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Executive Summary

This report describes the development of sediment distribution and morphology processes
required to simulate the responses of the coastal area to the hydrological, meteorological and
geological conditions over fifty years. A literature review was used as a basis for the proposed
processes for the Integrated Compartment Model (ICM) for the 2017 Coastal Master Plan. These
included: resuspension and transport of sand, silt, flocculated and particulate clay in open
water; exchange of sediment between open water and marshes and sediment processes
related to hurricanes. The contribution of wave energy to sediment distribution was also
investigated.

In the ICM, resuspension for the silt and clay is based on excess bed shear (bed shear - critical
shear) and consolidation time. The flocculation of clay is a function of the salinity. The sand
accumulation rate in open water is related to the difference between the sand inflow and the
sand fransport capacity. The flow exchange between the open water and the marshes is
described by the Kadlec-Knight formula. The sedimentation in the marshes is freated in two
zones: near-shore and interior. No resuspension of sediment in the marshes occurs under non-
hurricane conditions. During storm conditions the same processes erode and deposit sediment
throughout the system with some limits applied to suspended sediment concentration and bed
erosion.
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1.0 Introduction

The objective of the sediment distribution and morphology effort was to investigate and, where
possible, improve the sediment distribution processes that were used in the 2012 Coastal Master
Plan eco-hydrology and wetland morphology models for incorporation into an Integrated
Compartment Model (ICM), as described in the 2017 Coastal Master Plan Model Improvement
Plan (CPRA, 2013) and Atftachment C3-22: ICM Development.

The sediment distribution and morphology processes described in this report are incorporated
into the ICM. Compartments within the ICM refer to hydrologic units consisting of open water,
marsh and upland areas; the open water areas and the marsh areas are connected by
conveyance links. The ICM consists of the following coupled subroutines: hydrology, morphology,
vegetation, and barrier islands. The hydrology subroutine computes the hydrology, hydraulics,
sediment transport, water temperature, salinity, sediment concentrations/accretion, and
nutrients within compartments. The morphology subroutine computes land loss and land building
and provides the digital elevation model (DEM) on which the hydrology compartments are
based. The vegetation subroutine determines the marsh type, the vegetation type, habitat, etc.
The hydrology subroutine has a relatively small time step of the order of 30 seconds and a large
spatial scale of the order of a few square kilometers; this subroutine provides stage, salinity,
water temperature, and sediment accretion to the other subroutines at intervals of one day to
several years. At one-year intervals the morphology subroutine provides an updated DEM that is
used by the hydrology subroutine to assign land area, open water area, and elevations to the
hydrology compartments. The hydrology subroutine is subject to offshore boundary conditions
on stage, salinity, water temperature, sediment concentration, and nufrient concentrations.

The ICM includes several improvements over the suite of models used to support the 2012
Coastal Master Plan, such as: additional processes in the hydrology, vegetation, wetland and
barrier island morphology subroutines, increased spatial resolution, and intfegration of previously
disparate models into a single modeling framework. The ICM also includes habitat suitability
indices (HSIs) to predict broad spatial patterns of habitat change (refer to Attachments C3-6
through C3-19), and it provides input to a dynamic fish and shellfish community model which
predicts potential changes in fishery resources (refer to Attachment C3-20: Ecopath with Ecosim
(EWE)). The ICM can be used to estimate the individual and cumulative effects of restoration
and protection projects on the landscape, including a general estimate of water levels
associated with flooding.

The model domain was discretized info compartments. The general principle was to define
compartments based on hydrologic units or sub-units. The boundaries of the compartments
were manually imposed starfing with a habitat map, and then manually adjusting the
compartments to account for drainage patterns. Large open water areas were sub-divided o
provide beftter resolution. The same was done for deltas and potential delta building areas.

The 2012 eco-hydrology model (Meselhe et al., 2013) is a compartment model that included
open water, marsh, and upland areas. The model is classified as a link-node model in which the
process computations are completed in the nodes, and the links are used to transfer quantities
from node to node. The state variables were water levels, salinity, sediment concentrations, flow
between nodes, water temperature, and nutrients. The sediment component of this model
addressed two classes of material: inorganic fines (e.g., silt and clay) and sand. The fine
sediment in the bed of the open water cell, or node, was subject to resuspension based on the
excess bed shear relative to the critical bed shear; the bed shear was assumed to be
proportional to wind speed squared, while the critical bed shear was related to a critical wind
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speed squared. The critical wind speed was determined through the calibration procedure. The
Krone (1962, 1966) formula was used for the deposition rate and the depositional velocity was
determined by calibration. In open water, the net inorganic bed accumulation rate was the
difference between the resuspension rate and the deposition rate. The transfer of sediment from
the open water to the marsh occurred when the open water stage exceeded the marsh
elevation; it was assumed that the flow intfo the marsh was sufficient to maintain the same stage
in the marsh as in the open water. The flooding flow info the marsh is assumed to carry sediment
at the same concenftration as in the open water, but the ebbing flow is assumed to carry
sediment at the concentrations in the water over the marsh; these sediment concentrations are
reduced relative to the open water due to the sediment deposition in the marsh. Under non-
hurricane conditions, only sediment deposition was considered in the marsh (i.e., no
resuspension was considered). The sand class was deposited in the open water until the cell
reached a limiting condition for bypassing. In some cases, a correction was required at the 25-
year period to reset the flow and sediment distribution to simulate the delta building process.

The 2012 wetland morphology model used the compartmental mineral accumulation rates
generated in the eco-hydrology model, along with biomass correlations, subsidence, and soil
bulk density to convert the mineral accumulation rates into a revised DEM of the coastal
landscape. The new DEM was used to update the marsh and open water elevations. These
changes, in furn, were used to update the marsh and open water areas in the compartments of
the eco-hydrology model on a 25-year interval. This process has been improved for the 2017 ICM
by computing mineral accumulation rates in the open water, the near edge zone of the marsh,
the interior of the marsh, and more frequent revisions of the land-water characteristics of each
compartment. A separate report (Attachment C3-2: Marsh Edge Erosion) describes the marsh
edge erosion procedure that is utilized in the morphology subroutine to generate the new marsh
edge length and the change in marsh/open water areas. Two types of marsh sedimentation
processes are considered: a) non-hurricane sediment transfer and b) hurricane accretion. The
sediment distribution processes related to hurricanes includes some limits on sediment
resuspension and bed erosion in open water areas.

The fate of mineral sediment in the coastal area involves sediment sources, sediment transport
within the coastal areq, sediment transfer to and from the marsh areas, and sedimentation
processes within the marsh areas. There are distinct tfemporal and spatial differences related to
fropical and frontal systems that the coastal sediment distribution must account for.

The sediment distribution processes within the hydrology subroutine focus on the interior coastal
waters and marshes; marsh edge erosion processes are also considered in the hydrology
subroutine, and the BIMODE subroutine focuses on the barrier islands (Attachment C3-4: Barrier
Island Model Development). The purpose of this report is to summarize the findings of the
literature search on coastal sediment distribution (Attachment C3-1.1: Sediment Distribution
Supporting Information) and to describe the approach used to include sediment distribution
processes in the hydrology subroutine of the ICM.

The areas of emphasis in this report are:

e Sediment processes in the open water areas

¢ Sediment transfer processes between the open water and the marsh areas

¢ Sediment processes in the marsh areas

e The effects of hurricanes (also referred to as fropical storms) on the sedimentation
processes

* Available modeling frameworks for the simulation of coastal sediment distribution and
morphology as a part of an integrated compartment model
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The sediment distribution processes described in this report frack the mineral sediments in the
marshes and open waters of the coastal area. They are based in part on an extensive literature
review (Atftachment C3-1.1: Sediment Distribution Supporting Information). The modeling
requirements are:

e Mass balance approach as per the 2012 Coastal Master Plan - Appendix D, CPRA 2012
and Meselhe et al., 2013

e Critical shear stresses for deposition and erosion

e Material class sizes to include sand, silt, colloidal, and flocculated clay

e Open water bed shear based resuspension process

¢ Channel bed shear model following van Rijn (1984, 2000, 2013)

¢ Marsh deposition model excluding hurricanes

* Net marsh accumulation due to hurricanes

*  Open water deposition

* Marsh edge erosion and distribution of sediment

* Change in open water-to-land ratio

e Separate accumulation models for marsh and open water

Figure 1 shows the arrangement of compartments for the hydrology subroutine, which
incorporates the sediment distribution computations (for details, see the 2012 Coastal Master
Plan Appendix D; CPRA, 2012). Each compartment can have up to three subcompartments,
namely open water, marsh, and upland. Figure 2 illustrates the assumed open water to marsh
exchange; the marsh subcompartments are linked to the adjacent open water
subcompartment with a “marsh” number corresponding to the open water number. There are
no links from the marsh fo another marsh subcomponent. If no marsh exists, the exchange is set
to zero. In large marsh areas, the open water compartments and bayous are collected to form
the open water cell so that flow between marshes can occur. In the 2012 Coastal Master Plan,
the wetland morphology model provided data for the development of the initial DEM that was
used to set up the areas and elevations of the marsh and the open water in the eco-hydrology
model. Subsequently, the sediment accumulation was computed within the eco-hydrology
model and used to revise the wetland morphology model to update the DEM. In the 2017 ICM,
the sediment accumulation in the open water and marshes will be computed in the hydrology
subroutine; the marsh accumulation will be computed in two zones: near edge and interior.
These accumulation rates will be used in the morphology subroutine to update the DEM.

In the 2012 eco-hydrology model, a mass balance approach was applied to the sediments in
both the open water and marsh subcompartments. In addition, there were upland
subcompartments that are not subject to the normal tidal flood-ebb cycle; these were included
to provide runoff related precipitation-evapotranspiration inputs. Equation 1 gives the general
form of the mass balance that was used for each sediment class.

o C .1, zz Z [Ck,j,i,trib,dini,trib,div] fdiszﬂ'if‘(ck,j_ck,nb) zsr,k,j,l
T R Y I n i i I

i trib div

. " U
a Yj Vi Vi YiAj

where: k = species (sediment class);
i = number of subcompartment;
i = number of link;
frib tributary;
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div = diversion;
no = subscript referring to the neighboring subcompartment;
dis = dispersivity;
r = source-sink;
S = surface;
I = source/sink index;
Cxj = concentration of constituent k in subcompartment j;
Q = water discharge;
Asj = subcompartment water surface areaq;
1. = subcompartment water elevation;
n = rate of change of elevation = dn/dft;
Srkjl = subcompartment sources/sink;
Y. = subcompartment water depth;
t = time;
fais = calibration factor;
A = diffusivity in link i (function of cross-sectional area);
Li = effective link length;
Z—f = rate of change of concentration in a cell.
INTER-
TRIBUTARIES COMPARTMEMNT
IMFLOWS
ATMOSPHERIC LOADING _"
*
*
DIFFUSIVE
LIPLAMD R EXCHAMGE

INTER-

COMPARTMEMNT
OUTFLOWS

DIVERSIONS

WIND SPEED &
DIRECTION

MARSH EDGE RETREAT

Figure 1: Conceptual compartment model of open water, marsh, and upland exchanges of
water, salinity, temperature, sediment, and nutrients.
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Marsh QOpen water
j1

Figure 2: Intra- and intercompartment exchanges of water, salinity, temperature, sediment, and
nutrients (plan view).

Note: the marsh numbers are referenced one-to-one to the adjacent open water numbers. The
red dashed arrow indicates an overland or marsh to marsh link.

The same water balance that was used in 2012 Coastal Master Plan modeling effort will be used
for 2017. The flow into the marsh (flooding) is computed by the difference in water level
between the open water and the marsh; the return (ebb) flow is computed based on the
difference in the marsh water level and the open water level. A level marsh flooding surface is
assumed. The open water node is connected to the neighboring open water nodes and to the
adjacent marsh node; in addition, the marsh node cannoft directly pass flow to another marsh
node via an overland link. If a marsh does not adjoin the open water, there is no marsh flow
exchange for this compartment. The specific freatment for the type of vegetation in the marshes
was not implemented in this version of the subroutine because of the large uncertainty in the
suggested values of ‘a’ (Kadlec & Knight, 1996). The flow (m3d-) into and out of the marsh is
computed by the Kadlec and Knight (1996) formula:

Qmarsn = (a X 107)W(H)3 (M) (2)
where: a = calibration coefficient (m-1d-); depends on the marsh type; however, a
global value of ‘a’ is used in the present version of the ICM;
w = width of the flow path (m; e.g., length of marsh edge);
H = marsh water depth (m) constrained by a nonzero minimum value;
now = stage elevation (m) in the open water (replace E with n);
nmw = stage elevation (m) in the marsh (replace E with n);
L = distance (m) between the stage locations, approximated by the near

edge zone.

A positive flow indicates flow into the marsh, and a negative flow indicates flow leaving the
marsh.

2.0 Open Water Sediment Distribution Processes

For each open water model compartment, a mass balance is calculated. Inflows to each
compartment contain a calculated value for total suspended sediment (TSS), which is
partitioned into four inorganic classes: sand, silt, flocculated, and colloidal clay. Extensive
literature exists on the role of wind on resuspension of sediment in shallow water; for example,
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Anderson (1972, 1970); Grant (1979); Glenn (1987); Bacon (1994); Biscaye (1988); Blom and
Aalderink (1998); Booth et al. (2000); Chang et al. (2001); Georgiou et al. (2007); Roblin (2007);
McCorquodale et al. (2010); Meselhe et al. (2013); and Erm et al. (2011) have contributed o
existing literature on the role of wind. The following discussion of the literature provides the
mathematical equations for open water sediment distribution processes for the ICM hydrology
subroutine.

The deposition pattern of the sediment at a diversion is expected to follow a fan or delta
formation (Coleman, 1988). Coleman’s work showed subdeltas (e.g., on the lower Mississippi
River) went through an advancing stage for about 50 years until they reached a limiting radius
of about 20 km; thereafter, they began to erode, possibly because the energy gradient was
insufficient to sustain growth. The pattern of links and nodes that distribute flow from the
receiving point of a diversion should mimic the bifurcation process in these subdeltas. Coleman’s
(1988) research can be used to estimate the ultimate radius of the delta fan. This appears to be
a function of the available energy head and the required shear stress to move the bed load. For
example, Cubit's Gap developed its maximum radius of about 16 km in about 70 years, with a
maximum energy head of approximately 0.8 m, which gives an energy gradient of 1/20,000 or a
maximum shear stress of approximately 3 Pa. The critical shear stress for fine sand is about 0.2 Pa
or a van Rijn (1984) dimensionless excess shear stress T of approximately 16. Esposito et al. (2013)
reported that “river mouth bar” formation in the subdelta of Cubit's Gap controlled the
bifurcations in the delta. Yocum et al. (2013) studied Brant’s Splay and related the bifurcation to

the “river mouth bar"” interval, Lgyp.-

U2 0.2278 (3)
Lrus = Kpd |[———
RMB t [(Ss - 1)9D50]
where: d = depth;

g = acceleration due to gravity;
Ss = Specific gravity of the sediment;
Dso = median grain size;
U = channel velocity before bifurcation;
KL = 70.

Equation 3 indicates a first order bifurcation at about 1 km for subdeltas such as Cubit's Gap
and Baptiste Collette. Lgyp can be used as a length scale based on channel geometry, channel
velocity, and sediment size for designing a stencil for land building deltas, which will be
discussed in more detail in Section 2.3 — Routing of Suspended Sediments. The channel geometry
can be related to the sediment size and dominant flow by regime relationships such as those of
Lacey (1930). The smallest compartment sizes in the current version of the model grid are of the
order of 1 km2 which is consistent with the mouth bar spacing.

2.1 Deposition of Suspended Sediments

A sediment deposition rate (m/s) for each open water compartment is calculated from the
settling velocity of suspended sediment in the water column. Since the compartments are
considered fully mixed, the TSS concentration is assumed constant throughout the water column.
In the 2012 Coastal Master Plan, a single settling velocity was calculated as a function of TSS
concentration. However, the updated sediment deposition subroutine partitions the TSS into
sand, silt, flocculated clay, and colloidal clay which requires separate settling velocities to be

calculated for each sediment class. The settling velocity, Ws, for each of these classes is
calculated from Stokes' law (King & Galvin, 2002).
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o 49050(&_1> (4)
° 3CD Pw

where: Dsp = median diameter of particles within the sediment class (m);
ps = particle density (kg/m3);
Ppw = density of the water, which is a function of water temperature and salinity
(kg/m3);
g = acceleration due to gravity (ms2);
Cp = dimensionless drag coefficient.

Representative particle diameters and densities and/or settling velocities are determined for
each sediment class from existing calibration datasets. However, the dimensionless drag
coefficient (Cp) is a function of the Reynolds number which is a function of the settling velocity.
Rather than implementing an iterative solution, the drag coefficient for small particles (silt and
clay) with slow settling velocities (Reynolds number < 0.5) is estimated by:

24v (5)

w;Ds

D

where v is the kinematic viscosity (King & Galvin, 2002). Substituting this into Equation 4 results in a
settling velocity for silt and clay particles.

D50 (&_ 1) (6)
S 18v \p,

While Equation 6 can be used for determining settling velocities for silt and clay, it is not
applicable for sand particles, which typically have a Reynolds number greater than 0.5. As
reproduced from the Coastal Engineering Manual (U.S. Army Corps of Engineers [USACE], 2002),
Figure 3 can be used to estimate settling velocities for sand particles for a given Dso. EQuation 7 is
a useful closed form solution of Equation 4 (Ackers & White, 1975; White et al., 1978) for the
settling velocity; this approach was selected because it gives a non-iterative solution and avoids

need for the chart.
ws =F ’(Ss - 1)dgg (7a)

where
36 2 |36 (7b)
RNCERE RN
and
(7c)
g —1)
DT_dy ;2
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where: dg = grain size (m);
Ss = specific gravity of the grain;
v = kinematic viscosity (m2/s);
g = acceleration due to gravity (ms2);
F = velocity factor;
D = non-dimensional particle diameter.

White et al. (1978) also provided an equation for kinematic viscosity (m2/s) as a function of water
temperature, T (¢ C):

_ 1.79 x 107 (7d)
YT 1+ 0033697 + 0.00022172
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Figure 3: Settling velocity for sand particles for various diameters and Reynolds numbers (as
presented in King & Galvin, 2002).

2.1.1 Flocculation

While sand, silf, and nonflocculated clay particles will settle out of the water column at the rates
calculated above, the settling velocity for a portion of the clay particles must be adjusted o
take flocculation into account. Flocculation is a complex process with many driving factors,
including mineral properties, biological properties, sediment concentration, salinity
concentration, and furbulence (Deltares, 2013; Mikes & Manning, 2010; McAnally et al., 2007;
Mehta et al., 1991, Kotylar et al., 1996). There is insufficient data to explicitly include some of
these, such as biological factors; however, two of the most important (i.e., sediment and salinity
concentrations) are accounted for in the hydrology subroutine. First, the fraction of clay particles

which form floc, Prioc, are estimated as a function of the salinity concentration.
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C
P _ {CS—al Pfloc,max Csal < Csal,max (8)
floc sal,max
Pfloc,max Csal = Csal,max
where:  Pfioc,max = upper limit to the fraction able to flocculate;
Csa = salinity concentration;
Csalmax = salinity threshold.

Salinity concentrations above this threshold result in no increase to flocculation; a threshold of 5
ppt was used in the 2012 Coastal Master Plan, which was based on Kotylar et al. (1996) and
utilized in Lake Pontchartrain modeling efforts. Proc is treated as a calibration parameter, with an
initial estimated value of 0.5, indicating that half of the suspended clay particles are available
for flocculation. Figure 4 shows that the settling rate has a rapid response to salinity up to
approximately 5 ppt; the settling interface refers to the interface that develops between the
clarified liquid and the sediment laden liquid in the case of zone or hindered settling. A linear
relationship presented between Proc and Csa was selected for Equation 8, due to the nearly
linear equation used in the Delft3D-FLOW model to adjust flocculated settling velocities as a
function of salinity (Figure 5; Deltares, 2013). This approximation simplifies the code, but the
Delft3D curve could be used in future efforts if further testing indicates that the solution is
significantly changed by this assumption.

90
80 - -yl
70 - /
60
Settling >0
40 -
Interface mL

30 ] —&—Time 40 minutes

20
10 =fll=Time 110 minutes
0 T T T 1
-10 ¢ 10 20 30 40

Salinity in ppt

Figure 4: Salinity effect on zone interface settling (after Kotylar et al., 1996).
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Figure 5: Salinity adjustment to settling velocity for flocculated particles used in Delft3D (after
Deltares, 2013).

Once the portion of flocculated clay sediments is calculated from the salinity concentration, a
settling velocity is calculated for these flocculated particles. While the settling velocity of
flocculated particles will initially increase with an increase in the concentration of suspended
clay, at a certain threshold, the settling velocities will decrease (McAnally et al., 2007).

The dynamics of flocculated settling velocities, as depicted in Figure 6, are incorporated into the
sediment distribution processes in the hydrology subroutine by calculating settling velocities for

flocculated clay particles, ws, fioc, as:

Where:

Ccloy =

Ws
a
b
n
m
C
Cs

Wg Cclay < Cl (9)
Ws.floc =\ a Cetay” Cy < Cuay < C
. o 5 o\m 1 clay 3
l (Cclay2 + bz)
negligible C3 < Ceiay

total suspended clay concentration (kg/m3);

settling velocity of nonflocculated clay particle (Equation 6);
33.38;

2.537;

1.83;

1.89;

0.1 kg/ms;

4.38 kg/ms.

These values were chosen from a study of flocculated sediments from Lake Okeechobee, as
shown in Figure 7 (Mehta et al., 1991). Lake Okeechobee is a small shallow lake which is similar in
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size and depth to several water bodies in coastal Louisiana (e.g., lakes in the Chenier Plain, Lake
Pontchartrain, Lake Maurepas, Lake Borgne, and Lake Salvador).

Wl
B
ol
= _ac™ A
Iﬂ:n{m ;_(Cz-l-bi)m" =
)t )
Free Flocculation Hindered Negligible
_scttling settling i scttling settling
i =
C Cg C3
logC

Figure 6: Dynamics of settling velocities, Ws, of flocculated particles as a function of the
suspended fines concentration (from McAnally et al., 2007).
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Figure 7: Settling velocities for Lake Okeechobee, as a function of particulate concentration.
“Dry density"= particle dry mass/suspension volume (from Mehta et al., 1991). The Lake
Pontchartrain silt/floc settling velocity is indicated by the red circle.

The coefficients in Equation 9 are presented as initial values. Possible ranges are: C1 =0.1-0.3
kg/m3; Cs =2 -5 kg/m3 (McAnally et al., 2007).

The flocculent settling was found to be approximately 8 m/day (approximately 0.1 mm/s as
shown in Figure 7) in Lake Pontchartrain at a suspended solids concentration of 40 to 300 mg/L
and salinity of the order of 5 ppt (Roblin, 2010; Haralampides, 2000); this value will be used as an
initial value but the final value will be established by calibration based on observed suspended
solids data (see Attachment C3-23: ICM Calibration, Validation and Performance Assessment).
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Finally, it is necessary to convert the flocculent settling velocity to the depositional velocity (V)
of cohesive sediment which is related to the settling velocity by the Krone (1962, 1966, 1986)

formula.
Vax = Wsk <1 - Tbed) (10)
Tak
where: wskx = settling velocity for class k;
k = subscript indicating the class of cohesive sediment;
Thed = bed shear stress;
Tak = critical shear stress for initiation of deposition of class k.

Equation 10 is applicable for Tpeq < T4 k. For this modeling effort, the depositional critical shear
was equated to the erosional critical shear since there is insufficient field data to distinguish
between these parameters. If the critical shear for deposition is greater than the critical shear for
resuspension, there will be an over-estimation of the deposition rate; however, since the
quiescent periods between storms allows the completion of most flocculent deposition, there
should not be a large error due to this assumption. The Krone formula partially accounts for near
bed turbulence by introducing the shear stress at the bed. Turbulence is important in
flocculation; however, it is assumed that this is accounted for during calibration.

2.2 Resuspension

In addition to deposition, sediment resuspension is calculated in the 2017 ICM. Due to the
inclusion of sediment classes, two resuspension approaches are included: one for cohesive
particles (e.g., silt, flocculated clay, and colloidal clay) and one for noncohesive particles (e.g.,
sand). The effect of the root zone in the marshes and biofilms or exocellular polymers have not
been considered in this modeling effort.

2.2.1 Resuspension of Silt and Clay Particles

Resuspension of silt and clay particles is estimated from an equation similar to one used in the
2012 Coastal Master Plan eco-hydrology modeling effort (CPRA, 2012; Meselhe et al., 2013);
however, bed shear stresses are calculated from wave prediction equations and the currents, as
opposed to using wind statistics as a proxy for bed shear. Sediment resuspension, Eres, is
calculated for silt and clay as:

_ O (Thea )" (1)
Fres TresTconm ( Ter 1)
where: ac = function of the bed properties (to be determined by calibration);
Tres = response time of the bed (typically assumed to be equal to 1 hour);
Teon = fime since deposition of sediment;
Thed = bed shear stress;
Ter = critical shear stress which will result in resuspension for the sediment class;
m = calibration constant;
n = calibration constant.
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Currently, there are insufficient data on the surficial sediment in the coastal area to include all of
the bed factors in the formulation for ac. Therefore, the following coefficients have been lumped
together into a single calibration parameter with the assumption that n equals 1: ac, Tres, Tcon,
and m. This approach has been used for cohesive sediment resuspension in widely used
hydrodynamic models: Delft3D (Deltares, 2013) and Environmental Hydrodynamic and Sediment
Transport (ECOMSED; HydroQual, 2002). The critical shear stress for resuspension of silt and clay is
assumed to be the same.

Typical values for critical shear stresses for various sediment classes are provided in Table 1; bed
shear stress is calculated from the Young and Verhagen wave model and linear wave theory, as
discussed in a later section. Jerolleman (2014) used the Lick Shaker Test (Sheng & Lick, 1979;
Haralampides, 2000) to measure the critical shear stress for erosion of cohesive marsh bed
sediments as a function of consolidation time. The results show that the critical shear stress
increases nearly linearly from approximately 0.02 Pa to 0.1 Pain six days. Since the inter-storm
(extra-tropical or frontal systems) period is roughly six days, the critical shear stress of 0.1 Pa in
Table 1 appears to be justified.

Table 1: Values for critical shear stress (van Rijn, 2007; Deltares, 2013).

Particle size Critical shear, Ter Notes

6 um 0.25 N/m?2 quartz particles in cohesive beds with bulk
densities of 1,600-1,900 kg/m3 (Roberts et al.,
1998)

50 um 0.08 N/m?2 quartz particles (Roberts et al., 1998)

8-62um 0.1 N/m?2 weakly consolidated, fine sediments

> 200 um 0.2-0.4N/m?2 Sand

2.2.2 Bed Shear Stress

A crifical component of the sediment distribution calculations described above is the bed shear
stress (HydroQual, 2002), which is calculated from:

Thed = Cfpwaedz (12)

where: Cf = friction coefficient = constant in the range 0.001 to 0.003 (f refers to friction)
Upea = velocity near the bed

The value of Cr will be fine-tuned in the final calibration process (see Attachment C3-23: ICM

Calibration and Validation); however, a value of 0.0025 corresponds to a Manning’s n of 0.018.
Velocity at the bed, Ubeq, is calculated as follows:

Upea = U+ Utige + Uy, + Uppp (] 3)

where: U = velocity due to flow discharge from tributaries and diversions;
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Utide = velocities induced by tide;
U, = wind driven current;
Uoprp = orbital velocity at the bed due to waves.

The velocity in the compartment due to discharges such as diversions and tributaries and fide,
(U+Utige), are determined from the flows in and out of the open water compartment:

U+ Utige = {ZlQinl + ZlQoutl}/ZAx (14)

where: Ax = the effective cross-section of the open water cell (width x depth in m2);
Qin = the inflow to the open water (m3/s);
Qout = the outflow for the open water cell(m3/s).

The cell width is assigned in the cell attributes and the depth is computed in the hydrodynamic
simulation.

The wind induced circulation currents (Ekman, 1905; Keulegan, 1951; Rossby and Montgomery,
1936) are estimated from wind speed, U1g, by:

Uw = koUyg (15)

where: kqisin the range 0.023 to 0.032;
Ui is the wind speed at 10 m above the water surface.

The wave induced orbital velocity at the bed, Uorb, is estimated from linear wave theory:

gH,T cosh (ZLE) cos 6 (16)

Yorn = 2nd)

2L cosh (T
The orbital velocity is calculated at the bed; therefore, the height above the bed (z) in Equation
16, equals zero. The above expression is calculated for a maximum orbital velocity that occurs af
a wave phase of 8=0, resulting in Equation 16, reducing tfo Equation 17 (Demirbilek & Vincent,
2002).

U = gHT (17)
orb — o <
2L cosh (@)
where: g = gravitational acceleration (m/s?);
Hs = significant wave height (m);
T = wave period (s);
L = wavelength (m);

d

water depth (m).
Wavelength can be iteratively solved from depth and wave period (Equation 18). However, a

reasonably accurate (£10%), non-iterative approximation corrected for wavelength (Equation
19) can be used for simplicity (Demirbilek & Vincent, 2002).
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_gT*? 2md (18)

L= tann ()
2nd (19)

L=L, tanh( )

Lo
L, AT (20)
°T 21
where: L, = deep water wave length.

Equations 16 through 20 require three input variables: wave period, T, water depth, d, and
significant wave height, Hs; only one of which, d, was calculated in the 2012 Coastal Master Plan
open water compartments. Therefore, the Young and Verhagen (1996) wave model has been
incorporated into the open water calculations to calculate the final two parameters needed for
bed shear calculations, T and Hs.

From fitting established wave spectrum equations to observed datasets, Young and Verhagen
(1996) developed empirical relationships for wave energy, E (m?2), and frequency, f (hz), which is
the reciprocal of wave period, T.

B = et Ayt (2 ) () .
wave — Ewave 1im 1Al 1 tan tanhA1 g
1, _ B, \"(49 (22)
7= f = fun{tanh a; tanh () <u—10>
1.3/n (23)
A; = 0.292%/m [d iz]
U10
B g 1/n (24)
B, = (4396 x 1075)V/" | x ——
10
-0.375/m (25)
A, = 1.505Y/™ [d —2]
U10
g -0.27/m (26)
B, = 16.391Y/™ [x—z]
UlO
where: d = depth (m);
X = fetch (m);
f = wave frequency (hz);
Uip = wind speed atf 10 meters (m/s);

Ewave im= 0.00364;
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fiim = 0.133;
n = 1.74;
m = -0.37;

and all other variables are as previously defined.

Ongoing studies (Georgiou, 2013; Trosclair, 2013) in the Biloxi marsh indicate that coefficients
originally proposed by Young and Verhagen for Equations 21 through 26 produce acceptable
results for water bodies in the Gulf Coast region.

The wave period, T, is the reciprocal of wave frequency (Equation 22) and the significant wave
height, Hs, can be estimated from Equations 21 and 27 (Demirbilek & Vincent, 2002; Young &
Verhagen, 1996).

HS = 3'8\/EW(1U€ ~ 4\/EW(1'U€ (27)

Filostrat (2014) compared the Young and Verhagen wave heights with the USACE Shore
Protection Manual (USACE, 1984) and found that there was good agreement between these
two methods for shallow water bodies as indicated by Figure 8. The reader is also referred to
Dupuis (2013) for comparisons with observed wave data.

Significant Wave height: COE vs. Y&V
Fetch=10,000m, depth=1.5m
1.2

o
o0 [

Height (m)
o
[e)]

0.4
0.2
0
0 5 10 15 20 25
Windspeed (U10) (m/s)
——Hs(m) COE Hs(m)Y&V - -ratio (COE/Y&V) Hs

Figure 8: Comparison of wave heights from USACE engineers (1984) and Young and Verhagen
(after Filostrat, 2014).

The Young and Verhagen (1996) wave model is applicable to fetch-limited wave conditions, a
condition that requires that the wind speed being used in the above equations has been
sustained for a long enough period to reach fetch-limited waves. A process outlined in the
Coastal Engineering Manual (USACE, 2002) was followed to ensure that fetch-limited conditions
were met. The duration that the wind speed should be sustained to reach these conditions is
determined by:

XO.67 (28)

treq =77.23 UTW
10
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If the averaging interval used in the wind data is less than this required duration, tyeq. an
equivalent fetch, Xeq must be calculated and substituted for fetch, X, in the Young and
Verhagen equations (Equations 21 — 26; Resio et al., 2002). The equivalent fetch was calculated
from the timestep used to average the wind record, tg,,,-» and wind velocity at 10 m above the

surface, Uqp.
Xoq = 5.23 %1073 /tduﬁgu* (29)

U, = UlO\/C—D (30)

Cp = 0.001(1.1 + 0.035U,,) (31)

The details for the incorporation of equations into the hydrology subroutine of the ICM are
discussed in the final section of this report.

2.2.3 Resuspension of Sand Particles

Equation 11 is used to determine resuspension of clay and silt particles; however, a method
developed by van Rijn (2007a) provides the mechanics for the resuspension of sand particles in
channelized flow. To accommodate the sand fransport equations, the open water can be
freated as an equivalent channel. Sand particles are resuspended into the water column if the
dimensionless shear stress, 6, is greater than the dimensionless critical shear stress which defines
the initiation of motion for sand particles, O¢r.

_ Ter (32)
9= ——F
T (ps — pw)gDso

Typical values for critical shear stress, T.,-, are provided in Table 1; all other variables are as
previously defined. Empirical values for crifical shear stress for initiation of motion of sand
particles, B¢, have been developed by van Rijn (2007a) and others.

B 0.115D,7%% D, <4 (33)
r 0.14D,7%%* 4 <D, <10

b1 (34)
D, = Dy g(p‘:},—z)]

If B, is calculated to be greater than B¢, the rate of sediment resuspension (in kg/s/m) can be
calculated from Equations 35 through 40 (van Rijn, 2013).

qs = aspsuDSO1\/[@2'4D*_0'6 (35)
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M, = (ue - ucr) (36)
9Ds, (5_; - )
Up = U+ YUy (37)
u u
= — (38)
Uer (u + uorb> Uerie (1 u+ uorb> Uerw

12d
(0.19D5,%" 1og (3D ) 0.1mm < Dgy < 0.5 mm (39)
Uere = { 1296(1)
0.6
k 8.5D5 log< ) 0.5mm < D5y < 2mm
Uerw (40)
( Ps 0.66
[0.24 [(p— - 1) g] D5y %33T%33 0.1 mm < Dgy < 0.5 mm
= { p‘: 0.57
| 8.5 [(p— - 1) g] D5y 3T 0.5mm < D5y < 2mm
where: U = depth-averaged velocity for each time-step considering all flow forcings
(m/s);
as = coefficient ranging from 0.008 t© 0.012;
% = coefficient which is either 0.4 for irregular waves or 0.8 for regular waves;
Doo = 90th percentile particle diameter (m);
Dso = 50th percentile particle diameter (m);
T = wave period(s);

and all other variables are as previously defined.

2.3 Routing of Suspended Sediments

It should be noted that links are hydraulic conveyances that do not involve mass or water
volume balance; these are handled by the hydrology compartments. In the 2012 Coastal
Master Plan eco-hydrology model, there was a tendency for excessive sediment build-up in the
compartments at the deltas and diversions. The reasons for this were: 1) the infrequent (25-year)
updating of the land area within the cells, 2) the lack of a robust procedure for bypassing sand
as the compartment filled up, and 3) the need for more resolution in areas of interest. This was
overcome by readjusting the link capacities and bypassing sediment when the velocity in an
open water area exceeded a certain value, using a penalty function that decreased the frap
efficiency as the flow-through velocity approached a critical limit. To avoid excessive
deposition, a significant refinement to the spatial resolution of the compartments was necessary
(particularly those closest to existing and proposed diversion outlets), as well as a robust flow and
sediment distribution algorithm.

The links are generally based on actual link properties (e.g., actual depth and widths of existing
channels) with some equivalent links to represent several very small bayous. To aid in the
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sediment distribution at a diversion, a predesigned grid of links and cells that mimics the present
subdeltas in the Lower Mississippi Delta, was incorporated in the ICM. A sample link-cell layout for
the Baptiste Collette subdeltais given in Figures 9 and 10. The link dimensions were estimated
using a system of regime equations (e.g., Lacey, 1930, or the Colorado State University equations
in Simons & Albertson, 1960). For example, the Lacey Regime Equations are:

P = K,Q'? (41a)
R=K, Ql/s/fsl/3 (41b)
S =K, f,%*/QV/e (41c)

fi = Krsy/Dso (41d)

where: wetted perimeter (width m);
dominant discharge (m3/s);

hydraulic radius (depth m);

energy slope;

sediment factor (see Table 2).

P
Q
R
S
fs

Typical coefficients K are given in Table 2 for channels with a sandy bed. Although the inifial
channel in a developing delta may be a mixture of sand, silt, and clay, it is expected that the
bed will eventually become armored with sand; these coefficients were calibrated to observed
dimensions of the distributary channels in the subdeltas of the Mississippi Delta (see Attachment
C3-23: ICM Calibration and Validation). The regime coefficients given by Simons and Albertson
(1963) demonstrate the variability of the coefficients with bed material.

Table 2: Regime coefficients for channels with sandy beds (after Lacey, 1930).

Coefficient US (cfs) SI (m3/s)

Ki 2.67 4.84

K2 0.468 0.468

Ks 0.000572 0.000316

Kis 8 for Dso inches 1.587 for Dso mm
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) » -
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Figure 9: Example of a subdelta in the Lower Mississippi River showing bifurcations (Google Earth
Image of Baptiste Collette).

Idealized Delta Grid

Figure 10: Stencil for delta building grid.

For silt and clay, the sediment deposition and resuspension is calculated in the open water
compartments as described by Equations 4 to 11; however, Equation 1 is used to route the silt
and clay sediment once it is suspended in the water column. The mass balance in Equation 1
forms the basis for the computation of the mean sediment concentration in each sediment
class. Equation 1 indicates that there is an exchange within compartments between
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neighboring open water cells and adjacent marsh cells. The net mass exchange rate is
computed as the product of the sediment concentration at the cell face and the exchange
flow, plus the diffusive exchange, which depends on the concentration gradient across the face
between neighboring cells and the diffusivities in the links. The diffusivities were obtained from
the salinity calibration process used for the 2012 Coastal Master Plan (CPRA, 2012; Meselhe et al.,
2013).

If the open water in a given model compartment is determined fo flood the compartment’s
marsh portion, a deposition calculation deposits sediment into the marsh interior based upon
settling velocities, marsh flood depths, and flood durations. The suspended sediment
concentrations in the open water portion of the compartment are reduced by this calculated
marsh deposition. Refer to the Open Water-Marsh interaction section of this report for further
discussion regarding distribution of deposition and erosion of marsh sediments.

2.3.1 Link Adjustments

The sediment routing process should take into account the sediment carrying capacity of the
flow links that connect hydrology compartments. The suspended sediment fransport capacity (in
kg/s/m) for sand is calculated using Equations 32 through 40, with the White settling velocity
(Equation 7). However, the hydrology subroutine does not model waves in links; only the open
water compartments have a wave model. A simpler and more robust method of verifying the
link conveyances is fo compare the link dimensions with the regime dimensions (Equation 41).
Links should be adjusted when their sediment (i.e., sand) carrying capacity is less than the sand
load from the connected open water cells. It is assumed that the sand class is critical to this
capacity computation since sand generally requires a greater shear stress for movement. The
use of regime equations based on channels with sandy beds (e.g., Lacey, 1930) should ensure
that the limiting link dimensions are sufficient to tfransport the sand fraction from one open water
cell to the neighboring open water cell. The link dimensions are monitored and adjusted by the
following rules:

IF Pink>K1 | Qiink | 172 THEN Pirk and Riink are not changed (42)
IF Pink<K1 | Quink | /2 THEN  Piink = K1 | Quink | /2 AND Riink = K2 | Qiink/fs | /3

where Qlinkis computed in the hydrology subroutine and the maximum annual value is used to

update the links on an annual basis. The K values in Table 2 can be calibrated to the existing
subdeltas.

2.4 Open Water Processes

The section summarizes the approach used for sediment distribution within the open water areas
of the ICM compartments.

2.4.1 Mass Balance

Mass balance for sand, silt, and clay fractions is given by Equation 1. This is a standard mass
balance formulation that has been used in many link-node models such as the Water Quality
Analysis Simulation Program (WASP) models supported by the U.S. Environmental Protection
Agency (2014). This approach was used in the 2012 Coastal Master Plan modeling effort.
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2.4.2 Resuspension of Cohesive Sediments

Resuspension of silt and clay is modeled as described by Equations 6 to11. These equations have
been used in a similar form in many sediment fransport models (e.g., ECOMSED-HydroQual, 2002;
Delft3d-Deltares, 2007). The 2012 Coastal Master Plan (Meselhe et al., 2013) used a similar
formulation but with wind shear as a surrogate for bed shear.

2.4.3 Deposition of Sediments

The deposition rate is given by Equations 4 to 10. This formulation was first proposed by Krone
(1962; 1966; 1986) and has since been incorporated in several models, such as ECOMSED-
HydroQual (2002) and Delft3d-Deltares (2007). This formulation was simplified for the 2012
Coastal Master Plan by equating the settling velocity to the depositional velocity.

2.4.4 Net Resuspension and Deposition of Cohesive Sediments

The source term in Equation 1 for the silt-clay fractions is:
Sr,k =As [E;‘es - Ck Vd,k] (43)
where: As = open water area (m2); Ck= concentration of class k.

This is similar to the source term in the 2012 eco-hydrology model except for the improvements in
the use of the Krone depositional velocity instead of the settling velocity and the use of the bed
shear and critical shear to replace the wind shear and critical wind shear. The Young and
Verhagen wave processes are given by Equations 21 to 27. A comparison by Filostrat (2014) of
the results of these wave equations with those from the USACE Shore Protection Manual (USACE,
1984) indicated that they yielded very similar results. Georgiou (personal communication, 2013)
found that the Young and Verhagen (1996) equations were in good agreement with his
measured wave data in the open water north of the Biloxi Marsh.

2.4.5 Net Resuspension and Deposition of Noncohesive Sediments

The subroutine treats the sand transport, erosion, and deposition by defining an equivalent
channel of width, b, within the open water and then by applying the van Rijn (2013) Equations
32-40. The flows are combined tidal and sub-tidal flows; however, during sand transport, in delta
building areas, the mean distributary flows are expected to dominate. The van Rijn sand load
gives the equilibrium sand fransport load in the open water cell:

Gse = b qs (44)

where: b = the effective width of the cell normal to direction of the maximum flow;
gs the van Rijn sand load for equilibrium transport.

The value of b is an open water attribute and subsequently modified in the ICM as the cell
water-to-land ratio changes. An initial estimate of b is the square root of the open water area.
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Three cases are possible:

a) If the bed shear stress due to waves and currents is less than the critical shear stress,
then Qse = 0 and all incoming sand load will be deposited;

b) If the bed shear stress due to waves and currents is greater than the critical shear
stress, then ZQsand,in >Qse and then deposition will occur at the rate of ZQsand,in -Qse ;

c) If the bed shear stress due to waves and currents is less than the critical shear stress,
then £Qsandin < Qse erosion will occur atf the rate of ZQsandiin -Qse

where: XZQsanain=  the sum of the sand load entering an open water cell;
XQsand.out = the sum of the sand load leaving the open water cell.

In all cases, 2Qsand,out = Qse.

During the deposition phase, the effective width b will be adjusted annually based on the
volume of deposition in the open water (i.e., bn+1 = bn — (Vvolume of deposition)/(Le d) where Le is
the effective length of the open water area and d is the mean depth). The width b is updated
annually in the ICM.

2.4.6 Delta Building

A refined grid is infroduced that permits the development of a delta af proposed diversions. A
grid similar to that shown in Figure 10 was designed as a stencil for local refinement. To ensure
that the links have appropriate capacity, the regime dimensions (e.g., Lacey, 1930; Simons &
Albertson, 1960) formulae is used. The scale of the grid could be adjusted to account for the
“river mouth bar” lengths for first order bifurcation. The research of Coleman (1988) on the
subdelta of the lower Mississippi River shows the growth to a maximum radius followed by interior
decay of the subdeltas. The mouth-bar interval gives a guide to the bifurcation distance and
thus the scale of the grid (Esposito et al., 2013). The stencil for a delta is designed based on the
expected maximum radius of the delta fan and the bifurcation scale. The links in the stencil are
designed using the regime equations (Lacey, 1930) and the dominant flow in the diversion.

2.4.7 Link Adjustments

The links between the open water cells should have a capacity equal or greater than the sand
load from the open water. The link depth and width is automatically updated by modifying
these dimensions if they are less than the regime dimensions (Lacey, 1930). The regime
modifications follow the rules in Equation 42. Regime dimensions are based on field data from
fluvial channels carrying sediment (Leopold et al., 1964). Lacey's equations are appropriate
since they were developed for stable sandy bed channels with relatively low sand
concentrations (<100 ppm) which is applicable to the Lower Mississippi River with sand
concentrations that are generally less than 100 mg/L. This approach ensures redlistic link
dimensions and energy losses. The regime approach is recommended over more mechanistic
approaches, such as van Rijn (2013), to avoid excessive computations and the associated
numerical stability problems.
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3.0 Exchange between Open Water and Marsh (Excluding
Hurricanes)

The compartmental processes are separated into hurricane and non-hurricane periods. Storm
events that are not classified as hurricanes are modeled using the normal wind record while
hurricane events have the normal wind record replaced by hurricane wind fields. The technical
team examined characteristics of tropical storms and hurricanes in the existing storm suite to
identify threshold characteristics for higher frequency events to be considered ‘storms’. This
determined the types of events which needed to be exiracted from the 50-year ‘base
conditions’ in order that ‘storm conditions’ could be inserted. Storm characteristics were
determined and are documented in Attachment C3-3: Storms in the ICM Boundary Conditions.

In terms of sediment movement, for the periods without hurricanes, the 2012 Coastal Master Plan
eco-hydrology model assumed that the sediment transfer from the open water to the marshes
occurred due to resuspension of sediment in the open water areas with subsequent
conveyance by inundation flow fo the adjacent marshes. It was assumed that the deposition in
the marsh occurred at the settling velocity of the sediment in the water column and that once
deposited, resuspension did not occur. Only fine sediments were assumed to be transferred to
the marsh by this process (Christiansen et al., 2000). Sand deposition was limited to the open
water areas during non-tropical storm periods.

Figure 11 illustrates the open water-marsh exchange process. In the 2012 Coastal Master Plan
eco-hydrology model, the mechanism for sediment exchange between open water and the
marsh involved sediment resuspension in the open water and subsequent transport into the
adjacent marsh during the flooding of the marsh. This flooding is caused by high stages that can
result from high inflows, fides and/or wind setup. The exchange process in the 2012 Coastal
Master Plan eco-hydrology model (Meselhe et al., 2013) was used as a starfing point. The 2017
Coastal Master Plan infegrates the calculations of the hydrologic processes, sediment
distribution, and morphology through dynamic coupling of subroutines executed simultaneously
with annual updates to the landscape. The sediment distributfion in the hydrology subroutine will
divide the marsh in two zones: near edge and interior, and will use improved marsh
inflow/outflow equations. Sediment may be transferred from open water areas to the adjacent
marshes or from one open water area to another via links (channels) or from one marsh to
another via over-land links.

The vegetated marsh dissipates the turbulent kinetic energy (TKE) in the flood flow resulting in a
quiescent depositional environment. Under non-hurricane conditions, this environment prevents
resuspension (Christiansen et al., 2000). The Kadlec Equation (Equation 2) has a coefficient, g,
that can be used to account for marsh vegetation or lack of vegetation. The Kadlec equation
has suggested values based on marsh type; the parameter, a, is assigned in the marsh aftributes.
The marsh edge length and the marsh area are marsh attributes.
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Range ofStages

Figure 11: Open water-marsh exchange process. Qmarsh= flow into or out of the marsh; Csh = TSS in
the flooded area of the marsh; Cs = TSS in the open water adjacent to the marsh; wsh = settling
velocity in the marsh; ws= settling velocity in the open water; Vis = resuspension velocity; Eres =
resuspension flux.

3.1 Open Water-Marsh Exchange Modeling Approach

The relevant processes for open water-marsh exchange are described below.

Flooding phase:
The flooding phase will occur when:
Open water level > marsh elevation
AND open water level > marsh water level.

This process transports sediment info the marsh at a load:

Qs,k = Qmarsh Cs,k (45)
where: Gk = open water TSS concentration by class (k) in the open water;
Qmarsh = flow info marsh (Equation 2).

The open water level used in Equation 2 to calculate Qmarsh is driven by tide, wind set up, Gulf
seasonal effects, waves, and flooding due to flow-through (i.e., riverine processes). The level in
the marsh is computed by Equation 1.

Ebbing Phase:
The ebbing phase will occur when:

Open water level < marsh water level
AND open water level > marsh elevation

This process removes sediment from the marsh at the rate:

Qs,k = Qmarsh Cs,k (46)
where: Csx = open water TSS concenftration for class (k) in the open water;
Qmarsh = flow out of marsh (Equation 2).
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The Kadlec equation for marsh exchange flows has been used successfully in other marsh
exchange applications (e.g., Arceneaux et al., 2007; Meselhe et al., 2010; Roth, 2009). This
exchange equation can be calibrated for various vegetation densities/marsh types in the
marshes; however, the present ICM uses a single global “a” in the Kadlec equation that is
adjusted in the sediment accretion calibration procedure (see Attachment C3-23: ICM
Calibration, Validation and Performance Assessment).

4.0 Sediment Processes in the Marsh Areas (Excluding
Hurricanes)

The 2012 Coastal Master Plan eco-hydrology model assumed that all deposition of mineral
sediment could not be resuspended. The complication of floating marshes was not included in
the 2012 model.

In considering an improved method of sediment distribution across the marsh surface, it is first
wise to revisit the method in which sediment was distributed within an eco-hydrology
compartment of the 2012 Coastal Master Plan model. A summary of the 2012 wetland
morphology model is given in Couvillion et al., 2013. In the 2012 wetland morphology model, the
mineral accumulation rates from the eco-hydrology model in g/m2/yr were distributed spatially
across the marsh by a raster subroutine. In that procedure, sediment accumulation rates were
provided at the 2012 eco-hydrology compartment scale. Some of these compartments were
relatively large scale (average coastal compartment size = 97 km?2); however, the forecast of
wetland change requires calculations of accumulation at finer scales. To forecast accumulation
within the hydrologic compartments at a finer scale, a sediment distribution methodology was
utilized. This sediment distribution methodology is being improved for the 2017 ICM. One
improvement was to sub-divide the marsh into a near edge zone and an interior zone.

The literature review (Attachment C3-1.1) identified several important marsh sedimentation
processes that can be used in the improvement of the sediment distribution in the 2017 ICM.
These include:

a) Flocculation and resuspension. Christiansen et al. (2000) found that up to 80% of the
sediments entering the marsh were flocculated. For non-tropical storm conditions, they
also indicated that deposited sediments were not resuspended. The sediments were
predominately silts and clays. These findings are in agreement with Wang et al. (1993).
Graham and Manning (2007) studied flocculation and settling velocities within a Spartina
anglica canopy using an annular flume and floc imaging technology. The mean settling
velocities exhibited inverse exponential relations with vegetation density. TSS
concentrations were found to be one to two orders of magnitude lower than
experienced in open water environments.

b) Near edge turbulence effects. Leonard and Luther (1995) showed that TKE decayed
exponentially with distance from the marsh face and with the stem density as shown in
Figure 12. Moskalski and Sommerfield (2012) demonstrated that the decrease in
suspended solids followed a pattern similar to the TKE. This research indicates that the
flood flow loses most of its TKE within 3 m of the marsh edge and reaches quiescent
condifions within approximately 10 m from the marsh edge. They reported an order of
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magnitude decrease in depositional rates between the marsh edge zone and the
interior marsh (i.e., from 100 g/m2/tide cycle to 10 g/m2/tide cycle).
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Figure 12: Decay of turbulent kinetic energy as a function of stem density (left) and setback
(right) from the marsh edge (after Leonard & Luther, 1995).

c) Near edge zone sediment distribution. Park et al. (2012) investigated spatial deposition
rates due to tidal inundation; it was found that deposition was higher at the creek bank
than at the inner marsh, and decreased with distance from the estuary head. The TSS
concentrations in water exported from the marsh on the ebb tide were greatly reduced
compared to those delivered in the flood. Deposition rates were strongly correlated with
suspended loads. Neumeier and Ciavola (2004) investigated flow resistance and
sedimentation in salt marshes. They showed that the velocities through vegetation are
reduced by an order of magnitude for the lower 2/3 of the height of the vegetation
(Figure 13). This research also demonstrates sediment accumulations of about 5
g/m?/tidal cycle. Coulombier et al. (2012) reported similar results on the effect of marsh
canopy on the velocity distribution. Leonard et al. (1995) studied surficial sediment
fransport and deposition processes in a Juncus roemerianus marsh in west-central Florida
where they monitored flow velocity, water level, TSS concentrations, and sediment
deposition. It was reported that the flow velocities were inversely related to distance from
the creek edge and also to stem density. The TSS concentrations near the bank were
reflective of those in the tidal creek source; however, with increasing distance from the
creek, current velocities decreased and a corresponding decrease in TSS concentration
was observed. Rates of total deposition per tidal cycle, estimated with sediment traps,
decreased from 24 g/m2/cycle at the bank to 9.5 g/m2/cycle 10 m into the marsh.
Although winter storms tended to increase deposition rates, the overall rates for both
locations (bank and 10 m into the marsh) were higher during summer than winter.
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Figure 13: Velocity profiles and sedimentation in salt marshes (from Neumeier & Ciavola, 2004).

Findings such as Leonard and Luther (1995) support a two-zone approach to simulating marsh
sedimentation, namely: 1) a near edge zone of approximately 10 m, and 2) an interior zone. In
the near edge zone, the smaller diameter particles (i.e., clay particles and clay flocs with fall
diameters < 20 um) are kept in suspension by the TKE, while the remaining fraction of the
sediment tends to deposit; for practical purposes, a value of 16 um could be used for
consistency with standard grain sizes. In the interior zone, the finer fraction will deposit at the
settling rate of the 16 um particles. Equation 1 is applied to each sediment class to determine
the mass of sediment that is removed in zones 1 and 2 respectively; the depositional velocity is
set to zero in zone 1 and estimated by Equation 6 in zone 2. The hydrology subroutine computes
separate annual mass accumulation rates for zones 1 and 2 that are transferred to the
morphology subroutine for revising the DEM. It is necessary fo use 30 m for the near edge zone 1o
be consistent with the morphology subroutine which uses a resolution of 30 m. Figure 14 is a
conceptual profile of the open water and the two marsh zones. The computational flowchart for
the marsh process is presented later in this document in the section entitled “Sediment
Distribution Subroutine Organization.”
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Figure 14: Definition of two-zone marsh.
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4.1 Modeling Approach for Marsh Sediment Delivery

The conceptual model for the open water-marsh exchange is summarized in Figures 11 and 14.
The marsh model proposed here consists of treating the marsh as two zones (i.e., near edge and
interior) with the marsh-open water flow exchange given by the Kadlec Equation 2 (Kadlec et
al., 1996). The literature review supports the modeling assumption that under non-hurricane
stresses, the sediment deposited in the vegetated marsh is not resuspended (Christiansen et al.,
2000; Wang et al., 1993). Equation 1 is applied for each zone of the marsh subcompartment with
the source term computed by, which reflects the trapping efficiency of the marsh since the
critical erosion shear stress is generally much higher than the bed shear stress for normal flooding
and ebbing flows.

Stk = - WeskCshk (47)

The marsh depositional velocity for the clay particulate fraction in the near edge zone is
reduced to zero to account for the additional turbulence and turbulent shear in the flow
through the vegetated near edge zone of the marsh (Neumeier & Ciavola, 2004; Christiansen et
al., 2000; Leonard & Luther, 1995; Park et al., 2012). The marsh subcompartment subroutine
computes the mean accumulation rate over the near edge zone and interior marsh area. The
research of Leonard and Luther (1995) shows that TKE plays a strong role in maintaining the finer
and lighter solid particles in suspension; however, the TKE dissipates rapidly with distance from
the marsh edge. The results of Neumeier and Ciavola (2004) confirm this finding. For consistency
with land change resolution, a marsh edge zone of 10 to 30 m should be reserved for the
sediments with fall velocities associated with particles larger than the clay class, approximately
16 um. This includes clay particulates and small clay flocs. The residual of the deposition is
computed by applying Equation 1 to the interior marsh zone, with the assumption that the
deposition is uniformly spread over the flooded portion of the interior marsh. The morphology
subroutine computes the changes in the DEM of near-marsh edge zone and the interior marsh.

5.0 Sediment Processes in the Marsh Areas (During
Hurricanes)

5.1 Context

In the landscape models used to support the 2012 Coastal Master Plan, the effects of tropical
storms and hurricanes were considered in only a few aspects of landscape dynamics. The 2017
ICM uses the sediment distribution capabilities of the new hydrology subroutine code and
extends the wind series to include hurricane events. A detailed approach for implementing
storms into the landscape has been developed, which includes the identification of threshold
characteristics for events to be considered storms (Attachment C3-3: Storms in the ICM
Boundary Conditions). Storm conditions, including water levels, wind, precipitation, and other
required parameters are used as boundary condition inputs o the ICM during storm periods. The
model improvements made to support the 2017 Coastal Master Plan also enable a more explicit
consideration of some storm effects such as barrier island erosion and overwash.
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The 2012 Coastal Master Plan eco-hydrology model included inundation due to storm surges,
but the mass transfer due to storm events appeared to be very low, possibly because this
process was not well captured in the model. Consequently, a default marsh accumulation due
to hurricanes was added in the 2012 wetland morphology model. Hurricane sediment
accumulation was based on a constant annual sediment accumulation rate of 1,000 g/m?2. The
studies of Hurricane Andrew by Cahoon et al. (1995) show deposition rates of sand, silt, and clay
of the order of several centimeters; their results also suggest that the ratio of fines o sand
decreases sharply with the distance inland from the coastal barrier islands. The computed
hurricane sediment accumulation used in 2012 is a net value, which was assumed to account
for deposition, less the erosion during the hurricane event. This section describes issues
considered in the development of the ICM with respect to storm sediment distribution.
Attachment C3-1.1 includes more detail on approaches which were considered but not
implemented due to lack of data or other concerns.

5.1.1 Sources

The sources of sediment available for transport by storm surges are offshore continental shelf,
beach and barrier islands, bay bottom, shallow water bodies (e.g., lakes and ponds), and soils in
the interior marsh. The constitution of the sediments depends on where these sources originate.
Consequently, sand dominated accumulation is associated with the marshes near the
confinental shelf or barrier islands while silt-clay dominated accumulation occurs around bays,
lakes, and ponds (McKee & Cherry, 2009; Nyman et al., 1995; Tweel & Turner, 2012).

5.1.2 Processes

Processes contributing to accumulation on the marshes during hurricanes are essentially the
same as those associated with non-hurricane flooding. There is, of course, a difference in the
magnitude of the impact and in the composition of the accumulated sediment. The other issue
(uncertainty) that should be noted is the potential for wave induced shear stresses during a
hurricane to be substantial enough fo cause erosion of the marsh surface and marsh edge.

5.1.3 Magnitude and Distribution

The magnitude and spatial distribution of hurricane-induced accumulation on wetland surfaces
are spatially heterogeneous and discontinuous. Field investigations found that across Louisiana
wetlands the maximum sediment thickness was 85 cm (Williams, 2012), and the maximum mass
deposition rate was 28.6 g/cm? (Katrina, Turner et al., 2006). Hurricanes can bring sediments o
wetlands as far as 214 km from the storm track (lke, Tweel & Turner, 2012), and as far as 43 km
from coastlines (Katrina, Tweel & Turner, 2012).

5.1.4 Controlling Factors

Controlling factors for storm sediment magnitude and distribution can be grouped into three
categories: 1) storm features (e.g., storm track, landfall location, forward speed, hurricane-
induced wind speed, wind direction, wave and storm surge), 2) landscape features (location
relative to storm track, distance to storm track, distance to coastline), and 3) vegetation and
local morphological features (plant biomass, stem density, community types, etc.; Williams &
Flanagan, 2009; Tweel & Turner, 2012; Williams, 2012).
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5.1.4.1 Return Period

Patterns of storm impacts in space and fime to be used for the 50-year ICM simulation were
identified as part of the development of the storms in the landscape approach (Aftachment C3-
3: Storms in the ICM Boundary Conditions). Infegration of tropical storm events into the ICM
would ideally be consistent across the relevant subroutines: barrier islands, hydrology and
morphology.

5.1.5 Calculating Sediment Contribution

The 2012 Coastal Master Plan models included a generalized appreciation of marsh sediment
accumulation associated with storms. Storm induced sediment deposition was represented by a
constant annual sediment accumulation rate of 1,000 g/ma2. Spatially homogeneous sediment
deposition is a known inaccuracy and as such, a means of reflecting that variability, both
spatially and among storms, was sought for the 2017 ICM. Field investigations of Louisiana
wetlands that examined the effects of individual storms found that the maximum sediment
thickness was 85 cm (lke, Williams, 2012), and the maximum mass deposition rate per storm was
286,000 g/m2 (Katrina, Turner et al., 2006).

Any approach used in the 2017 ICM that reflects gradients of sediment deposition with individual
storms is likely to be challenged by the lack of data for storms of different magnitudes. In recent
years, there have been detailed studies of a few storms in terms of their effect on sediment
distribution (e.g., Turner et al., 2006). However, these storms do not reflect the range of storm
‘magnitudes’ being considered for the ICM.

5.2 Approach Adopted

Attachment C3-1.1 describes research by Tweel and Turner (2012, 2014) on the spatial
distribution of sediment distribution associated with hurricanes. Applying those relationships in the
ICM would require major assumptions about the relationship between the few historical storms
for which sediment loads have been measured and those simulated in the 50-year model runs.
The final sediment distribution mechanism applied in the ICM for storm conditions uses the same
general approach as for non-storm conditions (e.g., forcing from waves and currents resuspends
sediment which is then distributed from open water areas of the compartment to marsh areas
according to the relationships described in this report). However, two important limitations were
also imposed to prevent excessive levels of TSS during periods of storm forcing:

e TSSislimited to a maximum value of 250 mg/! (all sediment size classes combined) by
turning off bed resuspension when the limit is reached.

e Alimitis set on the mass of sediment which can be resuspended during each year. For
inshore open water areas, this is set at the mass of mineral sediment that is equivalent to
a depth of 5 cm of sediment (not accounting for sediment bulk density).

Further testing and refinement of these approaches occurred during calibration and validation
of the hydrology subroutine (Attachment C3-23: ICM Calibration, Validation and Performance
Assessment).
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6.0 Contribution of Marsh Edge Erosion to the Sediment
Mass Balance

One source of sediment for the open water is the material from marsh edge erosion. The output
of the marsh edge erosion calculations (Attachment C3-2: Marsh Edge Erosion) forms part of the
sediment mass balance for both the open water and the marsh subcomponents.

Based on historical marsh edge erosion rates, an annual volume of edge erosion is calculated.
The marsh composition is used to assign the mass contribution of sand, silt, and clay to the mass
balance. The conversion of volume to mass is computed based on the mineral content of the
marsh; this depends on the void ratio or bulk density, the organic content, and the mineral
content of the eroding marsh. This information is derived using the approach described in
Attachment C3-2: Marsh Edge Erosion.

The split of the mass between open water and marsh is treated as a function of (d +Hs/2)/h
where d is water depth af the marsh edge, h is the marsh height and Hs is the significant wave
height (Figure 15).

For example,
e (d+Hs/2) /h<1;100% of sediment to open water (sand, silt, clay, floc)
e d/h>1;100% of sediment to marsh during positive flow to the marsh (sand, silt, clay, floc)
e (d+Hs/2) /h>1andd/h <1, transition from 100% open water to 100% marsh.
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Figure 15: Some factors affecting the distribution of marsh edge erosional material.
7.0 Sediment Distribution Code Organization

Sediment distribution processes are coded within the broader hydrology subroutine in the ICM.
The hydrology subroutine computes the water flow, stage, salinity, water temperature, sediment
concentrations, nutrients, and algae within the ICM. A flowchart for the hydrology subroutine is
shown in Figure 16.
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Figure 16: Flowchart for the hydrology subroutine of the ICM.

The open water sediment processes are outlined in the flowchart in Figure 17. These processes
are called from the hydrology subroutine at (G). The procedure is to apply the mass balance
equation to each class of sediment.
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Compute: u, U, U., g, and bq, (van Rijn)
U=[| EQx| +| EQqe|1/(2bd)
Casei: depositionrate= £0,... 5
Case ii: deposkion rate= £0,,..:-bo.
Caseiii: erosonrate=bq, - E0 g in

Compute CellValues:
Tik)={to/T.(k)-1} ExcessShear
E..[ki=Coefik)*Tik)" Resuspension
Vik) Deposition Velocity
Source: Srik,ji=[Ex(kFClk) *Vaik 1A,

‘L Integrateto get C(k) & Sum to get tol TSSin a cell:
Apply Equation 1 with Srik,jl=Source(k,j) = Source Term for classk incell j

Abdcc(j)= Z{- Source(k,j) At Incremental accretion; A, = open water cell aria

G

Figure 17: Flowchart for open water sediment processes.

Page | 33



2017 Coastal Master Plan: Sediment Distribution

A flowchart for the marsh, similar to that for open water, is called at (H) in Figure 16. Figure 18
shows the marsh sediment coding. The inorganic sediment from the marsh edge erosion
subroutine is infroduced as a source to Equation 1 on an annual basis (Figure 19). Figure 20
shows the integration of the wind data (speed and direction) with the fetch array for each open
water cell fo obtain the wave period and height to be used in the cohesive sediment
resuspension and deposition processes and the sand fransport, erosion, or deposition. A 16-
direction fetch array was provided for the open water cell. The wind speed and direction record
was mapped intfo the 16-direction classes in the fetch array as illustrated in Figure 20. First the
wind time series (speed and direction) is read and used with 16-bin look-up tables for fetch. The
wind direction is converted to a bin index corresponding to one of 16 fetch bins in the look-up
file. Then the speed, fetch and depth are used in the Young and Verhagen equations. A 16-
direction fetch array was provided for the open water cell. The wind speed and direction record
was mapped info the 16-direction classes in the fetch array as illustrated in Figure 20. Pre-set
arrays for mean depth and fetch are used as look-up tables while the wind speed and wind
direction are input as time series.

Sediment Mass Balance: Marsh

H

Marsh Flooded — 3/ H

Y

Forallclasses k=14 |(_

Compute MJE"n rsh CellValues:
Compute Q... by Kadlec
w.(k) Settling Velocy
Source: Source{k)=-Clk)*wlk)* Amure

Integrateto get Ck) & SULm togetto@l TS5in a cell:
Apply Equation 1.
Abdcc= Zf- Source(k)iAt Incremental accretion

|
H

Figure 18: Flowchart for marsh processes.
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Marsh Edge

Transfer Get data from MEM:

Averageretreat rate, R
Averageretreat volume, \f
Mineral wolume fraction f,(k=sand, sik clay) in V
MNew Edge length inCompartment, Lz
New fraction open water, .

Annually

Ab,=-L:R
A= A+ A4,
AnnualSource:
— A
ssource(k)=V*" fLk1*5"p
Distribute: Open water or Marsh based on freq. of
inundation.

Figure 19: Annual corrections of open water area and accumulation for marsh edge retreat.
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Figure 20: Integration of wave model with open water sedimentation.

The flowchart for the two-zone marsh accumulation is shown in Figure 21. The input to the marsh
is determined by the product of the open water concentrations and the flow into the marsh as
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computed by Equation 2. The atmospheric contribution per unit area to the water balance in all
subcompartments (open water, marsh and upland) is estimated by {Rainfall rate —
evapotranspiration rate}. Equation 1 is applied to both the near edge and interior zones. The fine
sediment (clay particulate) is assigned a deposition velocity of zero in the near edge zone. Both
zones are assumed to have no resuspension for non-hurricane conditions. The sediment that
does not deposit in either the near edge or interior zone is returned to the open water.

Open water equations generate
concentrations ofsand, silt, clay floc and
particulateclay

IN_, T out

ApplyEqg.2
To obtain Qe & Ooares, ¥ Cox

! f

ApplyEq. 1to NearEdeeZone
With Vo, =0andEqe =0
Compute:C...
and Near Edge Accumulation Rate

I 1
ApplyEq. 1to Interior Zone
With E,. =0
Compute: Gy e
and Interior Accumulaion Rate

Figure 21: Two-zone treatment of marsh accumulation.
8.0 Code Testing

Figure 22 was developed by Filostrat (2014) to test the integration of the sediment distribution
equations outlined in Section 7 (and shown in Figure 20) for a cell in the southeast quadrant of
Lake Pontchartrain. Noncohesive and cohesive fractions were included and results found that
the TSS response for cohesive sediments was stable at timesteps on the order of 60 seconds;
Equations 32 to 40 were used for sand load and equations 10 and 11 for the cohesive sediment
load. A sample of the results of these tests are provided in Figure 22 for a wind with U10 = 5.5 to 4
m/s for 24 hours followed by a calm period.

Filostrat (2014) also tested the proposed equations for a hypothetical diversion info an open
water cell with an area of 15 km2 and an initial effective width of 3 km and an average depth of
3 m. A pulsed diversion with a peak flow of 1,200 m3/s with 10 mg/L sand, 10 mg/L silt, 60 mg/L
flocculated clay and 20 mg/L particulate clay. This was run to demonstrate the capability of the
van Rijn (2013) equations (32-40) to simulate the net accumulation rate of noncohesive
sediment. A daily wind record from the New Orleans Airport was used in the wave
computations. Figure 23 shows the hypothetical receiving water for a pulsed diversion. Figure 24
shows the initial sand accumulation rate in kg/m2/d, while Figure 25 shows the accumulation
rate after the cell width has been reduced to an effective width of approximately 300 m due to
infilling. This test indicated that the proposed freatment of sand transport in a cell with a diversion
will result in progressive bypassing of sand as the cell experiences land building.

A similar testing procedure was also conducted for the marsh-open water exchange flows
Qmarsh, to be estimated with the Kadlec-Knight power law model (Equation 2). A spreadsheet
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analysis was conducted which intermittently flooded and drained a theoretical marsh from an
assumed tidal signal. The results from this test case are provided in Figure 26. For this test, the
mean marsh elevation was 0.2 m and the mean open water level was 0.1 m.

These theoretical marsh exchange flow rates were also used to test the infra-marsh sediment
deposition equations proposed in this document (Equations 1 and 47). Figures 27, 28, and 29
provide the results of this two-zone marsh deposition test. In this test, the near edge zone was set
at 30 m to be consistent with 30 m raster imagery used to map the DEM. The results show that the
near edge zone tends to accumulate at a much higher rate than the interior of the marsh.

25 6

20 /\ 5
el

/ | 4
|

15

l
l

U10, m/s

10

Concentration

0 5 10 15 20 25 30 35 a0 45
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depth=2m
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conc clay particulate (mg/L) — —sand concentration (mg/L /100)
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Figure 22: Suspended sediment response to a wind blowing for 24 hours in the southeast cell of
Lake Pontchartrain (Filosirat, 2014).
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Figure 23: Test for sand accumulation at a diversion.
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Accumulation of Sand During Diversions
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Figure 24: Sand accumulation rate for a pulsed diversion before land-building.
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Figure 25: Sand accumulation rate for a pulsed diversion after land-building.
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Kedlec-Knight Equation for Marsh Exchange
with Open Water
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Figure 26: Marsh stage response to tidal forcing in the open water; testing the Kadlec-Knight
equation. ‘Qmarsh’ (blue) is exchange flow (m3/s), ‘Es ow’ (red) is open water level elevation,
and ‘Esh’ (green) is marsh water elevation.
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Figure 27: Suspended sediment response to tidal flooding of the near edge marsh: testing the
two-zone marsh concept. ‘OW'’ is the concentration in the open water of suspended sediment,
and ‘ne’ is the concentration (C) in near edge marsh zone of suspended sediment. The four
particle classes (sand, silt, nonflocculated clay [clay2], and flocculated clay [clay1]) are
included in this figure.
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Interior Marsh
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Figure 28: Suspended sediment response to tidal flooding of the interior marsh: testing the two-
zone marsh concept. ‘OW'’ is the concentration in the open water of suspended sediment, and
‘Int” is the concentration (C) in the interior marsh of suspended sediment. The four particle

classes (sand, silt, nonflocculated clay [clay2], and flocculated clay [clay1]) are included in this
figure.
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Accumulation of Sediment by Zone
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Figure 29: Suspended sediment response as cumulative accumulation to tidal flooding of the
marsh: testing the two-zone marsh concept. ‘ne’ = near edge (green), ‘int’ = marsh interior (red).
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