with SBM 10th
percentile scenario (2 m by 2100) as shown in Fig. 7-B which emphasizes
the high impact of SLR on the outputs from both models and to Barataria
ecosystem in general. It should be noted that the SBM is approximately
one order of magnitude faster computationally compared to the IBM,
which was one of the driving impetus of developing the SBM.

4.2. Sediment diversion potential land building

The two SLR rates used in the analysis produced distinct net land
change outcomes. As concluded by Meselhe et al. (2022), SLR and
operation date are the most two important parameters that distinguish
whether the subdelta formed by the MBSD operation remains or di-
minishes. By 2070, because of the 2 m SLR and the delayed MBSD

Table 3
Attributes of the environmental driver scenarios.

Scenario-ID MR Hydrograph SLR (m) By 2100 Sediment Rating Construction Date

10 Percentile miroc5-rcp45 (10) 2 Hysteresis 2035
25 Percentile miroc5-rcp45 (10) 1 USGS 2035
50 Percentile miroc5-rcp45 (10) 1 Hysteresis 2035
75 Percentile bcccsm11m-rcp45 (1) 1 USGS 2025
90 Percentile bcccsm11m-rcp45 (1) 1 Hysteresis 2025
IBM (low) Historical record 0.79 Hysteresis 2020
IBM (high) Historical record 1.5 Hysteresis 2020

Fig. 7. (A) Land change for different scenarios calculated as the difference
between the remaining marsh from each scenario with MBSD and the corre-
sponding scenario without MBSD. (B) Remaining land area for different sce-
narios for both scenarios with and without MBSD.

A.M. Khalifa et al.



Estuarine, Coastal and Shelf Science 306 (2024) 108899

10

implementation date (2035), the 10th percentile scenario shows almost
zero land change as the whole Basin has converted to open water. So,
both future with and without MBSD show a diminished landscape and
almost zero land change. This is indicated in Fig. 7 by the green lines and
Fig. 8-A. Establishing a vegetated surface, as early as possible in the
simulation significantly increases the annual elevation gain due to the
organic accretion ameliorating the influence of SLR and subsidence. The
difference between the utilized Hysteresis and USGS rating curves is
reflected on the resulted landscape from the 90th and 75th scenarios
indicated by the red, and black lines in Fig. 7, respectively. Similar
difference is reflected on the resulted landscape from the 50th and 25th
scenarios indicated by the blue, and cyan lines in Fig. 7, respectively.
Comparing the two utilized rating curves, the Hysteresis rating curve
calculated higher suspended sediment and higher sediment loads
diverted through the MBSD and thus the modeled landscape shows
higher land change indicated by the red line in Fig. 7. Decadal land
change maps are presented in the Supplement Material.

4.3. Declining sediment loading

By 2100, the 1.5% and 3% declining rates show decline in net land
change by 30% and 50 %, respectively. Sediment decline is another
environmental driver that controls either the created subdelta by a
sediment diversion thrives or diminishes. The land change results pre-
sented in Fig. 9 and tabulated in Table 4 are concerning because they
suggest that sediment diversions may not be able to keep up with the
pace of land loss if sediment supply continues to decline. This is espe-
cially problematic given that sediment supply is projected to decline by
70–90% in the Mississippi River by 2100. The results of this study also
highlight the importance of considering the impact of sediment decline
when planning restoration projects. If sediment diversions are to be
effective, they must be designed to account for the projected decline in
sediment supply. This may involve using larger diversions, diverting
water to different locations, or using different types of diversions. In
addition to the impact on sediment diversions, sediment decline is also
likely to have a negative impact on coastal wetlands in other ways. For

Fig. 8. Net land change map for Barataria Basin by 2099. (A) 10th percentile scenario with the following attributes: Mississippi hydrograph: miroc5-rcp45 (Lewis
et al., 2019), SLR 2-m, sediment rating curve: Hysteresis, and operation date of 2035. (B) 90th percentile scenario with the following attributes: Mississippi
hydrograph: bcccsm11m-rcp45, SLR 1-m, sediment rating curve: Hysteresis, and operation date of 2025. (C), and (D) are similar to (A), and (B), respectively with
zoomed in view to focus on the MBSD outfall area. Red represents pixels that started as marsh in 2020 and converted to water by 2099 with or without the MBSD,
where grey are pixels that started as marsh in 2020 and remained as marsh by 2099 with or without the MBSD. The dark green represents pixels that started as marsh
in 2020 and converted to water by 2099 without the MBSD but was sustained as marsh only due to the presence of the MBSD. The light green represents pixels that
started as open water in 2020 and remained water without the MBSD but converted to marsh due the presence of the MBSD. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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example, sediment decline can lead to increased erosion, decreased
marsh productivity, and increased salinity levels. These impacts are
likely to make coastal wetlands more vulnerable to sea level rise and
other stressors. It is also important to develop a comprehensive adap-
tation strategy for coastal wetlands in the face of sediment decline. This
strategy should include a variety of measures, such as sediment di-
versions, marsh creation, and shoreline protection. Overall, the results
of this study suggest that sediment decline is a major threat to coastal
wetlands and that restoration projects must be designed to account for
this threat.

4.4. Limitations and assumptions

The SBM uses a simple marsh classification relation to salinity and
inundation developed from CRMS field measurements (Couvillion and
Beck, 2013; Snedden et al., 2015; Hiatt et al., 2019; Baustian et al.,
2023). It uses one simple marsh collapse mechanism based on inunda-
tion (Foster-Martinez et al., 2023). It assumes the succession of each
marsh type’s seeding, colonization, and production of organic accretion
within one growing season (1 year). This study does not account for
consolidation or dewatering of fine material deposits that would have
significantly affected the results. This study does not account for marsh
edge erosion however, it is a very important mechanism for land loss and
would have significantly affected the results (Lauzon et al., 2018; Huff
et al., 2019; Roy et al., 2020; Reed et al., 2020; Houttuijn Bloemendaal
et al., 2021; Kalra et al., 2021). Due to the associated uncertainties and

complicated mechanism, the mineral deposition calculation in this study
does not account for clay sediment flocculation however, previous
studies show the importance of flocculated clay sediment in the land
building process (Droppo et al., 2005; Smith and Friedrichs, 2011, 2015;
Furukawa et al., 2014; Kemp et al., 2016; Bowers et al., 2017; Fall et al.,
2020; Khalifa, 2023). Land subsidence is modeled here using spatially
varied subsidence rates with a no temporal change assumption through
the simulated period of time (Reed and Yuill, 2017; Byrnes et al., 2019).

5. Summary and conclusions

This study presents a development of a computationally efficient
Simplified Biophysical Model (SBM) to evaluate possible restoration
strategies. The SBM includes three components, namely hydrodynamic
model, morphodynamic model, and marsh inundation module. The
hydrodynamic and mineral sediment calculations are performed using
the open source Delft3D model. The marsh inundation component of the
SBM uses an approximated approach to classify marsh types and to
calculate annual organic accretion rates. This simplified approach
avoids running a detailed and computationally expensive vegetation
model representing various species. While explicit vegetation models
are important for detailed ecological studies, they are not critical for
studies focusing on decadal landscape evolution and land loss/gain
rates. The analysis presented here confirms that the simple SBM is
adequate for decadal land loss/gain studies and is computationally
efficient. The typical run time for the SBM is ~0.8, 2.5, and 4.7 days real
time for one, three, and five decade simulations for an area of 4500 km2
defined by 295,400 nodes, respectively which is considered a compu-
tationally efficient for modeling decadal landscape evolution. Through
the SBM, it is possible to generally represent biophysical interactions
simply over decades. The calibrated setup was applied to a set of five
experiments from the 240 scenarios presented by Meselhe et al. (2022)
to examine the relationship between environmental drivers and land
loss rates. The drivers considered in these numerical experiments
include SLR rates, subsidence, freshwater inflow, mineral sediment load,
and the potential implementation dates of 2025, or 2035 for the pro-
posed MBSD. The SBM captured the landscape evolution with and
without the MBSD for the period of 2020 through 2100. As concluded by
Meselhe et al. (2022), SLR and operation date are the most two impor-
tant parameters that distinguish whether the delta created by the MBSD
remains or diminishes. Establishing a vegetated surface, as early as
possible in the simulation significantly increases the annual elevation
gain due to the organic accretion, thereby ameliorating the influence of
SLR and subsidence. The sediment reduction analysis confirms the
critical impact of the MR sediment decline on potential land building
from sediment diversions where 1.5%, and 3% declining rates show
decline in net land change due to MBSD operation by 30% and 50 %,
respectively. This demonstrates the importance of including the impact
of the MR sediment supply decline in restoration projects’ planning and
specifically, sediment diversions. Overall, this study demonstrates the
applicability of the newly developed SBM to model landscape evolution
on a decadal basis and to assess coastal restoration strategies. Also, it has
the capability to model other deltaic complexes and assess different
restoration strategies with the proper tuning parameters to best fit the
corresponding environmental drivers for any other deltaic system.

Software availability

Name: Simplified Biophysical Model (SBM).
Developers: Ahmed M. Khalifa, Ehab A. Meselhe, Kelin Hu, Denise

Reed, and Md Nazmul Azim Beg.
Contact information: akhalifa1@tulane.edu & emeselhe@tulane.

edu.
Hardware required: General-purpose computer.
Programming language: MATLAB.
Availability: The hydrodynamic and morphodynamic models are

Fig. 9. Modeled land change time series for 1.5% and 3% annual declining
sediment scenarios. (A) Land change for different scenarios calculated as
remaining marsh from each scenario with MBSD scenario and the corre-
sponding scenario without MBSD scenario. (B) Remaining marsh for different
scenarios for both scenarios with and without the MBSD.

Table 4
Tabulated land change by 2100 from different scenarios.

Scenario Land change (Km2)

90th Percentile 136
90th Percentile & 1.5% Annual Sediment Reduction 93
90th Percentile & 3% Annual Sediment Reduction 69
75th Percentile 121
50th Percentile 68
50th Percentile & 1.5% Annual Sediment Reduction 44
50th Percentile & 3% Annual Sediment Reduction 37
25th Percentile 53
10th Percentile 9
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open-source and can be accessed via the repository of Deltares (http
://oss.deltares.nl/). Contact the developers for details about the marsh
inundation module.
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