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Abstract: Using the Mississippi River as a tool for restoration has been a key element of restoration
planning in Louisiana for decades. The results of allowing river water and sediment back into the
coastal system are manifested in a number of places in present day Louisiana, with additional plans
for large scale sediment and water diversions from the Mississippi River. Many previous numerical
modeling studies have focused on sediment delivery to Louisiana estuaries. This study examines
the effects of river diversions on salinity gradients in receiving estuarine basins. The Integrated
Compartment Model, a planning-level model that simulates multi-decadal change in estuarine
hydrodynamics and wetland systems under assumed sea-level rise scenarios, was used to assess
the estuarine salinity gradient under potential management regimes. The simulations for current
conditions are compared to a future 50-year simulation with additional diversions, as well as cases
with a variety of diversion options. This modeling analysis shows that without additional action,
50-years of sea-level rise could result in substantial increases in salinity throughout the Mississippi
Delta Plain estuaries. This can be largely offset with additional large river diversions which can
maintain variable salinity gradients throughout the estuary basins.

Keywords: Mississippi River Delta; Louisiana; salinity; sediment; wetland loss; estuary; diversion;
sea-level rise; environmental planning; coastal restoration

1. Introduction

The impacts from projected future sea-level rise are expected to be extensive for the World’s
River Deltas, with the loss of land and habitat diversity threatening the inhabitants, resources and
ecology of these low-lying coastal areas [1,2]. Many deltas have already experienced broad change,
resulting in a loss of habitat extent and diversity due to human activities [3]. The Mississippi
River Delta is a river-dominated delta that was built in a series of successive lobes over the last
7500 years [4]. However, over the past 80 years, Louisiana has lost 3800 km2 of land on the Mississippi
River’s deltaic coastal plain [5] due to a variety of human-induced and natural factors, such as rising
sea levels, levee construction along the Mississippi River, sediment compaction due to pressure
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from overlying sediments and organic decomposition, fluid withdrawal, decreased fluvial sediment
discharge, hurricanes, and widespread hydrologic alteration [6,7].

Over time, the interaction between the Mississippi River and the delta plain has been progressively
managed [8,9] such that there are presently a few uncontrolled connections upstream of the Birdsfoot
Delta [10]. Reconnecting the river with the delta plain is now widely recognized as an essential tool
in the future sustainability of the wetland-dominated coastal ecosystem [11–14], and this approach
has been central to restoration planning in Louisiana for decades [15]. Two freshwater diversions,
Caernarvon and Davis Pond (Table 1) were built in the late 20th century specifically for the management
of the estuarine gradient to support conditions for fisheries in the receiving basins. Future managed
reconnections are usually in the form of sediment diversions. These are structures with gates built in
the existing river levee system that would be operated to allow river water, sediment and nutrients
to flow into the wetlands adjacent to the river to build new land and sustain existing wetlands.
The results of allowing river water and sediment back into the coastal system are manifest in a number
of places including the delta of the Wax Lake Outlet, mining of accumulated sediment in the Bonnet
Carre Spillway, crevasse splays in the Birdsfoot Delta and revitalized marshes adjacent to freshwater
diversions and siphons [14]. At the same time, adjustments in the estuarine gradient as freshwater
is introduced are expected to have some effect on the habitat for important commercial fisheries,
including oysters [16], brown shrimp [17,18], and other commercial species [19].

Table 1. Locations of existing or planned connections between the Mississippi River and estuarine
basins. Barataria (BA), Breton (BR) and Pontchartrain (PO) identify the receiving basin. ID tracks the
locations on Figure 1.

Location ID
Type Max.

Flowrate
Modeled

Operational Regime
Model Simulations

Current
Conds. FWOA Base

Run MP17

Caernarvon—BR 1 Controlled
Diversion 100 cms

Modeled as
proportion of

Mississippi River
(MR) flow

x x x x

Davis Pond—BA 2 Controlled
Diversion 180 cms Modeled as

proportion of MR flow x x x x

Bonnet Carre
Spillway—PO 3 Spillway N/A

Flowrate required to
keep MR flow no

greater than
35,400 cms

x x x x

Pointe-a-la-Hache—BA 4 Siphon 25 cms Modeled as
proportion of MR flow x x x x

Mardi Gras
Pass—BR 5 Uncontrolled

pass N/A Modeled as
proportion of MR flow x x

Bohemia
Spillway—BR 6 Spillway N/A

Modeled as
proportion of MR flow

when MR >
26,335 cms

x x

Fort St.
Philip—BR 7 Uncontrolled

pass N/A Modeled as
proportion of MR flow x x x x

Mid-Barataria
Sediment

Diversion *—BA
8 Controlled

Diversion 2123 cms

Min flow of 141 cms;
linear increase to

capacity from 12,742
to 28,316 cms in MR

x x

Mid-Breton
Sediment

Diversion *—BR
9 Controlled

Diversion 991 cms

Min flow of 71 cms;
linear increase to

capacity from 12,742
to 28,316 cms in MR

x x

E. Maurepas
Freshwater

Diversion—PO
10 Controlled

Diversion 56.6 cms Constant flow x x
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Table 1. Cont.

Location ID Type
Max.

Flowrate
Modeled

Operational Regime
Model Simulations

Current
Conds. FWOA Base

Run MP17

Bayou Lafourche
Diversion—BA 11 Controlled

Diversion 28 cms Constant flow x

Lower Breton
Diversion—BR 12 Controlled

Diversion 1415 cms

Closed below
5663 cms in MR; linear

increase to 1415 at
28,316 cms in MR;

variable above
28,316 cms MR

x

Central Wetlands
Diversion—PO 13 Controlled

Diversion 141 cms Constant flow x

Union Freshwater
Diversion—PO 14 Controlled

Diversion 708 cms

Closed below
5663 cms or above

16,990 in MR; 708 cms
for MR at 11,326 cms;

linear from 0 to
708 cms from
5663 cms to

11,326 cms in MR and
held constant between

11,326 cms and
16,990 cms in MR.

x

Ama
Diversion—BA 15 Controlled

diversion 1415 cms

Closed below
5663 cms in MR; linear

increase to 1415 at
28,316 cms in MR;

variable above
28,316 cms MR

x

Ostrica—BR 16 Uncontrolled
pass N/A

Modeled as
proportion of MR flow

when MR > 22,653
x x x x

Louisiana has a long history of coastal restoration and protection planning. In response to the
past and the growing threat of future coastal land loss due to rising sea levels, subsidence, and altered
hydrology, Louisiana has developed a coastwide plan for coastal restoration and storm surge-based
risk reduction over the next 50 years. The implementation of this plan would reduce land loss and
expected annual damages, compared to a future with no action [20–22]. Through the 2017 Coastal
Master Plan process, the restoration projects were analyzed and selected based on their ability to build
or sustain land against a potential future landscape that incorporated up to 0.8 m of eustatic sea-level
rise over the next 50 years. With the effort and investment envisaged in the 2017 plan, nearly 3000 km2

of land is projected to be built or sustained that may have otherwise been lost. The expected annual
damages from storm surge-based flooding are projected to be reduced by $12.2 billion at year 50 [22].
The 2017 plan selected a variety of restoration project types including river sediment diversions.

A number of sediment diversions from the Mississippi River have been identified to support
land building and wetland sustainability [21,22]. The focus on sediment recognizes the value of
that resource. Freshwater diversions of various scales have been used for decades in Louisiana to
manage estuarine salinity gradients. The 2017 Coastal Master Plan also introduced the concept of using
diversions at strategic and suitable locations that operate only under low-moderate river discharges to
provide supplemental freshwater to estuarine wetlands, especially freshwater wetlands, during the
times of the year when salinities often increase. The ecosystem diversity can be important outcomes of
strategically placed riverine diversions, as well as land-building and land maintenance.

Moving water and sediment from the river into the estuarine basins results in ecosystem change
relative to current or past conditions. However, the forward-looking analysis that considers future
change, especially that associated with sea-level rise is needed.
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The analysis described here explores how the use of river freshwater and sediment resources
at multiple locations, individually or in combinations, year-round or seasonally, and in different
magnitudes can be used to sustain the coastal ecosystem. It uses numerical experiments to consider
several strategies for diversion operation and shows how the effects of diversion vary over time as the
sea-level rises, between the years as the river fluctuates, and among estuarine basins with different
landscape settings.

2. Methods

This analysis utilizes tools developed for the 2017 Coastal Master Plan to further explore the
potential of the Mississippi River as a tool to support the sustainability of the Mississippi Delta
Plain and the economic activities that depend on it. The Integrated Compartment Model (ICM) is
a planning-level model that was developed by integrating into a single modeling platform several
models that had previously been used for coastal zone planning and research in Louisiana [23].
The models that are included as subroutines within the ICM framework include a hydrologic and
hydraulic model [24], a vegetation dynamics model [25], a wetland morphology/elevation change
model [26], as well a barrier island morphology model and several receptor models that summarize
the hydrologic and landscape conditions into numerous habitat indices and decision-making metrics.
The hydraulic and hydrologic model, ICM-Hydro, simulates on a sub-daily timestep: water level
(stage), flow rate, salinity, water temperature, suspended sediment concentration, sediment deposition
and resuspension within open water areas, sediment deposition on the marsh surface, and a variety
of water quality/nutrient constituents. The seasonal hydrologic conditions and salinity are then
utilized by the vegetation dynamics model, ICM-LAVegMod, to predict the relative likelihood of
wetland vegetation species being present under such conditions. The patterns of inundation, salinity
penetration, sediment deposition and organic matter accretion are all taken into account within the
wetland morphology/elevation change model, ICM-Morph, to predict whether wetland areas remain
as viable emergent vegetation or collapse into open water due to either persistent inundation stress
or acute salinity stress. Finally, as the coastal wetlands change in vegetative cover, and the resultant
changes in elevation and land/water composition, the hydraulic network of the estuary is updated prior
to the next model year in ICM-Hydro, to simulate the changing hydraulic and hydrologic conditions
that occur as a result of collapsing wetland areas.

Prior to any modeling analysis, the ICM was calibrated using observational data from 2010 to 2013,
and then validated on observations from 2006 to 2009. These time periods correspond to the development
and widespread availability of data from the Coastwide Reference Monitoring System (CRMS), which
collects hourly water level and salinity data across coastal Louisiana [27]. The water level predictions
were calibrated with a goal that 80% of compartments should have a prediction bias of less than 0.15 m
in the daily mean water level prediction. The magnitude of this bias corresponds approximately to the
error in the underlying topographic digital elevation model (DEM) used in this analysis, which varies
from a RMSE of 0.07 to 0.3 m [28]. The hydraulic link capacity and bed roughness were adjusted if
the observed stage signal and amplitude were not in satisfactory agreement with the model. Due to
the apparent datum inconsistencies in certain observed stations (as well as clear patterns of hydraulic
controls influencing observed water levels), certain observed data were excluded when assessing the
overall model fit. These inconsistent datasets were still used to visually compare modeled and observed
hydrographs, but they were excluded from any aggregate model performance statistics.

Salinity calibration was also conducted for the same 2010 through 2013, time frame. The model
agreement was defined as 80% of the compartments with a bias in salinity prediction of less than
1 ppt. Coastwide, 76% of the model-observation pairs met this goal. In the Mississippi River Delta
(Pontchartrain, Breton and Barataria basins, Figure 1), 87% of the model-observation pairs met the
bias target of 1 ppt or less (refer to Tables S2 and S3 and Figures S2–S5 in Supplementary Material).
To attain this, a model parameter representing a combined dispersion diffusion coefficient, Exy, was
adjusted if the observed salinity signal and amplitude were not matched by the model.
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Figure 1. Location map showing the estuarine basins and the location of existing or planned connections
between the Mississippi River and estuarine basins. See Table 1 for more information.

The higher Exy values allowed for more exchange between compartments and lower values
allowed for less exchange between compartments. In addition to adjusting the dispersion-diffusion
coefficient, the salinity predictions were improved by the addition of a term in the hydrodynamic
code that replaced the original central-difference method used for salinity convection with a first-order
upwinding scheme [29]. This scheme was used for compartments with typical river/canal flows, where
upwinding was an appropriate approximation, as compared to slower estuarine/marsh flow regimes
where the upwinding scheme was not applied. This addition of the upwinding technique greatly
increased the stability of salinity predictions. Further discussion and analysis of the ICM methodology,
calibration, validation, model performance and analysis are provided in the Supplementary Materials
as well as several peer reviewed articles [24–26,30–34] and technical reports [35–41].

This paper focuses on six sets of analyses. Five of the six simulations were analyzed using the
50-year flow hydrograph used in the 2017 Coastal Master Plan analysis, whereas the current conditions
simulation used the observed flow hydrograph for 2006 through 2013. Three distinct Mississippi River
flow conditions were identified from the historical river discharge data from 1964 to 2013 and were used
in single year model runs for some of the analysis. Figure 2 shows the daily mean flow in the Mississippi
River at Tarbert Landing, from 1964 to 2013. Figure 3 shows the annual mean flow anomaly (i.e., deviation
from the long-term mean) for the Mississippi River for this 50-year flow hydrograph. A low river year
(1988, elapsed year 25), a high river year (1993, elapsed year 30), and an average river year (1992, elapsed
year 29) were selected between year 25–35. These river years were used to examine the effects of project
configurations under a range of river flow conditions for some of the simulations described here.

Table 1 shows the operation regimes for diversions and other river outlets to estuarine basins.
The operational flow rates for most passes, cuts, and diversions on the Mississippi River were based



Water 2019, 11, 2028 6 of 25

upon the flow in the river at each respective pass/diversion location. Therefore, the operation of any
diversion was impacted by all operated diversions located upstream.
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Figure 3. Annual mean flow anomaly from 1964 to 2013.

All of the analyses presented here (with the exception of the current conditions run, which used
observed boundary conditions) were conducted using the medium scenario for the 2017 Coastal Master
Plan [35]. The medium scenario uses 0.63 m of eustatic sea-level rise (ESLR) from 2015 through the end
of 2064. The acceleration term increased over time, and the rate corresponded to 1.5 m of ESLR by
2100 compared to the 1992 sea level. The relative sea-level rise rates were assigned based upon these
ESLR rates and subsidence values, which varied spatially across the model domain [42]. For the area
included in this study, the subsidence ranges from 2.6 mm/year in the Upper Pontchartrain basin to
17 mm/year in the Birdsfoot Delta (refer to Figure S1 in Supplementary Materials: ICM Overview, for a
map showing subsidence zones for coastal Louisiana used in this analysis).

A set of simulations was designed to explore a range of uses of Mississippi River water and
sediment. The locations of existing and planned connections from the Mississippi River to the estuarine
basins are shown in Figure 1 and their configurations are shown in Table 1.

The six simulations conducted for this analysis were:

1. Current Conditions. Before the ICM was used to assess future hydrologic and landscape conditions
throughout coastal Louisiana, the ICM-Hydro subroutine was run from 2006 to 2013 using observed
salinity and water level data collected across coastal Louisiana. The descriptions of the data used for
this run and discussions on general model performance and limitations can be found in previously
published literature [28,30–32]. This run is used to illustrate the current pattern of salinity fluctuations
within the estuaries, against which simulations that include sea-level rise can be compared.
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2. Simulations of Future Conditions with Varying Levels of Freshwater Inflow.

a. Future Without Action Run (FWOA). The ICM was run for a future 50-year period without
any potential future projects included. This simulation is termed the future without action
(FWOA). In the FWOA, all sediment and freshwater diversions that were already built were
implemented in the model. A full discussion of all boundary conditions assumed for this
50-year future condition is available in Brown et al., [28]. This run is used to demonstrate
the effects of relative sea-level rise on the estuarine salinity gradient in the absence of
additional freshwater inflow.

b. Base Run with Both Mid-Basin Sediment Diversions (Base Run). This 50-year model run
includes all diversions that are currently in some phase of the engineering and design
process (e.g., Mid-Barataria sediment diversion, Mid-Breton sediment diversion, and
Maurepas freshwater diversion) and represents a likely future condition against which
the need for additional management of river-estuarine can be assessed. In the base run,
these diversions were implemented in addition to the existing diversion included in FWOA
(Table 1). This run is used to demonstrate the effects of the diversion projects which are
expected to be built within the next 5 years in the context of future sea-level rise.

c. All 2017 Master Plan Diversions (MP17). This simulation shows the potential effect of all
2017 Coastal Master Plan diversions working together over a 50-year period. This includes
5 diversions in addition to those included in the base run (Table 1).

3. Simulations examining connectivity between the river and estuary. In addition to the above
multi-year simulations, several single-year simulations were also conducted to explore specific
options for adjusting connectivity between the river and the estuary and the effects of diversion
operation on sediment delivery, which is a key factor in using sediment diversions to combat
the effects of future sea-level rise. One simulation explores the modified exchange between
the Mississippi River and Breton Sound by comparing the effect of a single larger diversion
point versus multiple smaller exchange points. The currently active exchange points with the
Mississippi River (e.g., Caernarvon Freshwater Diversion, Mardi Gras Pass, Bohemia Spillway,
Fort St. Philip, etc. see Table 1) were modeled as inactive with the flow being maintained in the
main channel of the Mississippi River.

4. Simulations examining diversion operations to deliver fine sediment. Many of the planned
diversions have been justified on the basis of delivering sediment to the estuarine basins [43].
In addition to the information developed on sediment delivery using the simulations described
above, an additional ICM run was conducted to assess the use of a diversion operational regime
focused on the delivery of fine sediment, i.e., less focused on maximizing water flow during peak
river flows as for the Mid-Breton and Mid-Barataria diversion (Table 1). This simulation used the
Central Wetlands diversion (Table 1, Figure 3) as an example and was conducted on three years
which represent years with low, average, and high rates of Mississippi River flow.

To examine the effect of diversions over time as the relative sea-level rise progresses, the salinity
gradients within the receiving basins plots were constructed showing the area of the basin (wetland and
open water combined) subject to different salinity levels. Six bins were identified representing different
salinity ranges. These salinity ranges were selected on the basis of salinity tolerance of seven wetland
species which have previously been used to assess the effects of Mississippi River diversions [44].
The range in salinity values in which these species are optimally located (as defined by the LAVegMod
model rules [25]) are shown in Figure 4. The daily salinity values for the growing season for the
Louisiana coastal wetland vegetation were used to calculate the area of the basin, experiencing the
salinity range for each bin in each year of the simulation. The model output for each ICM-Hydro
compartment, which included both open water and marsh areas, was summarized based on three
ecoregions shown in Figure 1.
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3. Results

3.1. Current Conditions

A comparison across the basins (Figure 5) shows the differences in the penetration of salinity into
the basins. Both Pontchartrain and Barataria show extensive areas with salinity 16–35 ppt in all years,
while for four of the years this salinity range does not occur in Breton. This is due to the proximity of
Breton to the Mississippi River and the many small connections (see further analysis of the effects of
these connections below).

Breton is also different at the lower end of the salinity range. Both Pontchartrain and Barataria
extend inland some distance, are larger in size (increasing freshwater inputs through precipitation)
and receive some municipal stormwater runoff. Pontchartrain also received freshwater inflow from
tributary streams. Both Barataria and Pontchartrain include areas <0.6 ppt in all years in this run.
However, the conditions in 2006, 2007 and 2012 eliminate this zone in Breton.

The period shown in Figure 5 included both a high flood year (2011) and a low river flow year
(2012) as shown in Figure 3. However, there is a substantial change in the salinity distribution in
only one of the three basins. The high flow in 2011 does not increase the area <0.6 ppt in any basin
indicating the limited connections between the Mississippi River and estuarine basins in the current
condition. However, Breton which has several small connections, does show a substantial decrease in
the area with salinities <2 ppt in 2012 during the low flow year.

3.2. Simulations of Future Conditions with Varying Levels of Freshwater Inflow

Three of the simulations progressively increase the exchange between the Mississippi River and
estuarine basins (Table 1). Table 2 summarizes the differences in the distribution of salinity for decadal
intervals during the 50-year model runs, showing the relative area of the basins for three different
salinity ranges (based on the six bins described above) for ease of comparison.

Table 2. Relative area of each basin subject to three salinity ranges by decade for future without action
(FWOA), the base run and MP17 simulations.

FWOA

Pontchartrain Breton Barataria

<2 ppt 2–16 ppt >16 ppt <2 ppt 2–16 ppt >16 ppt <2 ppt 2–16 ppt >16 ppt

Year 10 53% 47% 0% 54% 46% 0% 60% 27% 13%
Year 20 53% 47% 0% 48% 52% 0% 54% 31% 15%
Year 30 54% 46% 0% 54% 46% 0% 49% 35% 16%
Year 40 50% 50% 0% 27% 73% 0% 25% 45% 29%
Year 50 31% 66% 3% 17% 83% 0% 4% 52% 44%
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Table 2. Cont.

Base Run—Mid-Basin Diversions

Pontchartrain Breton Barataria

<2 ppt 2–16 ppt >16 ppt <2 ppt 2–16 ppt >16 ppt <2 ppt 2–16 ppt >16 ppt

Year 10 58% 42% 0% 55% 45% 0% 65% 25% 10%
Year 20 54% 46% 0% 55% 45% 0% 66% 24% 10%
Year 30 58% 42% 0% 70% 30% 0% 72% 18% 10%
Year 40 50% 50% 0% 49% 51% 0% 60% 28% 12%
Year 50 31% 63% 6% 29% 71% 0% 56% 29% 16%

All 2017 Master Plan Diversions

Pontchartrain Breton Barataria

<2 ppt 2–16 ppt >16 ppt <2 ppt 2–16 ppt >16 ppt <2 ppt 2–16 ppt >16 ppt

Year 10 61% 39% 0% 58% 42% 0% 67% 23% 10%
Year 20 58% 42% 0% 55% 45% 0% 67% 23% 10%
Year 30 61% 39% 0% 70% 30% 0% 76% 14% 10%
Year 40 50% 50% 0% 48% 52% 0% 63% 27% 10%
Year 50 36% 58% 6% 29% 71% 0% 60% 30% 10%
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The FWOA run maintains the same connections between the basins and Mississippi River as the
current conditions simulation. However, the 50-year simulation includes the effects of the relative
sea-level rise and the changing wetland landscape within the basins [33]. Under FWOA, all basins
show an increase over time in the proportion of the basin in the 2–16 ppt range, and both Pontchartrain
and Breton show an increase in the area >16 ppt by year 50. The rate of eustatic sea-level rise accelerates
over time in the simulation and is assumed to be the lead cause of that significant increase in salinities
in the last decade.

The base run shows the same increase in salinity levels in Pontchartrain, Breton, and Barataria for
April–September as found in FWOA with some individual years, fresher or more saline. The simulation
including all the 2017 Master Plan diversions does not result in a substantially different salinity regime
compared to the base run, mostly because both simulations include several diversion projects that
divert large freshwater volumes to the basins. The operation plans are different between the simulations
but not sufficiently to create major differences in the salinity regime. Table 2 shows the least amount
of area >16 ppt at year 50 in this run compared to the other runs in Barataria, with the other basins
being similar.

The annual snapshots shown in Table 2 mask the extensive interannual variation, and the
differences in the response among the basins to events included in the 50-year boundary conditions.
Of note, here is a severe drought (low rainfall) in the simulation in years 42–43. Figure 6 shows the
effect of this drought in Pontchartrain in years 42–43 for the three simulations. For each simulation,
these years show the greatest extent >16 ppt and the least extent <0.6 ppt.

Figure 6 shows a few major trends over time in Pontchartrain with substantial interannual
variability, as might be expected where there are connections to riverine inflows. The last 15 years of
the simulations show a generally smaller area of <0.6 ppt. In Pontchartrain, there appears to be an
increase in the frequency of years with large areas >16 ppt in the later years which may be associated
with the progressive influence of sea-level rise. This occurs in all three simulations and may be more
related to the changes in freshwater from tributary inflows to the basin from inland streams, which
remains the same for all simulations, rather than the river diversion inflows.

The changes in the Breton basin are shown in Figure 7. This basin has no inputs of freshwater
apart from the precipitation and multiple relatively small controlled or uncontrolled connections to
the Mississippi River (Table 1). The last 15 years of the simulations show a generally smaller area of
<0.6 ppt in all simulations shown in Figure 7, and in FWOA there is also a decrease in the area <2 ppt.
The FWOA also shows some incursion of water >16 ppt in isolated years in the last decade in contrast
to earlier years of the simulation.

With the mid-basin diversion, the area in Breton <0.6 ppt increases compared to FWOA, showing
that the large diversion has a greater impact on salinity than the existing connections (see next section).
However, there are more years in the base and MP17 runs compared to FWOA, especially early in the
simulations, when Breton includes areas >16 ppt. This seems counterintuitive when more freshwater
is entering the basin through the diversion. However, as diversions into Barataria are also operating in
these simulations, the flow toward the mouth of the Mississippi is diminished, reducing the discharge
through distributaries in the Birdsfoot Delta, and increasing salinity in the lower parts of the Breton
basin (Figure 3).
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freshwater inflow

Barataria shows a very different pattern from the other basins, especially under FWOA (Figure 8).
The FWOA run maintains the same connections between the basins and Mississippi River as current
conditions. The 50-year simulation includes the effects of the relative sea-level rise and the changing
wetland landscape and these effects are most dramatically shown in FWOA. There is a major increase
in the extent of the basin with 16–35ppt salinity after year 30 (Figure 8). This period also shows a major
decrease in the area <0.6 ppt. In the last few years of the simulation, only a small area of the basin
experiences salinities <2 ppt.
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Figure 7. April to September salinity region variations in Breton for runs with varying levels of
freshwater inflow.

With the diversions operating, Barataria does not experience the dramatic increase in the areas
>16 ppt found in FWOA. Figure 8 shows remarkably little change over time. There is an increase
for most of the 50-year simulation in the extent <0.6 ppt in Barataria in the base run but during the
drought period, a large area <2 ppt remains. The MP17 simulation includes an additional diversion
into the Barataria basin at Ama (Table 1, Figure 1) which appears to have little effect on the salinity
distribution for most of the simulation, but reduces the effect of the drought. Even with this diversion,
there are still conditions in specific years later in the simulation, that dramatically reduce the area of
the basin <0.6 ppt.
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freshwater inflow.

3.3. Modified Exchange between the Mississippi River and Breton Sound

The currently active exchange points (distributaries) between the Mississippi River and Breton
Sound (e.g., Caernarvon Freshwater Diversion, Mardi Gras Pass, Bohemia Spillway, Fort St. Philip,
etc.) were modeled as inactive with the flow being maintained in the main channel of the Mississippi
River and eventually reaching the Birdsfoot Delta. All other simulation conditions (including diversion
operations) and environmental assumptions were as represented in the 2017 Coastal Master Plan
FWOA and the base run (Table 1).

Figure 9 shows the salinity difference maps for the run with modified exchange compared to the
base run at year 25 and 50, respectively. The simulation results show a salinity increase that extends east
into the Lower Pontchartrain basin due to the reduced freshwater into Breton. The April-September
salinity distribution plots in Figure 10 show the salinity gradient in Breton due to the disconnection
from the Mississippi River, which shows a greater extent of saline bins compared to the base run
(Figure 7) while little change is observed in Barataria or Pontchartrain.



Water 2019, 11, 2028 14 of 25

Water 2019, 11, x FOR PEER REVIEW 15 of 26 

Figure 9 shows the salinity difference maps for the run with modified exchange compared to the 351 
base run at year 25 and 50, respectively. The simulation results show a salinity increase that extends 352 
east into the Lower Pontchartrain basin due to the reduced freshwater into Breton. The April-353 
September salinity distribution plots in Figure 10 show the salinity gradient in Breton due to the 354 
disconnection from the Mississippi River, which shows a greater extent of saline bins compared to 355 
the base run (Figure 7) while little change is observed in Barataria or Pontchartrain. 356 

 357 
Figure 9. The salinity difference when exchanges with Breton Sound through distributary channels 358 
downstream of the Mid-Basin diversions are reduced (modified exchange run compared to the base 359 
run with both Mid-Basin diversions) at year 25 (left) and year 50 (right). Eustatic sea level rise by year 360 
25 was 0.33 m and 0.63 m by year 50. 361 

 362 
Figure 10. April to September salinity region variation in Breton Sound eco-region with minimal 363 
exchange between the Mississippi River and Breton Sound. 364 

  365 

Figure 9. The salinity difference when exchanges with Breton Sound through distributary channels
downstream of the Mid-Basin diversions are reduced (modified exchange run compared to the base
run with both Mid-Basin diversions) at year 25 (left) and year 50 (right). Eustatic sea level rise by year
25 was 0.33 m and 0.63 m by year 50.

Water 2019, 11, x FOR PEER REVIEW 15 of 26 

Figure 9 shows the salinity difference maps for the run with modified exchange compared to the 351 
base run at year 25 and 50, respectively. The simulation results show a salinity increase that extends 352 
east into the Lower Pontchartrain basin due to the reduced freshwater into Breton. The April-353 
September salinity distribution plots in Figure 10 show the salinity gradient in Breton due to the 354 
disconnection from the Mississippi River, which shows a greater extent of saline bins compared to 355 
the base run (Figure 7) while little change is observed in Barataria or Pontchartrain. 356 

 357 
Figure 9. The salinity difference when exchanges with Breton Sound through distributary channels 358 
downstream of the Mid-Basin diversions are reduced (modified exchange run compared to the base 359 
run with both Mid-Basin diversions) at year 25 (left) and year 50 (right). Eustatic sea level rise by year 360 
25 was 0.33 m and 0.63 m by year 50. 361 

 362 
Figure 10. April to September salinity region variation in Breton Sound eco-region with minimal 363 
exchange between the Mississippi River and Breton Sound. 364 

  365 

Figure 10. April to September salinity region variation in Breton Sound eco-region with minimal
exchange between the Mississippi River and Breton Sound.

The vegetation coverage for the base run and minimal exchange for year 25 and 50 are shown in
Figure 11. The vegetation in lower Breton Sound and along the east bank side of the Mississippi River
converts towards a more saline type due to the freshwater reduction with the modified exchange as the
direct freshwater input through Mardi Gras Pass and Fort St. Philip (Figure 3) are reduced. While less
vegetated land is shown in year 50 as the effects of the sea-level rise and subsidence have resulted in
land loss, a similar effect is apparent. At year 50, with 0.63 m of additional sea-level rise, the diversion
alone (Modified Exchange in Figure 11) maintains fresh marsh in the upper part of the Breton basin
but is insufficient to prevent saline marsh along the east bank of the river.
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Figure 11. Vegetation coverage for base run with both of the Mid-Basin diversions (left) and the
modified exchange run with both diversions active but other connections to Breton Sound reduced in
flow capacity (right). Eustatic sea level rise by year 25 (top) was 0.33 m and 0.63 m by year 50 (bottom).

There is also a marked difference in the extent of the brackish marsh zone between year 25 and
year 50. At year 25, this is a very narrow band in both simulations. The freshwater from the diversion
and saline water from the Gulf squeeze out the brackish zone. However, as the sea-level rise progresses,
saltwater penetrates further, mixing with the fresh conditions maintained by the diversion to produce a
more extensive zone of brackish marsh. It should be noted that in addition to the vegetation shifts over
time and under different freshwater exchange scenarios, there is a marked decrease in the amount of
wetland area throughout lower Barataria and lower Breton basins under this assumed relative sea level
rise scenario. This conversion of wetland area to open water is a consequence of persistent inundation
and salinity penetration due to the combined effects of eustatic sea level rise and subsidence [33].
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3.4. Operational Regime and Sediment Delivery

The purpose of most planned river diversions in Louisiana is to provide sediment for rebuilding
of coastal wetlands and their maintenance under a future sea-level rise [45]. Their location and design
are often optimized based on the potential for delivery of sand from the river through the diversion
structure [46,47]. Table 3 presents the cumulative suspended sand load (not including bedload or
fines in suspension) diverted for the simulations described above. These observations also point to
the need for careful management of the operation of proposed restoration strategies (with dynamic
components).

Table 3. Suspended sand load diverted from the Mississippi River for each of the simulations (total
over 50 years).

Sand Load Diverted from the Mississippi River
(Million Tonnes) Breton Barataria

Base Run (two Mid-Basin diversions) 136.7 47.7

All 2017 Master Plan Diversions 146.8 44.8

Modified Exchange between the Mississippi River
and Breton Sound 84.5 N/A

These simulations reflect the combined influence of different combinations of diversions with
and without various existing connections between the river and estuary, over 50 years. Table 3 shows
greater potential for sand delivery into Breton, which may be the result of the Mid-Breton diversion
being upstream of the Mid-Barataria diversion, reducing the flow available for distribution when they
are both operating simultaneously.

Varying the operational regimes shown in Table 1 would modify these sand loads. However, as fine
sediments are important for coastal marsh maintenance in the face of sea-level rise [45], an additional
simulation was conducted to assess the effects of an operational regime and the river flow on fine
sediment delivery. This simulation used the Central Wetlands diversion as an example (see Figure 1 for
location). The single-year runs were conducted to examine the different configurations and operational
rules. All other simulation conditions (including diversion operations—see Table 1) and environmental
assumptions were as represented in the 2017 Coastal Master Plan FWOA and the base run.

Three Central Wetlands diversion configurations were evaluated:

1. The operation of 141 cms assumed in the 2017 Coastal Master Plan was used.
2. The diversion was operated similar to the Mid-Barataria diversion in the base run (see Table 1)
3. The diversion opened when river flow was above 12,742 cms with a discharge of 0.83% of the

Mississippi River flow. This diversion to river ratio was determined as the sum of the total
diversion discharge if it operated with a constant 141 cms flowrate in 50-years and divided by the
total river flow when the diversion is opened (river flow above 12,742 cms) in 50 years. The idea
is to operate the diversion only during the high river condition while retaining the same total
annual discharge volume as with a constant flowrate (configuration 1).

The diversion discharge for these three different operational configurations in the selected low,
medium, and high river years (see Methods) are shown in Figure S1 in Supplementary Materials:
ICM Simulation Settings. The three diversion operations were evaluated in these pre-selected river
flow conditions and the sand concentration in the diverted water was set to zero in order to evaluate
sediment accumulation from fine particles.

The fine sediment accumulation in the receiving basin for the Central Wetlands diversion for
different diversion configurations in different river years are shown in Figure 12.
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Figure 12. Sediment accumulation in the receiving compartment for the three Central Wetlands
diversion configurations: A constant year-round flowrate of 141 cms as modeled for the 2017 Master
Plan (1), a flowrate activated when the river flow was above a given threshold with a maximum
diverted rate of 141 cms (2), and a diversion such that the annual volume diverted was equal to the
annual volume diverted in configuration 1, but only during periods of peak flow in the river (3).

The receiving compartment is a 17 km2 tract of marsh (16% of which is open water) on the east
bank of the Mississippi River. The Central Wetlands tract is bounded on all sides by hydrologic barriers
(flood walls, levees, roadways) and currently receives freshwater inflows from several pump station
discharge lines which drain the eastern portions of New Orleans and neighboring municipalities.
The sediment accumulation for diversion configuration 3 is higher compared to diversion configuration
1 and 2 in all simulated river conditions. Diversion configuration 3 performs better in low and medium
river years when compared to the high river year.

The fifty-year simulations with diversion operational configuration 1 and 3 were conducted.
Salinity in the immediate receiving area is highly influenced by the different operational configurations.
As illustrated in Figure 13, operational configuration 1 resulted in a sustained low salinity in the
diversion receiving area, while in operational configuration 3, salinity is only slightly different from
the no diversion condition.
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4. Discussion

4.1. Future Effects of Relative Sea-Level Rise

The effect of 50 years of sea-level rise on estuarine environments is often focused on the fate of the
coastal wetlands and the impact of their loss of habitat for fish and wildlife [48–50]. The simulations
described here show that the effects of the sea-level rise on these estuarine basins can be largely
offset by more extensive use of river resources. Barataria basin (Figure 8) shows the most variation
in salinity during the FWOA with a marked increase in later years of the simulation. It has a few
existing connections to the Mississippi River, other than the Davis Pond freshwater diversion (Table 1),
and no other freshwater inputs other than precipitation, stormwater runoff from local communities.
Under FWOA, the fresher parts of the estuarine gradient, i.e., <2 ppt, are greatly reduced and almost
eliminated during drought years with low rainfall (Figure 8, Table 2).

Barataria also has a relatively intact chain of barrier islands, separated by tidal inlets, at the
Gulfward margin (Figure 3). Barrier islands have been shown to modulate salinity in Louisiana
estuaries [51]. The simulations described here do not discuss barrier island dynamics over time.
Further, how the barrier shoreline is maintained in the future, as it also faces impacts from the sea-level
rise, will be important for future salinities and the relative influence of diversion in the Barataria basin.

As this modeling has shown, the interaction of the future sea-level rise with other climatic factors
is more complex. The inclusion of the drought years in year 42–43 of the simulations showed that
even in Pontchartrain where sea-level rise did not cause a major progressive increase in salinity
> 16 ppt, the effect of a higher sea-level and reduced precipitation caused a temporary increase
(Figure 6). The potential for adaptive operations for diversions to mitigate such events is discussed
below. However, one other key influence on the issues discussed here is the effect of future climate
change on Mississippi River discharge. The simulations included here are all based on the same 50-year
record of the Mississippi River flow in order that the effects of diversions on the change in the estuaries
due to the sea-level rise can be specifically explored. Studies have shown that trends in flooding on the
Mississippi River are influenced by climate variability including the El Niño–Southern Oscillation and
the Atlantic Multidecadal Oscillation [52], although predicting future river flow is challenging in large
river systems [53].

4.2. Effects of River Diversions on Estuarine Conditions

This study has shown the influence of different magnitudes of river inflow on salinity gradients
within the estuaries. The comparison of the future with only minor connections between the river and
estuarine basin (FWOA) with two major diversions (base run) and then with additional diversions
(MP17) for salinity distribution shows differences among the basins (Figures 5–7). For Pontchartrain
(Figure 6) which does not directly receive additional inflows under the base run, the difference is the
greatest in the last decade in the extent of the basin <0.6 ppt. The incremental addition of diversions
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increases the area <0.6 ppt. The area <0.6 ppt, however, is smaller in extent than experienced in earlier
decades, reflecting the progressive influence of the sea-level rise on the system. Even though the
diversions are not directly influencing Pontchartrain basin, the extent of the freshwater influence from
large diversions into Breton basin extends into lower Pontchartrain (Figure 9) perhaps ameliorating the
penetration of higher salinities from the Gulf. There is much less difference in Pontchartrain among
the higher salinity levels.

In contrast, in FWOA Breton (Figure 7) has fluctuating areas of <0.6 ppt, likely due to fluctuations
in the river flow (Figure 2) and the many small existing connections between the river and the basin
(Table 1). Breton Sound basin both experienced fewer periods of the freshest salinity range, with three
of the years having no portion of the basin with a mean salinity <0.6 ppt. While in four other years,
the basin had no portion with the mean salinities greater than 16 ppt. These freshening events occur
during the wetter-than-average years of the flow in the Mississippi River. This was the case in five of
the last six years in this simulation, 2008 through 2013 with the exception of 2012 (Figure 2). All five of
these years were years with higher-than-average flowrates in the Mississippi River. The sixth year,
2012, was well below the average for the river flow. The sensitivity to the Mississippi River flow is due
to the lack of any other pluvial source into Breton Sound. Additionally, the most Gulfward portions of
the Breton Sound Basin are somewhat buffered from the open waters of the Gulf by both the distal
barrier Chandeleur Islands enhancing the influence of Mississippi River fluctuations on salinities in
the lower Breton basin [54]. This results in a basin that has less overall range to salinity in most years.
However, the current conditions simulations ended in 2013, and did not include the flowrates for
Mardi Gras Pass which initially formed during the 2011 flood. While one flow rating curve was used
in this modeling (Table 1), the observed flows leaving this diversion and other connections to Breton
had a noticeable impact on salinities in Breton, which was also seen in future simulations with these
connections turned off (Figure 9).

Thus, the addition of the Mid-Breton diversion in the base run increases the freshwater area
<0.6 ppt. However, Figure 7 also shows little change in the salinity zones between 2 and 16 ppt. This
is shown in the vegetation patterns for year 25 (Figure 11) and the greater brackish area shown in
Figure 11 at year 50 comes at the expense of the freshwater areas, the latter of which is limited in
all three simulations in the last decade (Figure 7). Even the addition of the Lower Breton diversion
(Table 1, Figure 1) in the MP17 simulation does not substantially change the basin scale conditions in
the last decade, although there is likely localized freshening.

4.3. Effect on Estuarine Fisheries

Estuaries are an important habitat for the Gulf of Mexico’s commercial and recreational fisheries
with 97% (by weight) depending on estuaries for some part of their life cycle [55]. The importance of
the freshwater inflow to estuarine ecosystems is widely recognized [56–58]. Often the focus of concern
is the upstream impoundment of streams for water supply or flood management [59,60] but in the
estuarine basins discussed here, which have been essentially isolated from riverine inflows for more
than a century due to river management in the delta plain, the key issue is where, when, and how
much inflow is required to meet certain goals and avoid undesirable outcomes for other parts of the
ecosystem [61].

The existing diversions have changed the aquatic ecology of their receiving area. Studies of Davis
Pond and Caervarvon have examined the effects of diversion influxes of freshwater on the ecology of
the current system [62,63], including the effects on important commercial and recreational species, such
as spotted seatrout Cynoscion nebulosus, red drum Sciaenops ocellatus, Gulf menhaden Brevoortia patronus,
blue crab Callinectes sapidus, and penaid shrimp. These effects vary with discharge and are often
localized [64]. Modeling has also been used as a tool in such evaluations. For example, the simulations
of fish response to the operation of the Caernarvon freshwater diversion showed movement down the
estuary of Bay Anchovy Anchoa mitchilli, which agrees with field observations [63]. The long-term
simulations of fish communities in Barataria, Breton, and Pontchartrain basins in response to the
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sea-level rise and the inflow from four large river diversions (Mid-Barataria, Mid-Breton, Lower Breton
in Table 1 and an additional diversion into Lower Barataria) showed local shifts in the distribution of
six species of ecological and economic importance including the Eastern oyster Crassostrea virginica [65].
Some changes were the direct effects of decreased salinity while other effects were related to reduced
Chl a due to increased turbidity, a trend also identified in the field and literature-based studies [66].
The simulations also showed that local biomass reductions were mostly the result of redistribution, as
there was minimal impact on the total biomass compared to a future without action.

The ecological effect of the larger scale riverine inflow is likely complex. An examination of the
salinity sensitivity of 44 estuarine fish species, including many of economic importance, in the Gulf of
Mexico estuaries found many species showing low or moderate sensitivity to the salinity change [67].
However, freshwater fishes currently in the extensive areas of the basin >0.6 ppt, may be impacted by
increased salinity through the impacts on physiological costs (e.g., osmoregulation) which may be
offset through increased productivity and greater food availability [68]. Further, experimental studies
using coastal marsh fish which are found across the salinity gradient showed that descendants of
individuals from brackish populations had better survival when exposed to salinity than fish with no
historical exposure to salinity, suggesting genetic adaptation [69].

4.4. Lessons for Future Management

It is not a new concept that large-scale river diversions into the Mississippi River estuary could
utilize an operational regime which mimics the natural fluctuations of riverine flood events [70].
Crevasses and small uncontrolled diversions show such a flow regime [71,72] in contrast to the near
continuous flow of a delta distributary channel. This analysis examined three distinct operational
regimes to explore how a diversion could be operated to mimic a seasonal high flow and sediment pulse
that is typically seen in the springtime Mississippi River flows [10,45,70]. Capturing an equivalent
amount of diverted water, the flood-wave specific operations are able to capture and deliver a greater
load of sediment from the river and distribute it to the estuary (Figure 12). This regime has the largest
impact during river years with below-average flowrates when the total annual load must be scheduled
during shorter periods (Figure S1 in Supplementary Material). This operation regime, while simple
enough to implement in a model with assigned boundary conditions, the real-world implementation
would be challenging, given the inability for accurate seasonal forecasts of the flow in the Mississippi
River. In practice, such a regime would likely operate as soon as the river is high enough (typically in
the spring) and continue until the annual sediment/freshwater load mass/volume were met.

An additional benefit from flood-mimicking operational regimes is that the concentrations of
suspended sediments within the Mississippi River waters (both fines and sands) vary in relation to
flood events and annual cycles [73]. The current flow-to-sediment rating curves for the lowermost
Mississippi River show a hysteresis effect where the rising limb of the annual river flood has a flushing
effect and carries a greater suspended sediment load than an equivalent flowrate on the falling limb of
the flood hydrograph [10]. The scheduling diversion operations for the arrival of the floodwave allow
for the most efficient delivery of suspended sediments from the Mississippi River into the estuary
(Figure 12).

The simulations presented in this report provided insights on how the system responds to a
variety of operation plans. Some of the responses are not intuitive, emphasizing the value of using
such holistic landscape models that capture (to the extent possible) feedbacks and interactions among
various processes. The FWOA simulation shows a dramatic change in salinity in parts of the system
due to the sea-level rise. The rate of the eustatic sea-level rise accelerates over time in the simulation
and is assumed to be the lead cause of that significant increase in salinities in the last decade. These
changes have been shown to have dramatic effects on vegetation [32] and, in combination with the
changes in temperature, can dramatically influence the distribution of aquatic species [34].

One important aspect of using the resources of the Mississippi River to manage the coastal
ecosystem in the face of the sea-level rise is that it allows the management of conditions to achieve
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a variety of goals, e.g., land building or positioning suitable salinity conditions for fishery benefits,
as well as the ability to adjust to changing conditions. The simulations here all apply a fixed set
of rules over time. In reality, the diversions are likely to be managed in response to estuarine (and
river) conditions. The effects of the drought event in the last decade of the simulation were in some
way ameliorated by the various diversion configurations (Figures 5–7) even with operational rules
which were not designed to specifically address such situations. As the implementation of diversions
proceeds, near-term forecasting models of estuarine conditions and adaptable operational rules for
diversion flows may be useful to further protect against massive interannual fluctuations on estuarine
conditions. However, this study has shown that planning how many diversions are needed and at
which locations within the estuary must focus on the long-term in order that the effects of the sea-level
rise can be integrated into decision making.

5. Conclusions

The simulations described here show, for the estuarine basins of the Mississippi Delta Plain, that
the effects of the sea-level rise decades into the future are potentially dramatic, but the effects on the
estuarine salinity gradient varies according to the landscape setting. The analysis demonstrates that the
ecological character of the future system is dependent on both the sea-level rise and the management
of river resources. The pronounced incursion of higher salinity water into Barataria in later years of the
simulation associated with the relative sea-level rise was largely offset by the freshwater inputs from
the planned Mid-Barataria diversion. While sediment delivery is frequently the focus of future river
diversions in the Mississippi River Delta, this analysis has shown how large-scale river diversions also
affect spatiotemporal patterns in the salinity gradient throughout the estuarine basins, combatting
the effects of a future sea-level rise by maintaining present-day salinity variations throughout the
basin. The spatial extent of these salinity gradients varies annually due to the variability in riverine
freshwater flows reaching the delta and are also susceptible to the number (and operational regime) of
engineered diversions and natural distributary channels into the estuary.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/10/2028/s1:
ICM Overview and ICM Simulation Settings. Please contact the corresponding author for access to model source
code repositories on GitHub.
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