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designed to restrain or deflect floating debris at the riverward end of the excavated inlet
channel. A total of ten dolphins will be required and spaced at approximately 40.0 feet
on center. Each dolphin will be attached to a cluster of three 16 inch dia. steel pipe
piles. Two of the piles adjacent to the floating boom will be oriented in a vertical
position, the third pile will be battered away from the boom. The top elevation of the
vertical piles will be EI.+14.0, and the top elevation of the battered piles will be
El.+10.0. The upper portion of the dolphins will be a system constructed of structural
steel members fastened to 24 inch dia. steel pipe sleeves. The pipe sleeves will be
fastened over the end of the pipe piles. A floating boom placed horizontally will extend
between every two dolphins. The booms will be constructed of watertight 24 inch steel
pipe filled with foam, and fastened to the dolphins in a manner to allow the booms to
rise and fall with the surrounding water elevation changes. A platform will be provided
on top of three dolphins to support solar powered lanterns and storage batteries. The
elevation of the top of the platforms will be EI.+12.5. One lantern will be located at
each end of the dolphin group, and one at the mid-point.

L9. Electrical and Mechanical Requirements
L9.1 ELECTRICAL SOURCES AND SUPPLY REQUIREMENTS
L9.1.1 General

Development of this proposed diversion project will require various proposed structural features
to accomplish the intended purpose. All the structural features will require either a single or
multiple type of electrical power source depending on the operational requirements at each site.
The ability to furnish electrical power to each structural feature from an off site location has not
been determined at this time, and will be investigated in another design stage. The possible
electrical requirements at each feature site have been presented below.

L9.1.2 Electrical Requirements Per Site

a. Project Feature 3-15°x15” Gated Box Culverts. — An electrical power supply will be
required to operate the roller gate operators. Whether the operators will be electrically
or hydraulically operated has not been determined at this time. In either case an
electrical power source will be required for the operator motors, or for the electrical
motors driving the hydraulic pumps for the operators. In addition, a power source will
be required for the machinery building lighting, and switchboard equipment in the
building.

b. Project Feature 10-15’x15” Gated Box Culverts. — An electrical power supply will be
required to operate the roller gate operators. Whether the operators will be electrically
or hydraulically operated has not been determined at this time. In either case an
electrical power source will be required for the operator motors, or for the electrical
motors driving the hydraulic pumps for the operators. In addition, a power source will
be required for the machinery building lighting, and switchboard equipment in the
building.
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c. Project Feature 4,000” Gated Weir. — An electrical power supply will be required to
operate the movable gantry crane. The power supply will operate the drive motors
which move the crane, the lifting hoist motors which position the lift gates, the jib crane
motor, and the motor which operates the clamshell bucket.

d. Project Feature 3,000” Gated Weir. — An electrical power supply will be required to
operate the movable gantry crane. The power supply will operate the drive motors
which move the crane, the lifting hoist motors which position the lift gates, the jib crane
motor, and the motor which operates the clamshell bucket.

e. Project Feature 2,000” Gated Weir. — An electrical power supply will be required to
operate the movable gantry crane. The power supply will operate the drive motors
which move the crane, the lifting hoist motors which position the lift gates, the jib crane
motor, and the motor which operates the clamshell bucket.

f. Project Feature 19-6’ Dia. Pipe Siphon. — Operation of the siphon will not require an
electrical power source. In the event a decision is made, at a later date, to provide
exterior lighting or a lighted maintenance building, an electrical power source may be
required.

g. Project Feature 30-6” Dia. Pipe Siphon. — Operation of the siphon will not require an
electrical power source. In the event a decision is made, at a later date, to provide
exterior lighting or a lighted maintenance building, an electrical power source may be
required.

h. Electric Power Source(s). — Electric power source(s) can be either commercial utility
electric power or diesel engine generators. Location of commercial utility power and
the cost to supply this power will be compared to the cost of a diesel engine generator
set, including estimated O&M costs to determine the recommended source of the
required electrical power.

L9.2 SOLAR POWER SUPPLY SYSTEMS
L9.2.1 General

The only project features that would incorporate a solar power system will be the two siphon
structures mentioned above. The siphon features will include protective dolphins placed in the
waterway. Warning lanterns will be mounted on top of the dolphins and powered with electrical
storage batteries which will be charged with solar panels. Exterior lighting and a maintenance
building are not proposed to be included in this project at this time, but in the event they are
included, solar power may be provided in lieu of extending a conventional power supply to the
sites.

L9.3 ELECTRICAL AND MECHANICAL DESIGN FOR DIVERSION FACILITY
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L9.3.1 General

The size and type of electrical and mechanical components for the project features were selected

based on a variety of considerations, among them hydraulic requirements, similar features
3580  performing the same function, and utilizing existing designs from other projects.

L9.3.2 Electrical/Mechanical Requirements Per Site

a. Project Feature 3-15°x15” Gated Box Culverts. — Regulation of flow thru the culverts
3585 will be controlled with the use of three 15°x15’ fabricated structural steel roller gates.
The gates will be raised/lowered with the use of a gate hoist supplied by a known and
acceptable gate manufacturer. Selection of either electric motor operated or
hydraulically operated gate hoists will be determined in a later project design stage.
Two fabricated structural steel bulkheads approximately 15 feet square will be provided
3590 and stored on site when not in use. The bulkheads will be fitted with rollers, and
vertical steel roller guides will be cast in slots in the concrete walls.

b. Project Feature 10-15’x15 Gated Box Culverts. — Regulation of flow thru the culverts
will be controlled with the use of ten 15°x15’ fabricated structural steel roller gates. The
3595 gates will be raised/lowered with the use of a gate hoist supplied by a known and
acceptable gate manufacturer. Selection of either electric motor operated or
hydraulically operated gate hoists will be determined in a later project design stage.
Two fabricated structural steel bulkheads approximately 15 feet square will be provided
and stored on site when not in use. The bulkheads will be fitted with rollers, and
3600 vertical steel roller guides will be cast in slots in the concrete walls.

c. Project Feature 4,000 Gated Weir. — Regulation of flow thru the weir structure will be
controlled by the operational use of one hundred eighty two fabricated structural steel
vertical lift gates. The gates will be approx. 19.0 feet wide and 7.0 feet high. The gates

3605 will be fitted with steel rollers, and vertical steel roller guides will be cast in slots in the
concrete divider walls. Dogging devices will be attached to the gates to lock them in a
raised position. The gates will be raised with the use of a fabricated structural steel
lifting beam, connected with steel cables to a movable rail mounted gantry crane. The
crane size and lifting capacity to be determined during a later design phase. The gantry

3610 crane assembly will include a jib crane, and clamshell bucket suspended from a boom
with a 180 degree swing capability.

d. Project Feature 3,000 Gated Weir. — Regulation of flow thru the weir structure will be

controlled by the operational use of one hundred thirty eight fabricated structural steel

3615 vertical lift gates. The gates will be approx. 19.0 feet wide and 7.0 feet high. The gates
will be fitted with steel rollers, and vertical steel roller guides will be cast in slots in the
concrete divider walls. Dogging devices will be attached to the gates to lock them in a
raised position. The gates will be raised with the use of a fabricated structural steel
lifting beam, connected with steel cables to a movable rail mounted gantry crane. The

3620 crane size and lifting capacity to be determined during a later design phase. The gantry
crane assembly will include a jib crane, and clamshell bucket suspended from a boom
with a 180 degree swing capability.
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e. Project Feature 2,000” Gated Weir. — Regulation of flow thru the weir structure will be
controlled by the operational use of ninety one fabricated structural steel vertical lift
gates. The gates will be approx. 19.0 feet wide and 7.0 feet high. The gates will be
fitted with steel rollers, and vertical steel roller guides will be cast in slots in the
concrete divider walls. Dogging devices will be attached to the gates to lock them in a
raised position. The gates will be raised with the use of a fabricated structural steel
lifting beam, connected with steel cables to a movable rail mounted gantry crane. The
crane size and lifting capacity to be determined during a later design phase. The gantry
crane assembly will include a jib crane, and clamshell bucket suspended from a boom
with a 180 degree swing capability.

L10. Construction Procedures

The MRT levee protects the project area from Mississippi River floods. A temporary levee will
be in place, with the appropriate level of protection, when the levee is breached for construction
to protect the evacuation route. Appropriate erosion control measures will be in place for the
duration of the construction.

Highway 39 is the emergency evacuation route for areas south of the diversion site. Continued
access to the project area during construction will be necessary to ensure the population will not
be isolated. Temporary detours of Highway 39 will be constructed, with appropriate safety
measures in place. Secondary road detours will be made to allow local residents access to their
property during the construction of the project.

L11. Operations and Maintenance
L11.1 Operations

Operations for the diversion are yet to be determined. It is assumed that there will be some type
of seasonal pulse in the spring of the year lasting from possibly two weeks to three months
depending on conditions. For this pulse, water will be gradually introduced so as to minimize
scour without affecting the sediment load. The current proposed operations are to have a March
and April pulse of the maximum amount of water possible (up to 35,000cfs). Figure L11.1
shows the proposed hydrograph of the diversion structure.
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Figure L11.1 — Proposed diversion hydrograph
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The operation of this structure will be closely tied to the operation of the Caernarvon Diversion
as well other diversions along the Mississippi River. Interrelated operations between these
different diversions are critical to provide benefits to the different coastal marshes and not create
undesired impacts to the Mississippi River such as induced shoaling.

The diversion will be driven based off of the head differential between the Mississippi River and
the coastal marsh where we are diverting water. The outfall of the diversion is in an estuary and
assumed to have an average stage equal to sea level (0.00 NAD88) throughout the course of the
year. Therefore, the river stage will typically be the head that the diversion can utilize. Figure
11.2 shows the average stage of the river at the Alliance, LA gage. The Alliance, LA gage is
approximately 5 miles upstream from the proposed diversion site and is assumed to have the
same stage. Figure 11.3 shows the rating curve for the 10 — 15°x15’ Box Culvert Diversion.
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Figure 11.2 — Average Mississippi River stage at Alliance, LA
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Figure 11.3 — Diversion Rating Curve
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For more information operations of the diversion, please consult chapter 3.0 Plan Formulation of
the White Ditch Feasibility Study.

L11.2 Maintenance

With the proposed diversion there will be needs for channel maintenance dredging, removal of
sediment buildup in box culverts and sluice gate maintenance. It is estimated that there will need
to be significant channel dredging every 10 years on the proposed channel enhancement features.
Sediment removed from box culverts and dredged from channels shall be placed in sediment
deficient areas near the dredge site. It is also assumed that there will be annual maintenance and
lubrication needs provided to the sluice gates.

L12. Cost Estimates
L12.1 Basis of Cost Estimate

An initial array of alternatives was developed by the PDT. The initial array of alternatives
included at Location 2 are:

e Alternative 2A: 30 pipe siphon with a 5,000 cfs outfall capacity
e Alternative 2B: 3 box culverts with a 5,000 cfs outfall capacity
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Alternative 2C: 30 pipe siphon with a 10,000 cfs outfall capacity
Alternative 2D: 3 box culverts with a 10,000 cfs outfall capacity

Alternative 2E: 10 box culverts with a 15,000 cfs outfall capacity
Alternative 2F: 10 box culverts with a 35,000 cfs outfall capacity

The initial array of alternatives include at Location 3 are:

Alternative 3A: 30 pipe siphon with a 5,000 cfs outfall capacity
Alternative 3B: 3 box culverts with a 5,000 cfs outfall capacity
Alternative 3C: 30 pipe siphon with a 10,000 cfs outfall capacity
Alternative 3D: 3 box culverts with a 10,000 cfs outfall capacity
Alternative 3E: 10 box culverts with a 15,000 cfs outfall capacity
Alternative 3F: 10 box culverts with a 35,000 cfs outfall capacity

Each alternative consists of a structure paired with an appropriately sized outfall channel to
convey a desired flow of fresh water and sediment into the weakened marsh area.

The preliminary cost estimates for the initial array of alternatives are unit price estimates based
on preliminary design and associated quantity take-offs with price data from recent bid results,
historical costs, and the expertise of the district’s cost estimators and engineers. Appropriate
contingencies are applied. The price level for these cost estimates is November 2009. The cost
estimates for the initial array of alternatives can be found in Annex 3.

The final array of alternatives included four alternatives at Location 3. The alternatives were
selected from the initial array of alternatives and had to meet the project goals outlined in the
main report. The final alternatives chosen are:

Alternative 3B: 3 box culverts with a 5,000 cfs outfall capacity
Alternative 3D: 3 box culverts with a 10,000 cfs outfall capacity
Alternative 3E: 10 box culverts with a 15,000 cfs outfall capacity
Alternative 3F: 10 box culverts with a 35,000 cfs outfall capacity

The preliminary cost estimates for the final array of alternatives are also based on further refined
preliminary design and associated quantity take-offs with price data from recent bid results,
historical costs, and the expertise of the district’s cost estimators and engineers. Appropriate
contingencies are applied. The price level for these cost estimates is December 2009. The cost
estimates for the final array of alternatives can be found in Annex 3. In addition to the four final
alternatives, the cost estimates for the siphons at Location 3 were included. These estimates
were included for quantity clarification purposes only.

L12.2 DETAILED ESTIMATE

The tentatively selected plan for the White Ditch Marsh Restoration project is Alternative 3F, 10
each, sized 15 feet x 15 feet box culverts, with an outfall capacity of 35,000 cfs. The selected
plan involves excavating a section of levee and road to construct the 10 box culvert structure,
replacing the levee and road on top of the structure, and excavating an outfall channel system to
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convey 35,000 cfs of fresh water and sediment to the damaged marsh. The structure also has ten
sluice gates with hydraulic operators that will be used to regulate the flow of fresh water and
sediment through the structure.

The preferred alternative cost estimate is a detailed estimate based on the expertise of the
district’s cost estimators and engineers. The cost estimate for the recommended plan was
prepared utilizing the MCACES software. The MCACES estimate is included in Annex 3. The
estimated costs were based upon an analysis of each line item evaluating quantity, production
rate, and time, together with the appropriate equipment, labor, and material costs. Appropriate
contingencies are applied. The price level for this cost estimate is January 2010.

The detailed estimate meets the requirements and recommendations of the following documents
and sources:

e ER1110-2-1150, Engineering and Design for Civil Works Projects.
e ER1110-2-1302, Civil Works Cost Engineering.
e ETL 1110-2-573, Construction Cost Estimating Guide for Civil Works.

The detailed estimate assumes that the marsh and main outfall excavation will be completed by
two small dredges and the side berms will be formed by several amphibious excavators. The
detailed estimate also assumes that all construction elements associated with the box culvert will
be completed on land.

Planning, Engineering and Design costs and Construction Management costs are included in the
detailed estimates. These costs are calculated as a percentage rate of the construction cost. The
rates are 17.5% for planning, engineering and design, which includes engineering and design
during construction, and 10% for construction management. The planning, engineering, and
design rate was calculated based on percentages for Engineering, Project Management,
Estimating, Construction, and Planning & Environmental Compliance. The construction
management rate is based on average expenditures for construction management.

A plan construction schedule was developed based on the production rates used in the detailed
estimate and the expertise of the district’s cost estimators and engineers. The plan construction
schedule was used in the Cost and Schedule Risk Analysis discussed below. The anticipated
construction duration based on the plan schedule is four years and one month. The plan
construction schedule is included in Annex 3.

The Total Project Cost table was developed based on the detailed estimate, the completed cost
and schedule risk analysis, and the civil works work breakdown structure (CWWBS) elements
included in the detailed estimate. Those elements are:

01 LANDS AND DAMAGES

02 RELOCATIONS

15 FLOODWAY CONTROLS AND DIVERSION STRUCTURES
30 PLANNING, ENGINEERING & DESIGN

31 CONSTRUCTION MANAGEMENT
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The Total Project Cost table shows the effective price level for the detailed estimate of January
2010, the Budget Year effective price level of October 2010, and the Fully Funded Project Cost
with a construction midpoint date of April 2014. Escalation for the price level years is based on
the Army Corps of Engineers Engineering Manual (EM) 1110-2-1304 Civil Works Construction
Cost Index System (CWCCIS) revised 30 September 2009. The Total Project Cost table is
included in Annex 3.

L12.3 Contingencies

Contingencies are based on a Cost Rick Analysis using Crystal Ball software. Results of this
analysis are discussed in the Risk Analysis Section below.

L12.4 Risk Analysis
A cost risk analysis was performed for this project in accordance with ER 1110-2-1302

paragraph 7.3.2 and ER 1110-2-1302, appendix B, paragraph 4. The results of the cost risk
analysis are shown in the Project Cost and Schedule Risk Analysis Report included in Annex 3.
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ANNEX 1
3810
Quantifying Benefits of Freshwater Flow Diversions to Coastal Marshes
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Abstract

The combination of relative sea level rise and river/marsh disconnection has created a
deficit of available soil and accompanying land loss in a large portion of coastal
Louisiana. The U.S. Congress recently charged the U.S. Army Corps of Engineers, State
of Louisiana, and other federal and local agencies with restoring the coastal wetlands of
Louisiana and Mississippi. Many alternative combinations of restoration measures have
been proposed, and assessment of the advantages and disadvantages of these efforts must
be made to determine the optimal design. One technique being applied for coastal
restoration is the reconnection of rivers to coastal marshes through flow diversions.

® Based on material from McKay, S.K., J.C. Fischenich, and S.J. Smith. (2008). “Quantifying Benefits of
Flow Diversion to Coastal Marshes. I: Theory.” In draft for submission to Ecological Engineering.
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Freshwater flow diversions offer significant nutrient and sediment inputs to marshes that
induce both organic and inorganic accumulation of soil. Boustany (2007) presented a
screening level model for assessing both the nutrient and sediment benefits of flow
diversion over long time scales. This paper has presented the adaptation of Boustany’s
(2007) model to include daily variation in sediment processes in order to optimize
diversion structure design and operation. The model was verified using an existing
diversion to prove the ability of the model to track land evolution associated with flow
diversion. This paper also demonstrates the application of the model to diversion
operational and structural optimization.

Introduction

In the fall of 2005, Hurricanes Katrina and Rita awakened the United States public to the
natural protection that coastal wetlands provide in reducing of the effects of hurricanes on
coastal communities. In response to these catastrophic events, the U.S. Congress directed
the U.S. Army Corps of Engineers (USACE) to “conduct a comprehensive hurricane
protection analysis and design...to develop and present a full range of flood control,
coastal restoration, and hurricane protection measures” (USACE, 2006). This paper
focuses on interagency efforts to assess and weigh benefits of coastal restoration via
freshwater flow diversion. The paper will focus on the development and adaptation of a
screening level model to quantify the benefits of flow diversion to coastal marshes and
will describe the assessment of various diversion operational and structural scenarios.

Coastal Marsh Accretion and Flow Diversion

The tidal marshes of coastal Louisiana are receding at alarming rates as high as 115
km?/yr (Barras et al., 1994). Submergence of these valuable ecological assets (Figure 1)
was once counteracted by vertical accretion due to the addition of freshwater, nutrient,
and mineral inputs from riverine environments; however, eustatic sea level rise (ESLR)
and basin subsidence now exceed the current rate of vertical accretion, and coastal
marshes have been disconnected from their freshwater and sediment sources, distributary
channels of the Mississippi and Atchafalya Rivers. ESLR has been attributed to global
increase in ocean volume and has been estimated as 1.0-2.4 mm/yr (Church et al., 2001).
Subsidence of the Mississippi delta has been attributed to multiple factors, namely:
regional isostasy, faulting, sediment consolidation, and soil dewatering (Dokka et al.,
2006). Previous researchers identified other potential sources of subsidence as
groundwater and petroleum extraction (Morton et al., 2002); however, Dokka et al.
(2006) renounce these hypotheses as unlikely due to the relative lack of groundwater
extraction from the highly saltwater intruded groundwater table of most of southern
Louisiana and the lack of coincidence between petroleum extraction and subsidence. The
synergy of ESLR and basin subsidence has created an apparent local change in sea level
known as Relative Sea Level Rise (RSLR) that has been measured in the Mississippi
Delta at rates as high as 10 mm/yr (Snedden et al., 2007).

In addition to RSLR, the disconnection of coastal marshes from their sediment and
nutrient source is equally disconcerting. Over geologic time scales, large-scale delta lobe
switching has lead to alternating episodes of delta building and redistribution of sediment



and nutrients throughout the coastal plain (Coleman, 1988; Coleman et al., 1998);
however, in the last two centuries, the Mississippi River has been controlled by levees
and other structures in order to maintain a consistent navigation channel for commerce
and protect infrastructure against floods (Coleman et al., 1998; Parker et al., 2006).
Presently, much of the sediment and nutrient load of the Mississippi River is discharged
directly into the northern Gulf of Mexico through the birdsfoot delta, providing little
benefit to protective delta building and contributing to an increasing zone of hypoxia near
the river mouth (Mitsch et al., 2001). In addition to problems associated with fate of
river sediment and nutrients, this disconnection starves coastal wetlands of historic
nutrient and sediment inputs necessary for marsh sustainment. Although the relative
importance of this multitude of factors has yet to be rigorously quantified throughout the
Louisiana coastal plain, the combination of RSLR and river/marsh disconnection has led
to high land loss rates and conversion of many freshwater marshes to shallow saltwater
bays.

In recent years, freshwater flow diversions from river sources to coastal marshes have
been offered as a tool for combating RSLR and disconnection of rivers and wetlands. In
these diversions, river water is released into marshes to simulate flooding of a river onto
its floodplain and increase hydrologic connectivity. Potential benefits have been
observed from pulsing diversion discharges to simulate natural flood regimes (Day et al.,
2003; Reyes et al., 2003; Snedden et al., 2007). Many studies have also shown that flow
diversion is a plausible remedy to reconnect rivers to tidal marshes and deltas and induce
organic and inorganic deposition (Parker et al., 2006; Snedden et al., 2007). An ancillary
benefit of these flow diversions is potentially reduction of the nutrient loading to the Gulf
of Mexico with associated reduction in the hypoxic zone (Lane et al., 1999; Mitsch et al.,
2001).

Vertical accretion of marshes has been identified as highly dependent upon both
inorganic and organic accumulation (Figure 2; Delaune et al., 1981; Nyman et al., 1993;
Day et al., 1995; Reed, 1995; Foote and Reynolds, 1997; Nyman et al., 2006; Morris,
2007). Often accretion is only accounted for through sedimentation (e.g. Parker et al.,
2006); however locations have been identified that depend more upon organic inputs than
sediment inputs (Nyman et al., 2006). The characteristics of the receiving marsh and
associated hydrologic connectivity are likely to influence whether inorganic or organic
inputs control (Boustany, 2007). For instance, if a region is initially unvegetated,
sediment inputs will be necessary to establish a soil platform for dense vegetative growth;
however, once vegetation is well established, the vegetative inputs are likely to dominate
while at the same time inducing higher retention of sediment in the process. This
complex feedback system necessitates the inclusion of both inorganic (sediment) and
organic (vegetative) inputs to any calculation of vertical accretion (Reed, 1995).

Vegetative accumulation in coastal marshes involves a delicate balance of above and
belowground plant productivity (Gosselink, 1984; Edwards and Mills, 2005), salinity
(Visser et al., 2004), nutrient availability (Delaune et al., 2005), flood frequency (Nyman
et al., 2006), vegetation type (Gosselink, 1984), and seasonality (Visser et al., 2004),
among other factors. Freshwater reintroduction has been shown to increase nutrient



inputs to coastal marshes (Lane et al., 1999) and stimulate growth in these ecosystems
(Cardoch et al., 2002), further causing vegetative inputs to contribute to accretion. In
coastal Louisiana most marshes are nutrient limited (Nyman et al., 1990; Delaune et al.,
2005), so the introduction of limiting nutrients such as nitrogen and phosphorous from
flow diversion is a topic of great importance when considering flow diversion alternatives
and benefits (Lane et al., 1999; Hyfield, 2004; Hyfield, 2008); however, excessive
nutrient loading to coastal wetlands could potentially induce harmful water quality effects
such as eutrophication (Delaune et al., 2005) or stimulation of invasive plant species
(Carter and Bernard, 2007), so diversion of flow to coastal wetlands must be carefully
balanced and planned.

The accretion of sediment on coastal marshes and deltas has also been studied
extensively (Stumpf, 1983; Wang, 1997; Rybczyk and Cahoon, 2002; Reyes et al., 2003;
Parker et al., 2006; Snedden et al., 2007). Relevant sedimentation processes have been
identified as sediment loading from floods/diversions (Reed, 1995; Parker et al., 2006),
sediment settling properties (Stumpf, 1983; Soulsby, 1997; Winterwerp and van
Kesteren, 2004), tidal erosion (Stumpf, 1983; Wang et al., 1997), wind and storm induced
erosion and deposition (Wang, 1997), sediment export through canals and bayous (Wang,
1997; Baustian and Turner, 2006), and vegetation induced settling (Gleason et al., 1979;
Stumpf, 1983; Reed, 1995; Leonard and Luther, 1995).

Although flow diversions have proved useful for combating coastal land loss, the
optimization of flow diversion locations and operation has been difficult due to the
complexity in data needs of a coupled ecological and hydrodynamic model (Reyes et al.,
2003; Delaune et al., 2003; Snedden et al., 2007). These complexities encourage the
development of a simple, screening-level model that includes the effects of vegetation
and sediment dynamics and allows for straightforward examination and optimization of
flow diversion feasibility and operational benefits.

Boustany (2007) Landscape Evolution Model

Boustany (2007) developed a composite nutrient and sediment model to assess the
feasibility of flow diversions and screen diversion alternatives under the Coastal Wetland
Planning, Protection, and Restoration Act (CWPPRA; Boustany, Personal
Communication). This model, herein referred to as the Boustany Model (BM), presents
all benefits of flow diversion in terms of marsh area by assuming all nutrient and
sediment benefits additive to the existing area and land change rate:

Ai+1 = AI +5nutAi + Ased
Equation 1
Where A; is the marsh area at time i, & IS the fractional change in land area due to
RSLR and river-marsh disconnection (value may be positive or negative) that has been
adjusted to account for the benefits associated with nutrient addition, and Asyq IS the area
benefit of sediment addition.

The BM was developed to compare long term relative benefits of many flow diversion
locations and was implemented with an annual time step to provide quick estimates of the
potential benefits of diversions. The BM is sufficient for quick estimation of flow



diversion benefits and initial screening of alternatives, but the LACPR program required
greater temporal resolution in order to assess not only the relative benefits of diversion
locations, but also the effects of diversion structure type, diversion operational regimes,
and hydrologic variability. Ideally a detailed two- or three-dimensional model coupling
nutrient and sediment processes would be used to account for the complex mechanisms
governing coastal marsh accretion (Reyes et al., 2000; Dortch et al., 2007); however, the
vast number of alternatives and short time scale of the LACPR report to Congress
precluded development of such models for every alternative and marsh. As such, the BM
was adapted to include processes deemed most critical to LACPR alternatives analysis.
The following sections provide further details of the nutrient and sediment models
implemented in the landscape evolution calculations, but the two major adaptations of the
BM were:

e High temporal variability in sediment processes encouraged the refinement of the
temporal resolution of the sediment model to include daily impacts of the
diversion on the marsh.

e In order to maintain model simplicity, the BM required estimation of a number of
parameters to account for nutrient and sediment processes (e.g. sediment retention
and average annual suspended sediment concentration). The adaptation of the
model has also included the calculation of many of these inputs in order to
account for temporal variance, reduce data requirements, and minimize potential
input errors.

Nutrient Benefits

Nutrient addition to coastal marshes has proven to be a source of vegetation stimulation
and strengthening and biomass creation (Deegan et al., 2007). Boustany (2007) proposes
a model that accounts for the ability of nutrients to stimulate vegetation to better resist
erosional processes. This model determines the percent of the vegetated area that is
strengthened from nutrient addition. This parameter is found by examining the annual
nutrient requirements of the marsh relative to the nutrients loaded to the marsh.

The nutrients required by the marsh for vegetative growth are assumed to be the mass of
the nutrients held in plant biomass. This quantity may be assessed by examining the rate
of biomass production (annual primary productivity, P;) and the percent of biomass
containing these nutrients (y). Since most Louisiana coastal marshes are nitrogen or
phosphorous limited, Boustany proposes that the total concentration of nitrogen and
phosphorous (TNP) be used to account for nutrient benefits.

LRreq =P Ymwe
Equation 2
Where LRyeq is the marsh required nutrient loading rate [M L2T™, P, is primary
productivity [MLT™], and yp is the percent of plant biomass containing nitrogen and
phosphorous [1].

The nutrient loading rate of the diversion to plant biomass, LRgi,, may be calculated from
the volumetric discharge of water to the marsh from the diversion, Qg [L3T™], the



concentration of nutrients in the source water, Csource [ML™], the retention rate of
nutrients in plant biomass, Rn.t [1], and the vegetated marsh area, Aveg [L2].

LRdiv — Qdistource an

Aveg

Equation 3
In addition to nutrient loading from the diversion, there is ambient nutrient loading to the
marsh from other ongoing processes (e.g. atmospheric deposition, stormwater runoff,
current plant decomposition, denitrification, etc.). These processes will be accounted for
by a loading rate for background sources, LRpackground. The net loading of nutrients to the
marsh, LRy, is therefore the sum of the background and diversion loading rates.

LRnet = I-Rdiv + LRbackground
Equation 4
From knowledge of the loading rates applied, LRnet, and required, LRyeq, One may obtain
the fraction of wetlands sustained by nutrient addition, Es.

Es — LRnet
LR g

Equation 5
In this model, nutrients are assumed to be unable to freely construct land; however, they
can reduce the loss rate by strengthening vegetated areas against erosion. This
assumption produces conservative estimates of the organically-induced benefits of the
diversion. For instance, in an environment with a low land loss rate, according to the
model, the diversion could potentially reduce the land loss to zero; however, no land gain
would be associated with organic inputs. The percentage of wetland sustained by nutrient

addition serves as a reduction ratio to the land loss rate in the form of Equation 6.
_[6(1-E,) ForE, <1
"1 o0 ForE, >1

Equation 6
Where ¢d'is the land change rate prior to the diversion and &, is the nutrient adjusted land
change rate.

Sediment Benefits

The accumulation of diverted sediments is determined by a sediment budgeting model
utilizing the input concentration of sediment from the source water and calculated
hydrodynamics of the system to determine the quantity of diverted sediment retained in
the marsh. As previously specified, the BM implemented sedimentation calculations on
an annual timescale, and while this assumption is reasonable for preliminary screening of
alternatives, further refinement is necessary for more detailed analyses of flow diversion
benefits. The sediment model implemented herein relies on calculation of sediment
inputs and sediment settling theory on a daily timescale over a single representative year
and reapplies that year throughout the proposed project life cycle.

Sediment Input

In order to minimize costs and maximize benefits of flow diversion in coastal Louisiana,
diversion structures often withdraw water from one of the region’s major rivers (e.g.



Mississippi, Atchafalya, Calcasieu). These rivers are located throughout the coastal
plain, carry large water and sediment loads, and serve as a virtually infinite source of
diversion resources.

River discharge and suspended sediment concentration have often been shown to be
positively correlated (Mossa, 1996; Snedden et al., 2007). The relationship between
discharge and sediment load may be determined by analytical and partially analytical
models (e.g. Meyer-Peter Muller, Einstein, Yang; Richardson et al., 2001) or by
empirical models for a given set of observed discharge and sediment concentration values
(Mossa, 1996; Snedden et al., 2007). In coastal Louisiana, there exists enough recorded
sediment discharge data to generate empirical models of sediment concentration for some
of the major rivers of the region. For this analysis, a power function was found to
provide enough resolution in sediment concentration variation (Equation 7). Table 1
presents a number of sediment ratings of this form for coastal Louisiana.

Qs,river = alQriver "
Equation 7
Where Qs river 1S Sediment load (ton/da), Qriver is river discharge (cfs), a; is a dimensional
coefficient, and a;, is a dimensionless coefficient. From this sediment rating, flow-
averaged suspended sediment concentration of the river, Civer, may be

calculated (Cmer = Qurver j and transformed to the desired units.
river

Regardless of the model defining this relationship, the sediment concentration has been
shown to be highly dependent upon discharge; therefore, in order to capture the temporal
variance in sediment discharge through a diversion, the sediment concentration must vary
with river discharge at an appropriate time scale (Snedden et al., 2007). For the purposes
of this analysis, daily variation in discharge provides sufficient temporal resolution for
accurate calculation of sediment loading to marshes by diversions.

One of the purposes for adapting the BM is the desire to examine relative diversion
structure operation. In order to do this, daily estimates of diversion discharge are also
required. These daily diversion discharges, Quiv, are combined with the daily predictions
of river suspended sediment concentration, Cyiver, to determine the mass loading rate of
sediment to the marsh, Qs giv (Equation 8). This increase in temporal resolution allows for
examination of diversion discharge operation such that sediment benefits may be
maximized by coinciding diversion discharges with periods of high river suspended
sediment concentration.

Qs,div = QdivCriver
Equation 8

Sediment Retention

After sediment laden water has been diverted to a coastal wetland, a portion of the
sediment load is expected to settle from suspension and deposit. Sediment that remains in
suspension is then subject to being transported outside the system boundaries. Sediment
retention defines the fraction of diverted sediments retained within the coastal wetland.



Retention is dependent upon system properties such as: wetland geometry, diversion
discharge, tidal velocities (Stumpf, 1983), wind and storm events (Wang, 1997), settling
velocity of diverted sediments (Soulsby, 1997; Winterwerp and van Kesteren, 2004),
vegetation coverage (Stumpf, 1983), and canal-induced sediment import/export (Wang,
1997). The approach taken by Boustany (2007) is to apply retention factors estimated for
other sites (e.g. Wax Lake Outlet) or allow the analyst to choose a retention factor based
on knowledge of the receiving area and best professional judgment. Building upon the
suggestion of Stumpf (1983), an alternative to this approach is to use a simple calculation
which includes effects of wetland geometry, sediment properties, and flow
hydrodynamics at the site. The effects of vegetation and channels are ignored in this
analysis in order to maintain model simplicity; however, vegetation would likely increase
roughness, reduce turbulence, and induce greater sediment deposition leading to
conservatively low estimates of sediment retention, while the influence of channels may
serve as pathways to sediment export and thus produce non-conservatively high estimates
of sediment retention.

Consider suspended sediments in a water body. The time required for a given particle to
settle from the water surface to the bed is given as:

T=|_|

s,eff
Equation 9
Where T is the time required for sediment to completely settle, H is the local depth, and
Wi ¢t IS the effective settling velocity of a specific sediment class.

As the particle settles, it is also transported by tidal and diversion currents, so the distance
traveled by the particle is:

X :UdivT =Udivi
W

s, eff
Equation 10
Where U is the diversion induced mean velocity. As the averaging timescale of the
model is greater than the tidal period and net tidal flow is zero, Equation 10 neglects the
influence of tidal velocities, and the net displacement of water within the marsh is
described by the diversion flow.

For this analysis the wetland is assumed to have rectangular planform and cross-sectional
geometries described by the average length (L), width (B), and depth (H). The fraction of
sediment retained in the wetland then becomes a function of wetland length relative to
transport distance prior to full deposition of the sediment fraction in question (Stumpf,
1983). If all diverted sediment is retained within the system, the retention factor is 1.
Since this analysis takes a macroscopic view of the total sediment retained in the system
and location of deposit is not considered, the retention factor becomes 1 if the length of
the wetland is greater than the transport length, and the retention of a given sediment
particle class, R;, may be expressed as:

R, = min[L,lj
X



Equation 11

Due to variation in fall velocity with sediment size, coarse particles may be retained
while fines are flushed from the system; therefore, the combined retention of the entire
grain size distribution must be made. Retention over all sediment classes may be

expressed as:
R =D R;f,
Equation 12
Where Ry is the combined total retention factor and fj is the mass fraction associated with
each sediment class.

Fall Velocity

A key element of the sediment budgeting model presented is the calculation of the
effective fall velocity of a given sediment size class, which is a function of the fall
velocity of that sediment in a static body of water, Ws, and the turbulence of the flow.
Fall velocity of sediment is dependent upon both sediment properties (shape, size,
density, concentration, ability to flocculate) and fluid properties (viscosity, density,
temperature, salinity). In the natural environment, turbulence is generated by flow over
the sediment bed. The presence of turbulence acts to vertically mix suspended sediments,
which reduces the effective settling velocity of suspended particles. The steady-state
vertical flux balance at a point in the water column is given by:

W,C +K, ac_ 0

dz

Equation 13
Where C is the suspended sediment concentration, K; is the vertical diffusivity, and z is
the vertical distance from the bed.

For the purposes of this tool to estimate retention, it is convenient to combine the terms in
Equation 13 to define an effective settling velocity (Equation 14).
W, .,C=W,C+K, ac
dz

s, eff

Equation 14
Vertical diffusivity varies with turbulent intensity and height above the bed. Rouse
proposes that diffusivity varies parabolically with height above the bed in the form

(Richardson et al., 2001):
KZ=mJ@—5J
H
Equation 15

Where x is the von Karman constant (~0.4) and u- is the total friction velocity (a measure
of turbulent intensity).

Given the sediment flux balance in Equation 13, the vertical concentration profile is:

-b
C=gﬂiH_a)
z, H-z

Equation 16



Where b is the Rouse parameter (b :W%u ) and z, is a reference height above the bed

with a known sediment condition, C,.

The turbulent shear velocity is estimated from the depth-averaged velocity by the
logarithmic boundary layer (law of the wall) (Kundu, 1990).

U — Ux

" (H
|n é

ZO

Equation 17
Where U is the daily mean wetland velocity with both tidal and diversion related
components and zo is the hydraulic roughness length.

For the diurnal tidal cycle of coastal Louisiana, the tide is assumed to have approximately
sinusoidal periodicity. The mean instantaneous wetland velocity can then be determined
by considering both tidal and diversion components (Figure 3).

Qdiv

U, =U, +U sino=—=+U sinw
HB

max,tide max,tide

Equation 18
Where Uj is the instantaneous mean velocity with tidal and diversion components and
Unax.ide 1S the maximum tidal velocity (or tidal amplitude), and w is tide phase.

For the use in the flow diversion model, the velocity is integrated over the tidal cycle (0
to 21) to obtain the daily mean velocity, U.
U= ZL {U div (2(01 Wy — @, )"' U rax e (Cos(a’z )_ 2 Cos(a)l ) + COS(a)O ))}
T
Equation 19

Where ax is the tide phase at zero up-crossing (wo = sinl(_u% D , an 1S the tide

max,tide
phase at zero down-crossing (o, = 7 — @, ), and @ is the completed tidal
phase (w, = w, + 27) (Figure 3).

In order to estimate the shear velocity, the hydraulic roughness must also be estimated
from local sediment grain size, form roughness, and vegetative coverage. In this
analysis, a lumped parameter accounting for both grain size and form roughness is
implemented based on marsh surface character (Table 2). Vegetative roughness is
incredibly important in coastal marshes where emergent plants are encountered
throughout the marsh, and although basing this parameter on bed material ignores the
effects of vegetation, this will provide an estimate of sediment settling in open water and
will therefore provide conservative estimates of settling in vegetated or partially
vegetated marsh.
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Combining Equation 13 — Equation 17, one may obtain an expression for the effective
settling velocity of sediment in coastal marshes.

-b —b-1
Wseff =Ws _sz A — 2 [ : j A 2
‘ z, H-z (H-2)

For incorporation into the flow diversion model, vertical mixing has been computed at a
height above the bed equal to 1/10 of water depth (z = '%O) and z, is approximated as

Equation 20

1/100 of the depth (za = %OO)' These values provide an estimate of the settling velocity
of particles very near the bed that are assumed to settle. Insertion of these relations into

Equation 20 yields:
—b-1
Ws eff — Ws —bK z (99)7b (lj (%)
’ 9 H

Equation 21
Where K, =0.009xu.H .

Net Sediment Benefit

By accounting for sediment loading to the marsh and sediment retention within the
marsh, the mass loading rate of sediment retained in the marsh may be determined by:

Q s,net = Qs,div RT

Equation 22
Where Qs et IS the net mass loading rate of sediment to the marsh.

This loading rate may then be used to calculate the net aerial sediment benefit due to flow
diversion, Asg, for a given time period.

Qs ne dt
Ased = -

Hppg

Equation 23
Where dt is the time step (da) and pyq is the average bulk density of the receiving area.

Bulk density in coastal marshes varies significantly with depth due to sediment
consolidation. For our analysis, we assumed that the bulk density was a depth averaged
value based on the depth of marsh being filled with sediment (i.e. flow depth, H). Bulk
density profiles were obtained from literature (Nyman et al., 1990; Nyman et al., 1993;
Delaune et al., 2003) and available data (Michael Channel, personal communication).

Application: Caernarvon Diversion and Breton Sound Estuary

In order to verify the ability of the model to account for landscape evolution due to flow
diversion, the model was applied to an existing diversion structure and marsh, the
Caernarvon Diversion to Upper Breton Sound Estuary (Figure 4). The Caernarvon
Diversion is located on the east bank of the Mississippi River at river mile 81.5 (131.2
km) (approximately 12.5 river miles (20.1 km) downstream of New Orleans) and
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discharges Mississippi River water into Breton Sound through five 15-ft (4.57-m) box
culverts with vertical lift gates (Lane et al., 1999; Snedden et al., 2007). The diversion
was constructed between 1988 and 1991 and opened for operation in August of 1991 with
goals of reducing the salinity in Breton Sound for commercial shell fisheries. An
ancillary benefit of the diversion has been sediment and nutrient loading to the marsh and
corresponding reduction in land loss (Snedden et al., 2007).

Upper Breton Sound is approximately 231 mi® (599 km?) in area with a length of 18.8 mi
(30.2 km) and a width of 12.3 mi (19.8 km). This estuary was historically an
intermediate marsh, but due to RSLR and river/marsh disconnection, marsh salinity
elevated to brackish conditions before the diversion became operational (Carter and
Bernard, 2007). The current marsh is dominated by brackish species (e.g. S. patens) near
the diversion and saline marsh species (e.g. S. alterniflora) far from the diversion
(Snedden et al., 2007).

Breton Sound is hydrologically isolated from surrounding marshes by levees on both the
eastern and western borders; therefore accounting for inflows and outflows to the marsh
is relatively straightforward with water budgets for Upper Breton Sound revealing major
hydrologic processes to be precipitation, evaporation, and freshwater diversion.
Groundwater and stormwater inflows have been shown to be relatively small compared to
precipitation and diversion (Hyfield, 2004).

In order to maximize the retention time of diverted water and induce desirable sediment
settling and nutrient uptake, the State of Louisiana has initiated outfall management for
the Caernarvon Diversion. Management actions have included restoration and
backfilling of man-made canals, installation of control structures throughout the marsh
(Carter and Bernard, 2007), and operational adjustment to test theories of marsh
sedimentation processes (Snedden et al., 2007).

Snedden et al. (2007) have shown that a large majority (nearly 99%) of Caernarvon’s
discharge flows downmarsh through two major flow routes for low discharges. These
authors indicate that below 3500 cfs, the diverted waters remain almost entirely in these
canals. When diversion discharge exceeds this threshold value, diverted waters appear to
exceed canal banks and flow over the marsh as sheet flow (Snedden et al., 2007). This
indicates that large pulses of discharge may be more effective in distributing sediments
throughout the estuary. These authors also applied a local river sediment rating based on
near-surface suspended sediment concentrations of the Mississippi River approximately 5
mi (8 km) downstream of the Caernarvon structure at Belle Chase, Louisiana. By
examining sediment loading rates through the diversion, these authors concluded that
pulsing of discharges in phase with high river sediment concentrations not only induces
sheet flow over the marsh, but also has the ability to load much greater quantities of
sediment to the marsh (Snedden et al., 2007).

The Caernarvon Diversion provides an excellent test case for the model developed herein

due to the variable discharge inputs and extensive knowledge of current system
processes. Table 3 presents the inputs to the model for the Caernarvon Diversion and
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Breton Sound. Many of these inputs have a significant amount of variability and have
been presented with standard deviations in order to provide the reader with a scale of
parameter uncertainty. When data was not available, parameters and ranges were
estimated by best professional judgment. Since many of the input parameters contain a
significant amount of uncertainty and forecasting land evolution in such a complex
system is difficult, model uncertainty has been characterized by a Monte Carlo risk
analysis. In this analysis, parameter uncertainty was estimated and assumed normal about
the mean. Random errors were then introduced in each parameter for 10,000
calculations. Model results were computed with each set of randomly induced errors, and
the range of area predictions was analyzed to determine 90% confidence intervals.

In order to apply the model to Breton Sound, the diversion and river hydrographs must be
estimated to indicate marsh nutrient and sediment availability. The river hydrograph may
be estimated by using a representative water year or by averaging flows for many years
and determining mean daily discharges over a period of record. The diversion
hydrograph may be estimated by applying historic operational records, assuming an input
hydrograph, testing various operational theories (e.g. pulses timed with river discharge),
or linking the discharge to the diversion structure type (e.g. diversion discharge
dependence upon river stage using a weir equation). A sample representative diversion
and river hydrograph are displayed (Figure 5) for operation of the Caernarvon structure in
1994. Both the diversion and river hydrographs for this year output very near average
annual discharge volumes and the peak magnitudes of the hydrographs were well
represented; therefore, for this analysis, the diversion and river hydrographs were
assumed to be that of the 1994 calendar year for each year of the simulation.

Figure 6 presents the evolution of land area within Upper Breton Sound from before the
diversion was opened (1 November 1990) until the end of 2006 (31 December 2006).
This figure shows the observed values of marsh area along with estimates by the current
model with associated parameter uncertainty alongside the Boustany Model. The
estimated future without project (FWOP) is presented to provide the reader with the
magnitude of marsh area benefit the Caernarvon Diversion is providing Breton Sound.
Vertical lines indicate the beginning of diversion operation and hurricanes making
landfall in Louisiana. It is clear that hurricanes create significant perturbations to the
system; however, hurricanes may provide both import and export to a given marsh
depending upon the location of landfall and are, for the purpose of this screening level
model, assumed to create no net import or export of sediment over a long planning
horizon.

In addition to model verification at Caernarvon, readers may be interested in the benefits
provided by nutrient and sediment components separately; therefore Figure 7 presents the
model predictions with nutrient only and sediment only scenarios for the Caernarvon
Diversion application.

Optimization of Implemented Diversion

The focus of LACPR has been the analysis of alternatives and the decision support
framework associated with choosing diversion sites and quantities. The land evolution
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model has been applied as tool for assisting in this framework and has provided relative
benefits of various flow diversion sites and scenarios. The utility of the tool, however,
has not yet been fully exploited. Following the narrowing of alternatives, the land
evolution model may then be used in the initial optimization of the selected diversions by
examining different operational and structural scenarios. This type of analysis has not yet
been conducted for each of the alternatives of the LACPR, but this section provides a
sample of how these analyses might be conducted for a given diversion site. The model
will be applied to an existing diversion (Caernarvon) to assess the land gain benefits of
six operational and five structural scenarios with near equal annual discharge volumes.

As previously stated, the Caernarvon Diversion discharges Mississippi River water to
Upper Breton Sound through five 15 ft box culverts with vertical lift gates which can be
used to control diversion discharges to the marsh. For this analysis the diversion is
merely used to demonstrate the ability of the land evolution model to provide relative
benefits of different operational and structural conditions. Table 3 provides the model
inputs used for these optimization exercises. For these analyses, the 1994 Mississippi
River hydrograph was found to be representative of the average annual discharge volume,
peak magnitude, and seasonality of flow in the river and has been used throughout the
duration of the model simulations in these exercises.

Operational Optimization of Gate Structures

The continuous hydrographic inputs of the model provide a tool for optimizing gate-type
diversion operation to obtain the greatest land evolution benefits. In this section, the
model will be applied to demonstrate the operational benefits for the six approximately
equal-volume discharge scenarios that follow (Figure 8). These annual hydrographs were
chosen based on previous research indicating that pulsing and timing of diversions may
be critical to land evolution (Day et al., 2003; Snedden et al., 2007).

1. Historic operation based on 2003 operational conditions (a “pulsed” diversion
year with a large portion of the annual sediment load derived from two two-
week pulses)

2. Simulated operation with a large pulse of one-month duration timed in phase
with high river sediment discharges

3. Simulated operation with a large pulse of one-month duration timed out of
phase with high river sediment discharges

4. Simulated operation with a small pulse of six-month duration timed in phase
with high river sediment discharges

5. Simulated operation with a small pulse of six-month duration timed out of
phase with high river sediment discharges

6. Constant diversion discharge

Each of the annual hydrographs was input to the model, and land evolution estimates
were made for a 50 year time period starting at the arbitrary starting date of January 1,
2001 (Figure 9). These results indicate that, for the inputs considered, the magnitude and
timing of the diversion discharges is critical to suppression of the land loss rate.
Therefore, for this hypothetical diversion scenario at Caernarvon, the diversion of flows
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could be altered to be in phase with high river sediment discharges and should occur from
later winter to early summer (February — June). These periods of high sediment
discharge may not, however, align with other project goals of a given diversion (e.g.
reduction of salinity for maintenance of commercial fisheries). This analysis indicates a
time period over which the greatest land evolution benefits may be obtained, and
diversion operation may be optimized within that timeframe to include multiple project
goals.

Structure Selection

Not only will operational considerations impact diversion benefits, but structure type will
also have a drastic impact on the selection and operation of a given diversion. For
instance, a gate-type structure (such as the one at Caernarvon) may be controlled to
achieve the desired water and sediment discharges, but the cost and maintenance may be
high. Whereas a broad-crested weir may have low cost, but control of diversion
discharges is relatively minimal. A siphon is a third common diversion structure that
may require significant maintenance and operational effort, but the suspended sediment
concentration of the diverted water may be higher and the size gradation of the sediment
diverted may be significantly larger inducing more land gain on both accounts. This
section will demonstrate the ability of the model to assess land evolution by applying the
model to the Caernarvon Diversion for the following five hypothetical structural
scenarios:

Gate structure with pulsed operation based on the 2003 hydrograph
100-ft wide broad-crested weir

200-ft wide broad-crested weir structure

1 — 15 ft siphon with a single short duration (113 day) discharge event
1 — 6 ft siphon with continuous operation throughout the year

SAEIE S

The weir structures have been assumed to behave as theoretical broad-crested weirs
(Equation 24) and the discharge was determined based on the Mississippi River stage for
the representative hydrograph (1994). The weir elevations were adjusted to produce
annual discharge volumes approximately equal to the average annual diversion discharge
volume from 1991-2006.

3/2
Qdiv = Cweir BWeir (Zriver - Zweir)
Equation 24

Where Cyeir is @ Weir coefficient (~4.37 ft°°/s), Byeir is the width of the weir (ft), Zriver is
the elevation of the river for a given flow rate (ft), zueir is the elevation of the weir (ft)
(White, 2003).

In order to calculate the discharge of the diversion by siphoning, Bernoulli’s equation
was implemented (Equation 25). Frictional losses in the pipe were assumed negligible
due to the qualitative nature of this analysis. As with the weir, the marsh elevation was
optimized to produce annual discharge volumes approximately equal to the average
annual diversion discharge volume from 1991-2006. Figure 10 presents diversion
discharge hydrographs for the five scenarios considered.
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Qdiv = Vsiphon Asiphon = \/Zg (Zriver ~ Ziarsh )LTJ

Equation 25
Where zmarsh IS the elevation of the marsh and d is the pipe diameter.

The land evolution model was applied using these annual diversion hydrographs and the
parameters from the Caernarvon Diversion (Table 3). The only alteration of the
Caernarvon model inputs was the sediment rating curve and size fraction applied to the
siphon calculations. A weir or gate structure diverts surface waters of the Mississippi
River to the marsh, and the Belle Chase surface sediment rating presented in Table 1 was
determined as such (Snedden et al., 2007), but a siphon could draw water from lower in
the water column, producing a larger sediment concentration and a more coarse sediment
size fraction. As such, the total sediment rating at Belle Chase was applied with an
assumed size fraction distribution based on the observed fraction of silt and clay (fsang =
0.12, fsilt = 0.44, fclay = 0.44, fﬂoc = 0.3).

As evident by the land evolution calculations (Figure 11), the benefits of flow diversion
are extremely sensitive to the size fraction and concentration of the river water diverted.
Therefore, the choice of structure type from a land evolution perspective is
overwhelmingly in favor of siphons which divert higher concentrations of coarser
sediment. However, logistical difficulties associated with operation and maintenance of a
siphon (e.g. maintaining head differential, priming the siphon, air intrusion) may
eliminate this structure type from consideration in many instances. It is also important to
note that the results presented herein likely offer overly optimistic benefits of siphon
structures due to the exclusion of friction in the siphon and the use of the total suspended
sediment rating at Belle Chase. Although the siphon will be able to draw water from
lower in the Mississippi River water column than a gate or weir, in order to maintain
appropriate pressure differential for flow to the marsh, the siphon inlet will likely be
required to draw in the upper half of the water column where suspended sediment
concentrations are lower. The land evolution benefits of a siphon may also be
overshadowed by other project objectives which may be detrimentally impacted by high
turbidity or suspended sediment concentrations, such as fisheries production and marsh
vegetation stimulation.

Summary of Diversion Optimization
The purpose of this exercise was not to identify an operational condition or structural
alternative that is ideal for all flow diversions in coastal Louisiana, but was instead to
demonstrate the land evolution model’s ability to maximize land gain benefits for various
operational and structural alternatives. Land gain (or suppression of land loss) is often
not the only objective in the large-scale, long-term projects of the LACPR, and many
other factors may be included in the selection of a diversion operational or structural
scheme, some of which include:

e Cost of diversion with both structural and operation/maintenance components

e Desire to control diversion releases

e Commercial fisheries impacts

e Public recreational land use patterns

16



Conclusions

This paper has presented the adaptation of a model for quantifying flow diversion
benefits and demonstrated the model’s ability to estimate the relative benefits of various
flow diversion locations, structures, and operational regimes; however, the model results
are limited due to the exclusion of a variety of important system processes. Some of the
major assumptions and limitations of the model were:

Benefits of flow diversion are independent (in reality the benefits are likely non-
linearly coupled due to vegetation inducing sediment deposition and
sedimentation increasing suitable habitat for vegetation)

Nutrients serve as a reduction in land loss, not a source of land gain benefits
(Deposition of particulate organic matter neglected)

Spatial uniformity - vegetation, roughness, bulk density, and other parameters are
highly heterogeneous in coastal marshes

Temporal resolution is only represented intra-annually, not contiuously
Rectangular wetland geometry

No vegetative component to settling/roughness

Organic accumulation is not considered as a function of time even through
biomass production is highly seasonal

No habitat switching with time

Canals are not accounted for as a sediment loss mechanism

Sheetflow was assumed for all diversion flow rates

No sediment resuspension due to rainfall, tidal flows, waves, or hurricanes
Uniform distribution of sedimentation.

Nutrient recycling neglected

Although these assumptions significantly limit the model’s ability to quantify the benefits
of flow diversion, approximations had to be made due to the time and resource
constraints under which the model was developed. Further refinement of model
processes and algorithms are recommended and should address the above limitations
specifically focusing on the following:

Temporal distribution of nutrient benefits to account for seasonality and storage
Nutrients as a source of benefit, not just a source of loss reduction. Refer to the
organic accumulation models of Blum et al. (1978), Mitsch and Reeder (1991),
and Reyes et al. (2000) for examples of organic benefit frameworks

Nutrient retention calculations inclusive of marsh nutrient cycling processes (e.g.
denitrification, burial)

Division of nutrients — nutrients should be divided into individual components
(e.g. nitrogen and phosphorous) due to marsh limitation to a single nutrient
Salinity is roughly covered in the model by the adjustment of bulk density and
primary productivity, but the parameter is not explicitly covered and habitat
switching is not tracked

Spatial complexity/geometry improvements

Inclusion of coastal currents and erosion, major storm events, and wind erosion
Better methods of accounting for hydraulic resistance
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Figures

Figure 1. Typical coastal Louisiana marsh community with a patchwork of dense
vegetation and open water
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Figure 2. Conceptual model of coastal Louisiana marsh accretionary processes
(from Day et al., 1995)
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Figure 4. Aerial view of Breton Sound displaying Caernarvon Diversion and
project division areas for tracking land evolution. In this analysis only the following
areas were considered to be directly influenced by the Caernarvon Diversion in
order to maintain relative uniformity in conditions: Upper Reference Outfall East,
Upper Project Outfall, Upper Reference West, Middle Reference West, and Middle
Project Area.
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Figure 6. Marsh area prediction for the Caernarvon Diversion from 1990-2006 with
observed acreages, model predictions with parameter uncertainty bounds, as well as
the Boustany Model predictions

29



88,000

86,000 -

84,000 -

82,000 A

80,000

78,000

Land Area (ac)

76,000

74,000

72,000

70,000

68,000 T T T T T T T T T T T T T T T T T T T T T T T T
N-90 N-92 N-94 N-96 N-98 N-00 N-02 N-04 N-06 N-08 N-10 N-12 N-14 N-16 N-18 N-20 N-22 N-24 N-26 N-28 N-30 N-32 N-34 N-36 N-38 N-40

Date

Synergistic ‘

FWOP = = = Sediment Only == == Nutrient Only

Figure 7. Marsh area prediction for the Caernarvon Diversion from 1990-2040 with
isolated nutrient and sediment benefits

30



Diversion Discharge, Qg (cfs)

16000

14000

12000

10000

8000

6000 -

4000

2000

Date

‘—2003 ——Large - In =Large - Out ==Small - In ==Small - Out == Constant =——MS River - 1994 ‘

1400000

+ 1200000

+ 1000000

+ 800000

+ 600000

+ 400000

200000

Figure 8. Hydrographs considered in Caernarvon Diversion operational

optimization

31

—~
o

“
o

Mississippi River Discharge, Qyyer (



Marsh Area (ac)

88000

86000 SNUA

84000 -

82000

/
/
/

80000

78000

76000 -

74000

/

72000 T T T T T T T T T
2001 2006 2011 2016 2021 2026 2031 2036 2041 2046

Date

‘—2003 —Large - In —Large - Out ——Small - In ——Small - Out —— Constant ‘

Figure 9. Land evolution predictions for multiple operational scenarios at the
Caernarvon Diversion

32



20000 1400000

18000 -

-+ 1200000
16000 -
14000 4 - 1000000

12000 A

ol Al |
A \ [\
. [\ AN
A AL VI i

ol M VIS )

0 T T T T T T T T T T T 0

J F M A M J J A S (e] N D
Date

Diversion Discharg,e Qdiv (cfs)

‘—Gate - 2003 = Weir - 100ft === Weir - 200ft == Siphon-1 X 15ft Pipe === Siphon- 1 X 6ft Pipes ====MS River - 1994 ‘

Figure 10. Calculated hydrographs for various structure types at the Caernarvon
Diversion

33



Marsh Area (ac)

115000

110000

105000

100000

95000

90000

85000 -

80000

75000 T T T T T T T T T
2001 2006 2011 2016 2021 2026 2031 2036 2041 2046

Date

‘—Gate - 2003 = Weir - 100ft ===Weir - 200ft == Siphon-1 X 15ft Pipe === Siphon-1 X 6ft Pipe ‘

Figure 11. Land evolution predictions for various structure types at the
Caernarvon Diversion

34



Tables
Table 1. Sediment Ratings for Rivers on the Louisiana Coastal Plain

River Gauge Location a1 a R?
Mississippi  Belle Chase Surface”  3.205E-07 2.000 0.6648
Belle Chase 1.237E-08 2.320 0.7302
Tarbert - 1949-1975  1.192E-04 1.702 0.7945
Tarbert - 1975-2007  7.096E-03 1.342 0.7689
St. Francisville 6.501E-04 1.507 0.7357
Atchafalaya Melville 4.941E-06 1.937 0.7764
Simmesport 8.286E-04 1.563 0.8138

All ratings developed from suspended sediment concentrations and water
discharges from USGS Website except "Belle Chase Surface”

“Surface concentrations of suspended sediment at Belle Chase and Tarbert's
Landing Discharges (Snedden et al., 2007)
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Table 2. Hydraulic roughness height as a function of bed material grain size

Channel Boundary Roughness Height, z"

ft mm m
Mud 6.6E-04 0.2 2.0E-04
Mud/Sand 2.3E-03 0.7 7.0E-04
Silt/Sand 1.6E-04 0.05 5.0E-05
Sand (unrippled) 1.3E-03 0.4 4.0E-04
Sand (rippled) 2.0E-02 6 6.0E-03
Sand/Shell 9.8E-04 0.3 3.0E-04
Sand/Gravel 9.8E-04 0.3 3.0E-04
Mud/Sand/Gravel 9.8E-04 0.3 3.0E-04
Gravel 9.8E-03 3 3.0E-03

!Adapted from Soulsby (1983, Table 5.4)
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Table 3. System properties and land evolution model parameters for the Caernarvon Diversion to Breton Sound Estuary

Best Approximate
Parameter Estimate  Standard Deviation
General System Properties
Initial Land Area (ac)” 86,591 -
Project Area (ac)” 148,018 :
Average Water Depth, H (ft)" 3 0.5
Average Water Width, B (ft) 65,000 1,000
Maximum Tidal Velocity, Usigemax (ft/s)” 0.6 0.1
Roughness Height, z, (ft)” 0.005 0.0005
Land Loss Rate (%/y)* -0.42 0.042
Bulk Density, png (g/cm®) 0.26 -
Sediment Rating of Surface Concentrations of the Mississippi River at Belle Chase?
Coefficient 3.205E-07 3.21E-08
Exponent 2.000 -
Size Fraction of Belle Chase Rating?
Sand 0.01 0.0017
Silt 0.63 0.1050
Clay 0.36 -
Floc Fraction” 0.3 0.0667
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Best

Approximate

Parameter Estimate  Standard Deviation
Approximate Fall Velocity® (m/s)
Sand 1.00E-02 8.33E-04
Silt 3.00E-04 2.50E-05
Clay 7.00E-06 5.83E-07
Floc Fraction 2.00E-04 4.00E-05
Marsh Nutrient Requirements
Plant Productivity Rate, P, (g/m?yr)” 4,150 415
Percent of N and P in Plant Biomass, yrnp(%)* 0.72 0.072"
Nutrient Loading to Marsh
Background Concentration of N and P, Cpackground (Mg/L)° 0.34 0.034"
Sourcewater Concentration of N and P, Csource (Mg/L)" 2.28 05
Nutrient Retention, Rou: (%) 50 10

!Land loss rate calculated from observed marsh acreage from 1978-1990

*Data for rating and size fraction from Snedden et al. (2007)
*Calculated from method of Soulsby (1997)
*Foote and Reynolds (1997)
*Hyfield (2004)
*Available data

“Best professional judgment
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Symbols

b = Rouse parameter

d = Diameter of siphon

fi = Sediment size fraction i

g = Acceleration due to gravity

u= = Shear velocity

X = Longitudinal or down-marsh coordinate

y = Horizontal or cross-marsh coordinate

z = Vertical coordinate

Zo = Hydraulic roughness length

Zo = Reference depth

Zriver = River stage

Zmarsh = Marsh Elevation

Zweir = Weir Elevation

A = Marsh area

Aveg = Vegetated area of receiving area

Anyt = Total aerial nutrient benefit from flow diversion

Aseq = Total aerial sediment benefit from flow diversion

Asiphon = Cross-sectional area of siphon

B = Average marsh width

Buweir = Weir width

C = Suspended sediment concentration

Ca = Suspended sediment concentration at reference elevation z,
Criver = Suspended sediment concentration of river

Csource = Nutrient concentration of source water

Cweir = Theoretical weir coefficient

Esus = Percent of wetland sustained by nutrient loading

H = Average marsh depth

K, = Vertical diffusivity

L = Average marsh length

LRreq = Marsh required nutrient loading rate

LRgiv = Loading rate of nutrients from the flow diversion
LRpackground = Background loading rate of nutrients from preexisting marsh sources
LRnet = Net loading rate of nutrients from diversion and background sources (=LRgiy -
LRbackground)

P, = Primary Production

Quiv = Volumetric water discharge through diversion

Qs river = Sediment discharge of river

Qs giv = Sediment discharge of diversion

Qs net = Rate of sediment discharged to and retained in marsh

Ri = Sediment retention of size fraction i

Rt = Total sediment retention factor

T = Time required for particle settling

U = Daily mean velocity with tidal and diversion related components
U; = Instantaneous mean velocity with tidal and diversion related components
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Ugiv = Diversion induced velocity (= Qqiv/ HB)

Unmaxtide = Maximum tidal velocity (tidal velocity amplitude)
Vsiphon = Velocity of flow in siphon

W; = Natural settling velocity

W, ¢f = Effective settling velocity due to natural settling and turbulence
X = Transport distance of suspended sediment

o= Land change rate (% / time)

onut = Nutrient suppressed land change rate (% / time)

sut = Percent of plant biomass made up of nutrients

x = von Karman’s constant (0.4)

@ = Tide phase

ap = Tide phase of the up-crossing zero velocity

an = Tide phase of the down-crossing zero velocity (=ap + 7)
n=m+2rx
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ERDC-SAND2 Model Verification

Verification of the SAND2 model was conducted by simulating the effects of the
freshwater diversions (siphons) at Naomi and West Pointe a 1a Hache, both of which
began operating in 1993 (Figure A), and the larger Caernarvon Freshwater
Diversion Project, which began operating in 1991.

Figure A. Locations of the diversions simulated using the SAND2 model.

Lake Borgne

Daily discharge information from each of these diversions was used as input into
the SAND2 model. Wetland acreages from the respective influence areas, from
1956 to 1990 were used to determine pre-diversion wetland loss rates. The SAND2
model was then used to predict post-operation wetland acreages. Those predicted
acreages were then compared to post-operation observed wetland acreages to verify
model results.

The SAND2 model did a reasonably good job forecasting Caernarvon benefits until
2005 when Hurricane Katrina caused severe marsh loss in the influence area.
Because the model does not incorporate effects of major storm impacts, the model-

predicted acreages differed dramatically from observed acreages following Katrina
(Figure B).
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Figure B. SAND2 simulation of the Caernarvon Freshwater Diversion (1991-2006).
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Compared to the 8,000 cubic feet per second (cfs) design maximum discharge for the
Caernarvon Diversion structure, the maximum discharge of the 2 siphons is roughly
2,000 cfs. Although the SAND2 model did a fairly good job predicting the effects of
the West Pointe a la Hache Siphon (Figure C), the predicted results tended to
underestimate actual observed wetland acreages.
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Figure C. SAND2 simulation of the West Pointe a la Hache Siphon (1993-2007).
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Likewise, the SAND2 results also underestimated wetland acreage in the area
influenced by the Naomi Freshwater Diversion Siphon (Figure D). The
underestimate for the Naomi Siphon may be related in part to the large and
relatively deep open water included within the siphon’s influence area. Exclusion of
this area, or a reduction in the influence area size, may have improved the accuracy
of model results. This issue highlights the influence of project area selection on
model results. Ideally, a hydrologic model or other systematic method to
determining the project area (diversion influence area) is needed to achieve the best
model results. Unfortunately, there was not sufficient time to conduct model runs
to determine the potential ARTM diversion influence areas for each freshwater
introduction measure. Instead, influence area polygons were determined using best
professional judgment.

The SAND2 verification work, and other work with the SAND2 model indicates that
1t 1s most applicable in interior marsh systems. When applied to open bays or large
lakes, it appears to substantially overestimate land-building. This may be related
to resuspension and export of deposited sediments, a process that the model does
not address. The ARTM measures, however, are all generally interior locations
which are handled well by the SAND2 model. Unfortunately, no examples of
freshwater introductions without sediment are available to verify the application of
the SAND2 model for nutrient-only situations.
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Figure D. SANDZ2 simulation of the Naomi Freshwater Diversion Siphon (1993-
2006).
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ANNEX 3

MCASES Cost Analysis
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Figure 47b. Simulation 4 Salinity Time Series Results at Points throughout the White Ditch Area

(Point Locations shown on Figure 36).



Figure 48. Time-averaged Salinity Distribution for Long-term Simulation 3.



Anpendix A
Discussion of Bay Gardene Tide Gage Datum



The White Ditch hydrodynamic and salinity model developed by URS uses the USGS
Bay Gardene tide data for the offshore water elevation boundary condition. During the
model calibration it was not possible to obtain a tidal calibration to measured data in the
White Ditch area without shifting the reported elevation of the tide data. The shift used
was approximately 1 foot downward.

The Bay Gardene tide data is reported as NAVD 88 and the mean tide elevation for one
or more year period is approximately one foot. The typical spring tide range is about 2
feet. The local survey data in the White Ditch are indicates that the median land
elevation (based on numerous survey points on transects across the area) is about 1 foot.
Thus during the rising tide, it is expected that the land will be inundated and during a
falling tide the inundated areas would become dry. This was reproduced in the model
simulations, but it causes a severe attenuation of the tide range in the White Ditch area, so
much so that there was no possibility of matching the measured tide range in the area
with adjustments to the friction or mixing parameters.

Local knowledge of the area, based on discussion with airboat operators who spend a
significant amount of time in the area indicate that during normal tides the land areas do
not become submerged, even at high tides. The only exception is during the month of
September when high offshore water levels associate with predominant southeasterly
winds causes a setup in the White Ditch area. In order to reconcile some of these findings
an investigation of the tidal datum for the Bay Gardene gage was made. The findings of
this investigation are summarized as follows:

e The USGS indicates that the gage was reset with the last year and there is larger
than normal uncertainty in the accuracy of the gage datum (NAVDS88)

e NOAA is not aware of or is not using the datum data that the USGS generated (no
MSL to NAVD 88 info). NOAA has no published website Benchmark Page and
they do not publish a NAVD to MSL conversion for the Bay Gardene gage.

e The NOAA VDATUM software quotes the uncertainty of datum conversions in
the east Louisiana and Mississippi area as 17.1 cm (65% chance that actual area is
below this level)

e Discussion with Garron Ross of USGS (referred to by Scott Beddingfield)
indicates that there is a good degree of uncertainty in the tidal benchmark at Bay
Gardene and that the USGS plans to re-survey it using a state-of-the-art GPS
system in the near future, possibly publishing it in Summer 2010. The current
gage was remounted about a year ago, and an expedient method of establishing
the gage datum was used. Mr. Ross also pointed out that the Bay Gardene data of
summer 20009 is still provisional, and noted that there was a sudden 0.5 foot shift
in the data back in January.

These findings indicate that there is sufficient uncertainty in the Bay Gardene gage datum
to allow for some adjustment of the stage levels in the modeling analysis.





