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Abstract

In this study, a process-based, depth-averaged Delft3D hydrodynamic and morphologic model of the
Wax Lake Delta in Atchafalaya Bay, Louisiana was developed to simulate a five year period of delta
development from the beginning of 1998 to the end of 2002. The purpose of this modeling effort
was to test the ability of process-based modeling tools to successfully simulate typical delta-building
processes and the resulting morphologic and stratigraphic characteristics of the delta. Recent
developments in conceptual modeling of mouth bar formation and full delta development have
confirmed the capability of process-based models to simulate the processes necessary for delta
growth and the resulting long-term, geologic scale morphologic and stratigraphic features. In this
attempt to model the actual development of a prototype delta using similar techniques to those
employed in the conceptual delta models, the applicability of physics-based modeling to delta
evolution simulation will be further validated.

Initial model bathymetry was obtained from the grid of a USACE hydrodynamic model of the study
area based on 1998 hydrographic surveys augmented with LIDAR survey data for overbank areas.
The Wax Lake Delta morphology has been primarily shaped by river mouth processes, where mouth
bar formation induces channel bifurcation and further basinward progradation. Because of the Wax
Lake Delta river-dominance, marine processes including wave action, tidal oscillation, and wind
induced water level changes and currents were neglected in the model. Variation of grain sizes in the
bed composition and suspended sediment load was represented by a fine-sand non-cohesive
fraction and a cohesive mud fraction. To represent the strong seasonal variation in discharge and
sediment transport through the Wax Lake Outlet, the upstream boundary discharge regime was
schematized into four periods of constant discharge representative of low flows, the annual flood,
the 2-year flood, and the 5-year flood magnitude, with proportion of occurrence during each
morphological year assigned based on a sediment transport-scaled frequency-duration curve.
Corresponding inflow concentrations for the two sediment fractions were calculated from functional
relationships to discharge derived from long-term concurrent measurements at the model upstream
boundary. Hydrodynamics and transport were calibrated using measurements of velocity and
sediment concentration across multiple transects of delta distributary channels taken during a single
flood-condition event. The calibrated model was then used along with the schematized boundary
conditions to simulate a five year period of long-term morphological development.

Morphology qualitatively reproduced typical river-dominant delta growth through the establishment
of new depositional lobes while maintaining approximate radial symmetry. More specific
stratigraphic features were also reproduced. The successive stacking of coarsening upwards
sequences observed in Wax Lake Delta mouth bar deposits was evident in the stratigraphy of
modeled incipient jet deposits, a result of the varying discharge regime. Though incipient jet
deposits developed in the model at the distal ends of distributary channels, the prograding bars did
not aggrade sufficiently to induce flow bifurcation and the development of a mature mouth bar
depositional lobe. The lack of full mouth bar development could be a consequence of altered jet
structure with the extreme channel incision and narrowing, a reduced sediment supply as the full 10
m thick bed is eroded upstream, and a non-representative initial bathymetry that does not capture
the already-developing mouth bar deposit. The overall coarsening-upwards, though sand dominant
stratigraphic sequence of typical friction-dominant river mouth deposits is reproduced. Significant
mud-dominant prodelta deposition is observed basinward of the original delta front location. In the
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prototype Wax Lake Delta, deposition of fine sediments in this area is hindered by waves and wind-
induced transport, so the modeled mud depositional bodies do not reflect prototype development.
Distributary channels are significantly incised and narrowed over the course of the simulation. The
narrowing proceeds from significant sand-dominant subaqueous levee deposition on the channel
banks. Though distributary channels in the real Wax Lake Delta do frequently incise through the full
deltaic sedimentary sequence with channel extension, the modeled incision is persistent throughout
the simulation. Upstream accretion of established delta lobes through sand-deposition, similar to
the observed primary process of subaerial development in the neighboring Atchafalaya Delta, was
also present in the modeled development.

The Wax Lake Delta is clearly river-dominant according to traditional classification schemes;
however, the deposition of fine sediments is influenced by basin processes that resuspend and
export significant quantities from Atchafalaya Bay. The processes contributing to the coarse
sediment depositional features that dominate the Wax Lake Delta are qualitatively simulated under
purely riverine forcings, but the fine sediment dynamics cannot be accurately simulated in the
present, process-limited model. Recommendations for improving morphological simulation include
model redevelopment with an alternative, total load transport formulation and the inclusion of
limited marine forcings that inhibit fine-sediment deposition.
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1. Introduction
1.1 Background

1.1.1 The Mississippi River Delta

The Mississippi River delta, which forms a large portion of Southeast Louisiana, began to take shape
over 7000 years ago when global sea levels stabilized in the beginning of the Holocene epoch (Blum
and Roberts 2009). The complex system of wetlands, lakes, bays, barrier islands, and bayous that
make up the Southeast Louisiana coast were formed by sediment accumulated from the Mississippi
River’s shifting delta lobes. The Holocene delta plain was gradually filled in with sediments as the
river shifted to form new shelf-phase delta complexes every 1000 to 1500 years (Penland, Boyd et al.
1988; Blum and Roberts 2009). This concept of Mississippi Delta building through depositional
channel switching has been explored extensively since the 1940s, with periodic updates to the
chronology and age of each sub-delta complex. Figure 1-1 below gives the current extent of the
Holocene delta plain and the locations, maximum extents, and age in thousands of years before

present for each sub-delta.

F1* M

0% 1

23° M
Lk
C 0

B

e
s
100

?t Missizsippi

-

|:| Fre-late Fleistecens
[ ]Late Plsistocene

. |:| Helecans
("

=

Riwar

i [

» -
T
. "
J%J i‘
+ A

I I
EEARYY AW
1) haringouin
Salke Cypremert
about TS 5 kyr

& Lafeurche abeut
25 D5 kyr

v u Glacial-pericd
* Vuallay

| ! ! !
1w 0 gt 2at W

(2} Techsa about
E5 35 kyr

(3) 5t Bernard about
4D 2.0 kyr

@ Plaguemines Balize
about 13 Dkyr

() Atchafalaya
Wit Lake about
D5 O kyr

Figure 1-1: Geologic map of the Mississippi River delta plain (Blum and Roberts 2009)

The process of lobe switching and resultant land building was very cyclical, with the accretion
following a general pattern for each subsequent sub-delta. As the majority of river flow and
sediment began to discharge down a former distributary, the greatly increased sediment load from
channel scour began to fill in the interdistributary basins with swamp deposits, eventually being by-
passed to the coast to begin forming bayhead deltas. Continued deposition then established
prodelta platforms on the continental shelf, the final phase of delta development. Flow bifurcation
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would occur upstream of the river mouth, leading to eventual channel switching and abandonment
as the original course became hydraulically inefficient with increased distributary progradation. The
abandoned sub-delta begins the transgressive phase of the delta cycle, where the seaward boundary
of the sediment deposition is reworked into a barrier shoreline as the entire complex subsides
(Penland, Boyd et al. 1988; Roberts 1998) . Over the course of the past century, the portion of the
Mississippi river flow being discharged through the Atchafalaya River distributary has gradual
increased, indicating an in-progress sub-delta switching event. To prevent the eventual shifting of
the majority of flow to the Atchafalaya, the Old River control structure, constructed in 1963, limits
the flow being discharged through the Atchafalaya to 30% of the combined Mississippi and Red River
inflow (Roberts 1998).

1.1.2 Drowning of the Mississippi Delta

Over the course of the last century, anthropogenic influence on the Mississippi River Delta has
interrupted the progradation/transgression deltaic cycle. As a result of this intervention in the cycle,
as well as natural processes such as subsidence, aerial land in the delta has been lost at a rate of 44
km?/year over the last several decades (Kim, Mohrig et al. 2008). The transgression of abandoned
sub-deltas occurs naturally as the deposited fine sediments consolidate, but the resulting subsidence
is typically compensated by new sediment deposition from river overbank flooding and
redistribution of discharged sediment by coastal processes. Additionally, the new distributary
channel continues to prograde, building land as a new sub-delta. The land area in the entire deltaic
plain is naturally maintained as a dynamic equilibrium between subsidence and deposition.

The dramatic decrease in land accretion to balance subsidence can be mostly attributed to the
isolation of the current lower river channel from the surrounding deltaic plain (Day, Boesch et al.
2007). After the great flood of 1927, some pre-existing levees were upgraded and integrated into a
comprehensive flood protection system that impounded the lower Mississippi River for most of its
length, preventing any channel migration or overbank deposition. The sediment load is confined to
the canalized channel and delivered to the edge of the continental shelf, isolated from the current
Plagquemines-Belize sub-delta and the up and down-drift coasts of the deltaic plain (Kim, Mohrig et
al. 2008). Additionally, withdrawal of hydrocarbons and groundwater in the delta plain has been
correlated to increased rates of subsidence in the region (Day, Boesch et al. 2007). The mechanisms
of subsidence and the degree to which they contribute to the high subsidence rates in Southeastern
Louisiana are complex, but the result is extremely high rates of relative sea level rise that contribute
to widespread land loss (Yuill, Lavoie et al. 2009). Land loss occurs on the seaward edges of wetlands
due to wave erosion and in interior areas due to submergence by relative sea level rise. As more
interior marshes are converted to open water through subsidence, wave erosion is having a greater
impact on loss rates. Some loss is also attributed to the huge network of canals, dredged for
navigation and oil and gas exploitation, that further alter the natural hydrology, allow increased
saltwater intrusion, and increase the length of coastline exposed to erosion processes (Day, Boesch
et al. 2007). Figure 1-2 below shows the dramatic decrease in land area over the entire Louisiana
coast for the past 50 years and the projected continued land loss for the next 50 years, with most of
the loss occurring in the Mississippi River delta region (Barras, Beville et al. 2004). The gravity of the
situation is emphasized in the map also presented as figure 1-3, where the historical and projected
land loss with no further remedial action taken is dramatically displayed in red (USGS 2005).

10
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Figure 1-2: Projected Coastal Louisiana Land Loss from 1956 to 2050 (Barras, Beville et al. 2004)

Even if the delta can be re-engineered so that the river’s sediment load can be deposited on the
surrounding subsiding wetlands, some land loss is inevitable due to the reduced sediment load and
projected sea level rise (Blum and Roberts 2009). Upriver damming of tributaries in the Mississippi
River watershed has decreased the sediment load in the river by an estimated 50%, leaving a load
much less than the time-averaged rates of storage that were necessary to construct the delta during
the Holocene. Conservative estimates of the subsidence rate in the delta combined with an

accelerating sea level rise rate based on the IPCC predictions dictate that the creation of

accommodation space (land loss) greatly exceeds expected deposition based on projected sediment
loads and historical trapping efficiencies. It is estimated that over 10,000 km? of additional land loss
will occur in the Mississippi delta by 2100 if there is no additional sediment input (Blum and Roberts

2009).

11
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Gulf of Mexico

Coastal Louisiana has lost an average of 34 square miles of land, primarily
marsh, per year for the last 50 years. From 1932 to 2000, coastal Louisiana

lost 1,900 square miles of land, roughly an area the size of the state of Delaware.
If nothing more is done to stop this land loss, Louisiana could potentially lose
approximately 700 additional square miles of land, or an area about equal to
the size of the greater Washington D.C.- Baltimore areaq, in the next 50 years.

Figure 1-3: Projected Southeast Louisiana Land Loss (USGS 2005).

1.1.3 Diverting Sediment into the Transgressive Delta

The devastation resulting from the hurricanes of the 2005 season reinforced the vulnerability of
coastal Louisiana. Hurricane Katrina, due to its very large size and low pressures, caused
unprecedented storm surge levels in the Southeast Louisiana-Mississippi Gulf Coast region, leading
to catastrophic flooding aided by natural topography and critical engineering failures. Over 1800
people were killed, and nearly 100 km” of wetlands in the delta were converted to open water
during the single storm event (Day, Boesch et al. 2007; USACE 2009) . Though the magnitudes and
mechanisms remain poorly understood, the typical coastal features of the delta region such as
wetlands and barrier islands help to attenuate surge height and wave energy, and the erosion and
submergence of these features increases the vulnerability of New Orleans and other population
centers to disasters like Katrina (Day, Boesch et al. 2007). In response to the recent hurricane
disasters, the United States Army Corps of Engineers, the responsible organization for planning,
design, and implementation of flood control projects in the U.S., has sought to fully integrate flood

12
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protection and coastal restoration measures into comprehensive risk reduction strategies. In this
capacity, the effect of eroded coastal features on storm surge, wave heights, and potential
inundation has been evaluated, and coastal landscape restoration is explicitly included in the
hurricane risk reduction alternatives (Wamsley, Vann Stutts et al. 2008; USACE 2009).

Though many strategies exist for restoring features of the Mississippi delta coastal landscape, the
most promising for large scale impact and self-sustaining wetland creation is the reconnection of the
river to the surrounding transgressive deltaic plain (Day, Boesch et al. 2007). This would be
implemented through freshwater and sediment diversions in the lower Mississippi and the
Atchafalaya distributary that would act as engineered avulsions, diverting significant portions of the
water and sediment load of the river into the surrounding delta to recreate the delta building
process (Kim, Mohrig et al. 2008; USACE 2009; Allison and Meselhe 2010) . Other proposals even
advocate the diversion of the majority of sediment load through the Atchafalaya distributary, leaving
only enough discharge through the Plaguemines-Belize Mississippi sub-delta to maintain navigability
(Winer 2007). Thus far, only one diversion in the delta has been constructed specifically to divert
sediment for land building. The West Bay diversion, constructed in 2003, is an uncontrolled, dredged
channel through the West bank levee 7.6 km above Head of Passes. Thus far, the project has not
been successful in inducing significant accretion in the adjacent West Bay, mostly due to the large
erosion in the area due to Hurricane Katrina and the small discharge of the diversion. This area of
the river, located downstream of several large navigational passes, has a reduced sediment
transport capacity, and sand transport through the diversion is less than the expected transport for
potential upstream diversion locations (Allison and Meselhe 2010). An additional complication for
this project is the apparently induced shoaling upstream of the diversion at the Pilottown Anchorage
area that requires periodic maintenance dredging to maintain navigability (Allison and Meselhe
2010). Additionally, two small diversions have been constructed at Caernarvon and Davis Pond for
freshwater input to control salinity in the surrounding wetlands. Alterations in the basin-side
channel and a pulsed management scheme for the Caernarvon diversion encourage significant
sediment input to the Breton Sound estuary during high flow events; however, the amount of
deposited sediment is insufficient to balance relative sea level rise (Snedden, Cable et al. 2007).

1.1.4 The Wax Lake Diversion

As mentioned earlier, a delta switching event from the Plaquemine-Belize sub-delta to the
Atchafalaya distributary has been gradually occurring over the past century but was interrupted
through anthropogenic intervention that regulates the division of flow through the two channels. To
deal with flooding arising from the gradually increasing flow, the Wax Lake diversion was
constructed in 1941 as a more efficient outlet from the Atchafalaya River to the Gulf of Mexico
(DuMars 2002). The figure below shows the layout and location of the Wax Lake Outlet in the Lower
Atchafalaya Basin.

13
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Figure 1-4: Locations of Wax Lake Outlet, Lower Atchafalaya River, and Developing Deltas in Atchafalaya Bay (modified
from Roberts, Coleman et al. 2003)
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In the mid-20" century, the lakes in the Lower Atchafalaya area were being filled with sand-rich
deposits, a process representative of the filling of interdistributary basins that occurs as a stage in
delta switching. Between the 1950s and 1970s, deposition had occurred to such a degree in inner-
basin features that substantial sand was bypassed into the Atchafalaya Bay, forming subaqueous
delta deposits. During a huge flood in 1973 and subsequent high discharge years, coarse sand in the
Lower Atchafalaya River was mobilized and transported into both the Wax Lake Outlet and
Atchfalaya developing deltas (Roberts 1998). Both are presently continuing to develop as subaerial
bayhead deltas, offsetting to a small degree the continuing land loss to the east. While the Wax Lake
delta has developed naturally into the Atchafalaya Bay, a maintained navigation channel through the
Atchafalaya delta has aided sediment bypass and restricted delta growth (DuMars 2002). The Wax
Lake delta has evolved through seaward channel extension, subaqueous mid-channel bar formation,
and channel bifurcation. Simultaneously, sand-rich lobes merged and upstream shallow channels
accreted (Roberts 1998). The delta building process for the Wax Lake delta has been extensively
studied and documented, and as such offers a natural example of how land building could occur for
a future large scale sediment diversion in the Mississippi River (Kim, Mohrig et al. 2008). The figure
below shows a satellite photo of the fan-shaped delta in 2006 (Parker and Sequeiros 2006).

Figure 1-5: Satellite Image of Wax Lake Delta in 2006 (Parker and Sequeiros 2006)

1.2 Motivation and Research Goal
1.2.1 Problem Statement

The use of large scale sediment diversions to build and sustain wetlands in the Mississippi delta has
been discussed extensively, yet none of the recent planning initiatives at the state and federal level
contain specific recommendations for their use or location (Allison and Meselhe 2010). Increasing
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understanding of the expected land-building magnitudes and morphological configurations resulting
from large sediment diversions, as well as the effects on the hydrodynamics and morphology of the
main river channel, is essential for moving forward. Admittedly, the main obstacles to
implementation are the possible detriments to river navigation by channel siltation and fisheries
impacts from large freshwater introduction; however, the knowledge of the expected land building
is still important for maximizing project benefits and is interesting for scientific investigations of
delta formation and processes. Recent developments in one-dimensional deltaic sedimentation
modeling that assumes continued radial symmetry offer a robust tool to predict the expected time-
dependent surface area and deltaic front location of a fan-shaped delta, but there is still a need to
expand modeling capabilities to be able to predict the evolution of the diversion delta’s channel
structure (Kim, Mohrig et al. 2008). The conceptual delta-building models developed in the process-
based modeling program Delft3D have simulated characteristic delta channel structures, emergent
land patterns, and stratigraphy (see section 2.3). The continued development of these modeling
capabilities could offer more comprehensive and accurate descriptions of the expected delta
morphology arising from large-scale river diversions than is currently available. A numerical model
cannot be reliably used as a predictive tool until it has been verified through hindcasting. The goal of
this research is to investigate the morphological development of the Wax Lake delta using the
process-based model Delft3D. In addition to offering insight on the general processes of delta
development, this research will also test the ability of process-based modeling to accurately simulate
the real Wax Lake delta evolution.

1.2.2 Objective

The objective of this thesis is to successfully simulate the long-term morphological development of
the Wax Lake Delta. In investigating this topic, the following main research question will be
answered:

e (Can the delta-building processes and the resulting morphologic and stratigraphic
characteristics of the Wax Lake Delta be successfully simulated using a physics-
based, though process-limited long term morphologic model?

1.2.3 Research Approach

A model of the Wax Lake Outlet, Wax Lake Delta, and a portion of the Atchafalaya Bay receiving
basin will be developed. Available velocity and sediment concentration measurements in the delta
distributary channels will be used to calibrate the model for hydrodynamics and sediment transport.
Schematized flow and transport boundary conditions will be calculated from long term
measurement data and implemented with morphologic acceleration techniques so that long time
scales can be simulated with reasonable run times. The model will then be used to simulate five
years of morphological development from the beginning of the year 1998 to the end of 2002.
Though a full bathymetric survey of the Wax Lake Delta at the end of the simulation period does not
exist, information from studies of the subaerial development during these years and stratigraphy of
new depositional features will be used to assess the validity of the results. The discussion will focus
on delta building processes, morphology, and stratigraphic patterns reproduced in the model
simulation and how well these results match those observed in the prototype Wax Lake Delta.
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1.2.4 Report Structure

In this introductory chapter, background information and research objectives were discussed.
Chapter 2 of the report reviews previous work on delta formation, modeling of conceptual delta
development, and the specific formation sequence and processes for the Atchafalaya and Wax Lake
Deltas. Chapter 3 describes the set-up of a process-based morphologic model for the Wax Lake
Delta, and chapter 4 details the calibration process for hydrodynamics and sediment transport in the
model. In chapter 5, the actual implementation of the model for the simulation of five years of
morphological development is described, and a brief overview of model results is presented.
Chapter 6 includes a more in-depth discussion of model results, with a focus on particular delta
building processes and the degree to which simulation results reflect the prototype development.
Conclusions of the study and recommendations for more successful simulation and future work are
given in the final chapter 7.
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2. Literature Review

2.1 Delta Classification, Processes, and Characteristics

Deltas have been defined as depositional features that protrude from shorelines where a fluvial
sediment source interacts with the redistributing forcings of the receiving marine basin (Orton and
Reading 1993). The relative strength of the fluvial or marine forcings has been the traditional basis
for examining the various observed delta configurations (Wright and Coleman 1973). The processes
occurring at a river mouth influence the nature in which the decelerating effluent’s sediment load is
deposited which in turn determines the resulting delta’s morphology and stratigraphy (Wright 1977).
Delta classification schemes have been developed as frameworks in which to discuss the observed
variation in modern delta descriptions and as tools to aid in the interpretation of ancient deltaic
deposition in the stratigraphic record (Galloway 1975; Nemec 2009). The latter motivation has
resulted in some preference for classification based on those properties that are easily observed in
sedimentological studies, namely dominant grain size and facies surface gradients. These properties
have the additional advantage of being intrinsic to the nature of the depositional body, so
classification in this framework does not require difficult-to-verify inferences on the nature of the
ancient feeder system and basinal processes (Nemec 2009). In a comprehensive review of
classification schemes, Nemec concludes that the use of a particular scheme should be dependent
on the characteristics and information on which the particular analysis or comparison is based
(Nemec 2009). For the purposes of this current study, classification schemes that focus on the delta-
front regime as well as feeder/basin characteristics are preferred because of the insight they can
give on delta formation processes which must be understood for analysis of the current delta
morphology and the interpretation of predictive modeling results.

The well-known classification system of Galloway (1975) is based on the insight that although many
processes affect the deposition and reworking of a delta, only the fluvial flow, wave energy flux, and
tidal currents are capable of transporting amounts of sediment in the large quantities necessary to
significantly influence the delta morphology and stratigraphy (Galloway 1975). The interaction and
relative strengths of fluvial and marine processes are capable of producing a variety of characteristic
morphologies and accompanying stratigraphies. The classification scheme characterizes deltas based
on three end member types, fluvial-dominated, wave-dominated, and tide-dominated, that
exemplify the effects of each process when it is the most important for a deltaic system. A range of
intermediate systems exists between the three end-member types that mix delta front process-
response characteristics to varying degrees. Figure 2-1 below gives the graphical representation of
Galloway’s ternary scheme with modern delta representations of each end-member type. The
classification of other real deltas can be obtained by a semi-quantitative judgment of the degree of
dominance of reworking processes that approximately locates the delta’s position on the triangular
diagram (Galloway 1975). A weakness of the scheme is its fully genetic nature that relies on
judgments and inferences of fluvial and marine forcings that are not always obvious, especially for
ancient deltas in the stratigraphic record. Additionally, the classification depends on the degree of
reworking value whose method of quantification is not clearly defined (Nemec 2009).
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Figure 2-1: Triangular Classification of Deltaic Depositional Systems according to (Galloway 1975)

The importance of sediment supply in the fluvial input of a delta was mentioned by Galloway, 1975,
but was explicitly included in the classification scheme of Orton and Reading, 1993. The authors
determine that the physical processes and resulting morphology of a delta are significantly
influenced by the amount, nature, and grain size of the sediment load of the fluvial input. The
dominant grain size in a delta is generally indicative of the other sediment load characteristics, so
the range of feeder system characteristics observed in natural deltas is incorporated into Galloway’s
end-member diagram as a grain size axis (figure 2-2) (Orton and Reading 1993). The scheme still
relies on the degree of delta front reworking for primary classification, but the study expands the
analysis with a discussion of the influence of sediment input on the channel structure of the deltaic
plain, river mouth processes, shoreline response to basin energy, and resedimentation on the
seaward delta slope.
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Figure 2-2: Orton and Reading delta classification scheme based on the Galloway, 1975 diagram with consideration of
prevailing grain size (Orton and Reading 1993)

For situations in which the riverine forcings are dominant to such a degree that reworking of
sediment by tides and waves is negligible, the effluent and associated depositional patterns will be
indicative of a further classification of dominant forcing. The spreading and deceleration of the
effluent at a river mouth will be dominated by inertia and turbulent diffusion, turbulent bed friction,
or buoyancy (Wright 1977). For non-stratified, homopycnal river mouth conditions, inertial forces
dominate so that the flow is fully turbulent and spreading, diffusing, and deceleration proceed
according to turbulent jet theory. If the receiving basin is shallow, the pronounced bed shear stress
induces greater deceleration and alters the jet pattern. If sufficient temperature or salinity gradients
exist between the effluent and receiving basin, the resulting density stratification and buoyant forces
inhibit turbulent mixing and isolate the outflow boundary layer from the bed (Wright 1977). The
work by Wright synthesizes the research on these three effluent forces and presents idealized flow
patterns and associated depositional features for each.

River effluents that are fully controlled by the inertia of the outflow resemble the idealized case of a
fully-turbulent jet that discharges into a deep receiving basin. The basin must be sufficiently deep so
that the expanding jet is not affected by bottom friction and turbulent diffusion dominates. As the
discharge exits the river mouth and is no longer laterally or vertically confined, momentum is
exchanged from the fully-turbulent jet to the ambient water through eddies generated at the
boundaries of the outflow. This transfer of momentum out of the jet (turbulent diffusion) causes
flow expansion and deceleration with a constant spreading angle that was found to be
approximately 12.5° from the jet centerline. With the exception of a cone-shaped zone of laterally
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and vertically constant velocity that decelerates from the mouth seaward, the full width of the jet is
composed of turbulent eddies that induce a Gaussian velocity distribution. The maximum non-
fluctuating velocity occurs at the jet centerline and progressively slows as the effluent moves
seaward and spreads. The two flow regions and associated transverse velocity distribution are
shown in plan and longitudinal cross section view in figure 2-3 below (Wright 1977). The depositional
pattern associated with an inertia-dominated effluent is also known as a Gilbert-type profile after
the first researcher to examine deltaic sedimentation in the context of turbulent jet diffusion. The
dominant feature of this type of depositional environment is the lunate bar, where sedimentation in
a narrow zone (roughly corresponding to the spreading jet boundaries) builds up a subtle back-bar
slope with a steeper, seaward bar front. Because the turbulent diffusion greatly reduces the
transport capacity of the effluent, most of the coarse material carried by the flow is deposited at the
boundary between the initial cone-shaped zone of constant velocity and the fully-turbulent,
diffusion dominated jet zone (Wright 1977). The idealized sedimentation pattern is shown in figure
2-4, where characteristic sediment sorting and the prograding delta-front sequence are given. This
effluent type and associated deposition is rarely observed in nature because bed-friction is in most
cases non-negligible. Though the necessary conditions often occur when steep rivers discharge into
deep, freshwater lakes or when newly formed river mouths discharge into the sea, the deposition
occurring seaward of the mouth eventually reduces the water depth so that bed friction begins to
affect the flow (Wright 1977).

Many natural river outlets discharge into basins that are of equal or shallower depth than that of the
outlet, where velocities near the bed produce high shear stresses and friction that dominate the flow
structure. The vertical expansion of the jet is restricted so the vertical velocity distribution is
controlled by bed friction rather than turbulent diffusion. Laterally, the effluent spreads and
decelerates due to plane jet diffusion, though at much higher rates than in the fully turbulent jet
case. Laboratory experiments have shown that these rates are inversely dependent on basin depth
seaward of the outlet and that the transverse velocity distribution in the plane jet is Gaussian as well
(Wright 1977). The idealized spreading pattern and vertical velocity distribution for friction-
dominated effluent is given below in figure 2-5. The rapid spreading and deceleration of the plane
turbulent jet induces shoaling seaward of the mouth, forming a positive-feedback loop in which the
shallower depth increases deceleration and the deposition rate. Subaqueous levees form at the
outward boundaries of the effluent, and once the middle ground shoal reaches a critical height, the
effluent bifurcates around the shoal to form two channels of concentrated flow.
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Figure 2-3: Idealized Inertia-Dominated Effluent Flow Pattern (Wright 1977)
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Figure 2-4: Idealized Depositional Pattern for Inertia-Dominated Effluents (Wright 1977)
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Figure 2-5: Idealized Friction-Dominated Effluent Flow Pattern (Wright 1977)
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Figure 2-6: Idealized Depositional Pattern for Friction-Dominated Effluents (Wright 1977)
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The triangular shoal separating the channels has a relatively high-angle foreslope where the coarsest
sediments have been deposited at initial jet expansion. After bifurcation, shear stresses on the
middle-ground bar are sufficiently low to allow the accumulation of silts and clays on the seaward,
mildly-sloped portions of the bar. The characteristic depositional patterns and features associated
with frictionally-dominant effluent are given in figure 2-6. Deltas that prograde onto flat, shallow
receiving basin platforms and transport sufficient sediment form through the process of successive
middle-ground bar formation, subaqueous levee extension, and channel bifurcation (Wright 1977).

When effluents issue from channels that have high depth to discharge rates into relatively deep
receiving basins where tidal-induce mixing is low, high vertical density gradients and flow
stratification can occur. The less dense fresh water effluent remains in the upper water column,
spreading over the more dense salt water as a buoyant plume. The high depth-discharge ratio
stipulation allows a dense salt wedge to propagate into the river mouth, causing buoyancy
dominance in the zone of primary spreading and deposition. In other cases, however, discharge is
great enough to force the pycnocline beyond the depositional zone so that other forcings dominate
(Wright 1977). The most accurate descriptions of the stratified effluent flow structure rely on higher
order buoyant jet theory; however, field observations suggest that turbulent diffusion is in most
cases negligible, so flow patters can be adequately described from buoyancy alone. From the river
mouth to a distance of 4 to 6 channel lengths away, superelevation of the freshwater plume induces
lateral pressure gradients which drive flow expansion with relatively homogenous lateral and vertical
velocity distributions. As the plume expands, the thickness decreases while velocities remain
approximately constant so that flow becomes supercritical in the upper layer. The increased shear
between the fresh plume and ambient salt water drives internal wave development that induces
mixing and rapid flow deceleration. Coarse sediment deposition drives the development of a distinct
bar crest around 4 to 6 channel widths away from the mouth. Seaward of this form, continued
deceleration returns the flow to subcritical and deposits fine silt and clay on the bar front slope
(distal bar) and prodelta. Secondary flow patterns arising from the effluent superelevation drives
flow divergence at the surface and convergence at the layer interface. The convergence aids in the
development of subaqueous levees as the channel progrades and keeps the deposition of the
coarsest sediment confined to laterally narrow bar structures (Wright 1977). Characteristic flow
patterns and depositional features for buoyancy-dominated effluents are given in the figures below.

24



Modeling the Evolution of the Wax Lake Delta in Atchafalaya Bay, Louisiana June 2011

BUOYANT EFFLUENT . -
relative superelevation
lighter eff Iu;‘ini

os seconda

laterally

U homogeneous
——> ko —U—>  efflyent U—>
::::::”' II . o Ek’-\.\ (fresh water)

Umax Umax
FUG approximately constant decelerates

rapidly—s]
T

s

e
ah
<
i
o

e

tals!

Longitudinal cross section

Figure 2-7: Idealized Buoyancy-Dominated Effluent Flow Pattern (Wright 1977)

25



June 2011

Modeling the Evolution of the Wax Lake Delta in Atchafalaya Bay, Louisiana

suboerial
leves

subgerial
leves

Plan wiew

PRIMARY RIVER=MOUTH DEPOSITIOMAL TYFE'C' BOUYANT EFFLUENTS

Cl .:d‘. s L — T
bar front + | ';::!__@-_pmdelru

—clays

subagueous,, -
levas

distance te bar erast = 4-8b, K

channal bed

1
bar crest

[ 7
! bar Front

bar back
distal bar

Langitudinal profile — —

channel

lavee

Simplified transverse strafigrophic
cross section

g coarsest sands
" finer sands
silt and clay

== interbedded sonds
R and silts

Figure 2-8: Idealized Depositional Pattern for Buoyancy-Dominated Effluents (Wright 1977)

2.2 River Mouth Bar Formation

Observations of modern, river-dominant delta distributary networks suggest that the process of

channel bifurcation around river mouth bars is primarily responsible for the development of network

structure (the planview orientation of delta distributary channels). In a topological survey of eleven

such deltas, Edmunds and Slingerland conclude that decreases in a bifurcating channel’s width and
depth can be predicted as a function of the decreasing discharge through successive bifurcations. An
observed systematic decrease in channel length (defined as the distance between successive
bifurcation points) towards the distal ends of distributary networks cannot be explained through
hydraulic geometry relations; however, because each bifurcation is initiated by bar formation at the
location of a former distributary mouth, the mechanics of mouth bar formation can contribute to
understanding of the decreasing length trend and overall organization of delta distributary networks
(Edmonds and Slingerland 2007). The decreasing channel length away from the initial channel mouth
can be observed in the bifurcation-dominant Mossy delta in fig 2-9 below. Though the work

presented in Wright, 1977 conceptually relates mouth bar formation to the characteristic
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hydrodynamic and depositional patterns observed in turbulent plane jets, the conceptual model fails
to quantify formation processes and does not fully describe the dynamic nature of mouth bars
(Edmonds and Slingerland 2007). Field observations indicate that mouth bars can prograde
basinward great distances before sufficient aggradation forces channel bifurcations that establish
upstream channel length and that, in certain situations, evolution continues after bifurcation
through upstream accretion (Edmonds and Slingerland 2007).

Figure 2-9: The Mossy Delta in Saskatchewan, Canada. Development of the distributary network structure is primarily
through channel bifurcation around former river mouth bars. (Edmonds and Slingerland 2007)
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In order to quantitatively characterize the formation of river mouth bars including dependency on
relevant hydraulic and sedimentologic variables, a Delft3D numerical model of river mouth bar
evolution was developed by Edmonds and Slingerland (2007). The model consists of a trapezoidal
channel with constant flow and sediment concentrations discharging into a sloping-bed basin with a
constant water level at the boundaries, discretized in three-dimensions with seven vertical flow
layers to adequately simulate secondary flow circulation associated with mouth bars. The functional
relationship of deposition patterns on channel width, channel depth, initial channel velocity, and
grain size was determined by conducting 55 model runs where the channel aspect ratio, channel
Froude number, and grain Froude number were systematically varied. First, the accuracy of the
model’s simulation of expanding plane turbulent jet hydrodynamics was established by comparison
of jet centerline velocity decay with the theoretical function and was found to reproduce theoretical
values with 95% confidence (Edmonds and Slingerland 2007). The multiple simulations allowed the
authors to characterize the formation of mouth bars as follows: a small bar initially forms basinward
of the discharging channel, progrades some distance basinward away from its initial point of
formation, then ceases to prograde as it widens and aggrades (see fig 2-10 below)(Edmonds and
Slingerland 2007).
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Figure 2-10: Modeled bathymetric and velocity field evolution during river mouth bar formation (Edmonds and
Slingerland 2007)
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The process begins with simultaneous extension of subaqueous levees from the initial shoreline to a
distance of three times the initial channel width and a narrowing and scouring of the channel to the
levee ends. Levees extend out from the channel walls and are built primarily from bedload, the
individual grains of which are less likely to laterally spread due to less intense near-bed turbulent
eddy advection. The small mouth bar initially forms at a distance of 4.5 channel widths from the
mouth with a very gentle fore- and back-slope (see the channel centerline cross-section in figure 2-
10A). As time progresses, the bar progrades to a distance of 7 times the channel width from the
mouth and the levees extend to the initial location of the bar. The fore-slope of the bar is still very
gentle with the initial scour hole failing to migrate with levee extension, though the basinward slope
is now much steeper (see figure 2-10B). The bar has stopped prograding but has aggraded to such a
degree as to cause flow spreading that increases the distance between the continually extending
levee tips. The high pressure in front of the aggrading bar induces foreslope deposition and the
upstream accretion that is commonly observed in the field. The now stationary bar continues to
develop and gradually channelizes the two diverging flows (Edmonds and Slingerland 2007).

Examination of the sediment transport rate along the jet centerline indicates that maximum
deposition (and the initial location of the mouth bar) occurs where the negative slope of the
sediment flux curve is highest. This minimum in divergence of the sediment transport curve occurs
at the point where the turbulent jet momentum flux begins to decrease, a distance that varied
between 0 and 2 channel widths from the initial mouth in all the numerical experiments. Figure 2-11
shows the divergence in the transport curve and deposition along the centerline of the jet as
functions of distance from the initial mouth (Edmonds and Slingerland 2007). When the mouth bar
initially develops, the flow accelerates in the shallower depths over the foreslope and bar crest and
decelerates in the deeper water over the basinward slope. This increases the sediment flux up to the
bar crest which gradually erodes the fore slope and deposits sediment on the basinward side of the
crest as sediment flux decreases, resulting in a basinward progradation of the mouth bar. The bar
stops prograding when depth above the bar crest becomes low enough to force flow around the bar
which in turn decelerates flow above the crest, inducing significant aggradation that soon fully
establishes the flow bifurcation. Numerical tests indicate that most river mouth bars stagnate when
the depth above the bar crest is less than 40% of the initial depth (Edmonds and Slingerland 2007).
The distance to the point where the bar ceases to prograde is a function of turbulent jet momentum
and sediment grain size, with initial channel depth having the greatest influence on the eventual
basinward location of the river mouth bar. The number of simulations conducted in the Edmonds
and Slingerland (2007) study facilitated conclusions on the sensitivity of numerical modeling of
mouth bar formation to various parameters and modeling techniques. The authors found that
simulation of mouth bar development is not sensitive to changes in the turbulence closure scheme,
changes in the degree of effluent buoyancy, and changes in the Delft3D morphological acceleration
factor up to values of 200 (Edmonds and Slingerland 2007).
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Figure 2-11: Plot of slope of sediment transport curve S(x) and deposition along centerline of jet against distance from
initial channel mouth (Edmonds and Slingerland 2007).

2.3 Conceptual Delta Formation Models

Until recently, the study of deltas through development of classification systems and conceptual
models of formation processes has relied on field observations of modern deltas and
sedimentological investigations of stratigraphically-preserved ancient deltas, from which detailed
process data, including time series of forcings and morphologic/stratigraphic response, has been
scarce. The difficulty of obtaining time series measurements on the order of the typical time scales
of delta formation dictates that any conclusions on genetic processes will require significant
inferences, and the preserved sedimentary record in deltas which reflects sufficient time is not
always complete as not all deposited sediments are preserved. Numerical models, provided they are
accurate for the scales and processes of interest, can offer a means to examine the relationship
between delta processes and the resulting morphology/stratigraphy, especially prevailing theories
on dominant forcings and distributary channel network formation (Storms, Stive et al. 2007).
Continued developments in process-based hydrodynamic and sediment transport modeling,
especially progress in morphological upscaling methods, have expanded the applicability of these
models to the larger spatial and temporal scales relevant to sedimentary geology, including
simulation of delta development (Storms, Stive et al. 2007).

Work by Storms, et al. 2007 uses Delft3D to model the initial delta formation from a river dominant
effluent discharging constant flow and sediment loads into shallow and deep receiving basins under
homopycnal conditions. Both simulations used a flow of 1000 m>/s discharging through an
intentionally undersized channel with a 5 m erodible bed composed of 50% volume fraction fine
sand and 50% cohesive clay (Storms, Stive et al. 2007). Figure 2-12 below gives the morphological
development of each delta in a shallow basin (SIM A) and a deep basin (SIM B). In the shallow basin
case, a sandy lunate bar quickly forms in front of the effluent mouth and grows basinward as the
initial point of deposition develops into a mouth bar. Bifurcation occurs around the mouth bar, and
subsequent mouth bar formation and bifurcation develop a system of channels divided by shoals
that accrete both upstream and basinward. As discharge per channel is reduced with each
bifurcation, the corresponding reduction in channel cross-sectional area leads to an adverse bottom
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gradient as the channels moves basinward (Storms, Stive et al. 2007). Though a mouth bar induced
bifurcation initially occurs in the deep receiving basin case, the largely unstable bifurcations lead to
channel abandonment and delta growth through main channel basinward progradation and levee
breaches (Storms, Stive et al. 2007). In simulation A, the initially prograding sandy lunate bar builds
out over the clay prodelta deposits, forming a sharp but non-erosive contact between the two
sediment fractions. As the delta continues to form, channel and shoal formation increases
stratigraphic complexity, and initial deposits are reworked near the dominant channels. The
constant discharge throughout the simulations implies that variable floods are not needed for delta
development, though increases in water level with delta expansion were sufficient for sub-aerial
development. Though the model was not meant to simulate any real location, the authors mention
that the simulation A results resemble the morphology and stratigraphy of the Wax Lake Delta. More
importantly, the results suggest that process-based hydrodynamic and transport models are capable
of simulating important delta formation processes (Storms, Stive et al. 2007).

SIMA SIMB
river efflient

river effluent

T

middle ground bar

water depth (m)
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Figure 2-12: Simulated delta evolution for effluent discharging into shallow (SIM A) and deep (SIM B) receiving basins
(Storms, Stive et al. 2007).

Further work by Geleynse, et al., 2010 applies Delft3D process-based modeling to simulate
conceptual delta formation but locates the boundary much further upstream so that the dynamics of
the feeder channel and it’s interactions with downstream depositional processes can be explored
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(Geleynse, Storms et al. 2010). The model begins with a straight, non-sloping channel that discharges
a constant flow carrying sand and silt into a sloping-bed basin. Initial bed stratigraphy for the full
domain consists of a 5 m thick, fully-mixed sand/silt layer. As the simulation progresses, the lower
river channel planform is altered through the formation of bars and meanders that are influenced by
the downstream delta depositional patterns initiated by mouth bar formation. As the delta
progrades from the point of initial bifurcation, upstream accretion of the mouth bar into the lower
river channel forms distinct feeder channels. Continued bifurcations form a recognizable delta
network composed of passive floodplains separated by active channels that prograde basinward in
such a way as to maintain an approximate delta radial symmetry (Geleynse, Storms et al. 2010). The
importance of morphodynamic feedback resulting from downstream deposition has been
established; however, Geleynse, 2010 finds that upstream river channel bar migration affects the
feeder channel flow distribution to such a degree as to nearly isolate the northern delta lobe,
indicating possible upstream controls on avulsion (Geleynse, Storms et al. 2010).

Since the ability of process-based models to simulate delta-development processes and the resulting
morphology/stratigraphy has been established (Edmonds and Slingerland 2007; Storms, Stive et al.
2007), the most recent research in modeling conceptual delta evolution has focused on testing the
influence of various sediment properties and forcings on the morphological development. Though
the influence of sediment characteristics has been acknowledged in delta classification schemes
(Orton and Reading 1993), the effect of sediment load and type on delta morphology has been
considered less important, and the role of cohesion in particular is not well established (Edmonds
and Slingerland 2010). Research by Edmonds and Slingerland, 2010 uses depth-averaged Delft3D
process-based modeling of conceptual delta development to establish sediment bulk cohesion’s
control on overall distributary network and floodplain structure, shoreline smoothness, and
bifurcation angle. Initial model geometry includes a linearly sloping basin of 1 to 3.5 m depths,
similar to Atchafalaya Bay bathymetry, and a 250 m wide by 2.5 m deep rectangular channel that
extends basinward from a subaerial shoreline for 1000 m (Edmonds and Slingerland 2010). The bed
consists of a uniform 5 m thick layer of evenly mixed non-cohesive and cohesive sediment. Each
simulation approximates river-dominant mouth processes by discharging a constant flow of 1000
m?/s with equilibrium non-cohesive and cohesive sediment concentrations into a basin with
constant offshore boundary water levels, no waves, and no salinity-induced density gradients. The
bulk cohesion of the sediment is varied by systematically altering the critical shear stress for erosion
of the cohesive sediment or the proportion of cohesive to non-cohesive sediment load (Edmonds
and Slingerland 2010).

Findings confirm the processes of delta formation observed in field and model studies; the delta
distributary network is generated by the growth of subaqueous levees and mouth bars, mouth bar
stagnation and channel bifurcation, breaching of mouth bars and subaqueous levees to form
multiple bifurcations, and channel avulsion. Overall, the results indicate that deltas formed from
more cohesive sediment tend to be elongate with long channels, complex floodplains, and rough
shorelines; whereas, deltas formed with less sediment cohesion tend to be fan-shaped with
approximate radial symmetry and smooth shorelines (Edmonds and Slingerland 2010). Cohesion
increases the shear stress needed to re-erode deposited sediments, so the depositional structures
involved in channel bifurcation are more stable. Subaqueous levees, resistant to erosion due to high
cohesion, concentrate the flow into a narrow channel that easily progrades basinward. When a
mouth bar is able to form, it generally forms stable bifurcations and is not easily breached by new
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channels. Similarly, avulsion frequency is low due to the difficulty in breaching high-cohesion levees.
Low cohesion forms fewer bifurcations because mouth bars are continually re-eroded and deposited
basinward so the stagnation that is required for bifurcation occurs less frequently. Levees are more
easily eroded, allowing numerous breaches that distribute flow to the full delta and promote
radially-uniform progradation (Edmonds and Slingerland 2010). Deltas with intermediate cohesion
form the most bifurcation-dominant network structures because the balance of mouth bar stability
and subaqueous levee breaching forms the most stable bifurcation angles. Figure 2-13 below
presents the shorelines of a portion of the deltas simulated in the study.
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Figure 2-13: Simulated delta shorelines in the study of Edmonds and Slingerland, 2010. The horizontal axis represents
decreasing critical erosion shear stress from left to right and the vertical axis represents increasing proportion of
cohesive sediment load. Bulk sediment cohesion in the deltas increases from the lower right corner to the upper left
corner (Edmonds and Slingerland 2010).

Continued work by Geleynse et al. 2011 has used process-based modeling of conceptual delta
development to explore the hydraulic and sedimentary controls on river delta formation that have
previously been postulated from observations of modern deltas (i.e. in the classification schemes of
Galloway, 1975 and Orton and Reading, 1993). The Delft3D model investigations are based on
depth-averaged hydrodynamic calculations coupled to bed level updating with stratigraphy
bookkeeping. Initial model geometry consists of a wide, rectangular river channel discharging a
constant 2000 m>/s into a linearly sloping basin. For simulations where wave forcings are present, a
low-energy wave climate with a significant wave height of 1.0 m and a peak period of 5.0 s is
imposed at the basinward offshore boundary. For simulations where tidal forcings are present, a
semi-diurnal tide of 1.5 m amplitude is imposed at the basinward offshore boundary with varying
water level gradients imposed at the lateral boundaries (Neumann boundary conditions) (Geleynse,
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Storms et al. 2011). The incoming sediment load is discretized using a non-cohesive sand and a
cohesive fine fraction (silt). Though the upstream boundary cohesive fraction concentration is kept
at a constant .04 kg/ms, the incoming sand concentration is calculated so that the time derivative of
the sand flux across the boundary section is zero. For each simulation, the initial bed is composed of
20 m of erodible sediment with a vertically and horizontally uniform sand-silt volume ratio. The
influence of different initial bed sediment configurations was assessed using three cases with varying
volume fractions: sand-dominant with 100% sand and 0% silt, mixed with 50% sand and 50% silt, and
silt-dominant with 25% sand and 75% silt. Figure 2-14 below gives the simulated delta morphologies
for the three initial bed configurations under only riverine forcing, under river and tidal forcings, and
under river and short wave forcings (Geleynse, Storms et al. 2011). Several trends in bulk
morphology parameters were identified and are noted in the figure; the symbols noting the lower-
left to upper-right trend include (a) mean distributary depth, (B) sinuosity, (y) shoreline roughness,
(6) subaerial delta volume, (g) river valley width, and (Z) longitudinal slope.

Examination of the deltas under combined riverine and wind-wave forcings indicates that smoother,
radially symmetric delta fronts develop. Subaerial progadation rates are reduced as wind waves
hinder the deposition of fines as a prodelta and at the developing delta front. The normally incident
wave field deflects the sediment load at the distal ends of distributaries, resulting in enhanced
shore-parallel channel orientation (Geleynse, Storms et al. 2011). For both the river-dominant and
wave-dominant simulations, results indicate that distributaries are more incisive as the volumetric
fraction of silt increases. In addition to the increase in mean distributary depth, the sinuosity and
delta front roughness increase with increased silt fraction; subaerial delta volume and cross-delta
water level gradients decrease (Geleynse, Storms et al. 2011). Tidal forcings were found to form the
roughest shorelines and longest channels. Though initial mouth-bar deposits occurred at the distal
ends of distributaries, the increased jet velocities during ebb flow continued the channel incision and
subaqueous levee extension. Results from all simulations indicate that the initial bed configuration
can have large effects on the resultant delta morphology, and that even relatively low-energy basin
conditions can substantially transform delta morphologies, rendering an assumption of river-
dominance with negligible tidal and wind-wave effects suspect for situations where basin energy is
still present (Geleynse, Storms et al. 2011).

The effect of waves on depositional patterns can be clearly seen in figure 2-15 below. In the case of
riverine forcing only (the leftmost delta stratigraphic sections), significant prodelta deposits that are
fully composed of the fine sediment fraction (dark blue coloring indicates 0% sand fraction) develop
at the basinward and flanking delta fronts. The thickness of these silt deposits are significant, and
are nearly subaerial even without significant sand delivery. Alternatively, the rightmost delta
stratigraphic sections represent delta development under combined riverine and wave forcings. Fine
sediment prodelta deposits are completely absent, resulting in a more-steeply sloped delta front
where sand-rich deposits prograde over the mixed fraction basement. In a more detailed modeling
study of wave reworking of deltas, Hillen (2009) found that even for already formed conceptual
deltas with well-developed silty delta fronts, a low-energy wave climate removes significant volumes
of silt from the deltaic environment (Hillen 2009). Fine sediment deltaic deposits are eroded by
waves and transported by wave-induced and fluvial currents large distances both laterally and
offshore from the delta and are ultimately deposited in thin sheets on the deep, offshore basin slope
or transported out of the model domain (Hillen 2009).
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Figure 2-14: Simulated delta morphologies under riverine, river and tidal, and river and wave forcings for different initial
bed sand-silt volume fractions. Sand-dominant corresponds to 100% sand and 0% silt, mixed sand-silt corresponds to
50% sand and 50% silt, and silt dominant corresponds to 25% sand and 75% silt. (Geleynse, Storms et al. 2011)
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Figure 2-15: Simulated stratigraphy in strike and dip directions for mixed sand-silt initial bed condition simulations.
Cross-sections marked R2 correspond to the river only simulation, T2 to riverine and tidal forcings, and W2 to riverine
and wave forcings. Locations of cross-sections are indicated by the solid white lines overlaying the corresponding
simulated delta planview morphology in figure 2-14 above (modified from Geleynse, Storms et al. 2011).

2.4 Atchafalaya and Wax Lake Deltas

The in-progress diversion of Mississippi River flow to the Atchafalaya river distributary, the latest in a
series of delta switching events that successively built the Holocene Mississippi River deltaic plain,
has created a new locus of deltaic deposition in Atchafalaya Bay, Louisiana (Roberts 1998). The
Atchafalaya River basin, characterized by extensive swamps, wetlands, and lakes, has formed in the
low-lying area between the higher natural levees of two former Mississippi delta systems (Roberts,
Adams et al. 1980). If left unregulated, the gradient advantage created by the Atchafalaya’s shorter
path to the gulf (307 km shorter than the modern Mississippi path through the Plaguemines-Balize
delta lobe) promotes the eventual abandonment of the modern Mississippi delta in favor of the
Atchafalaya (Roberts, Adams et al. 1980). Despite the continued restriction of Atchafalaya River flow
by the Old River Control Structure to 30% of the combined Mississippi/Red River inflows, sediment
has been delivered to the bay in sufficient volumes to encourage the rapid development of two bay-
head deltas. The abnormally high Mississippi River flows of the early 1970’s initiated subaerial land-
building in the Atchafalaya and Wax Lake Deltas which has continued to build a combined 153 km? of
new land above the -0.6 m level (Roberts, Walker et al. 1997; Roberts 1998). The growth of subaerial
land in each delta from the 1970’s onward is given below in figure 2-16. The depositional
environment of the microtidal (approximately .3 m tidal range) (DuMars 2002) Atchafalaya Bay
consists of a semi-protected, shallow, and mildly-sloping basin that receives low-wave energy and
experiences weak littoral drift; thus, the developing Wax Lake and Atchafalaya deltas can be
classified as fluvially-dominant according to the system of Galloway (1975) discussed previously (van
Heerden and Roberts 1988).
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Figure 2-16: Area in km? of subaerial land in the Atchafalaya and Wax Lake deltas through time (Roberts, Walker et al.
1997)

2.4.1 Atchafalaya Delta

Though significant sediment from Mississippi inflow and channel scour due to gradually increasing
flow has continually been transported through the Atchafalaya River distributary, the infilling of the
basin through lacustrine deposition has prevented significant sediment delivery to the Atchafalaya
bay until the mid-20" century. At this point, the shallow lakes and swamps of the basin had been
filled to such a degree that sediment could finally be bypassed to the bay (Roberts, Adams et al.
1980; Roberts 1998). The substantial suspended load of the Atchafalaya is composed primarily of
fine silt and clay-sized particles (DuMars 2002); beginning in the early 1950’s, subaqueous delta
growth began as these fine sediments were deposited in broad, seaward-thinning sheets (prodelta
deposits) extending into Atchafalaya Bay from the river mouth (van Heerden and Roberts 1988). As
the upstream portions of the Lower Atchafalaya River became increasingly efficient at transporting
sediments through to the mouth, silt and fine sand began to be deposited as a distal bar, a
depositional feature that forms a continuous, coarsening-upwards platform onto which the delta can
prograde (Roberts, Adams et al. 1980). Mouth bar deposits of increasingly coarser material
instigated the formation of subaqueous distributary channels that concentrated flow. The
distributary mouth bar deposits are characterized by an overall coarsening-upwards trend; however,
cyclic depositional patterns result in stacked sequences consisting of fine sand overlain with clayey
layers. The major flood of 1973 induced substantial scour in the lower reaches of the Atchafalaya
River, contributing to the uncommonly-large coarse sediment load reaching the developing delta.
Coarse depositional lobes began to emerge at distributary mouth bar locations as subaerial and
subaqueous levee deposits continued the seaward extension of distributary channels. Continued
large flood flows through 1975 expanded subaerial delta lobes through levee deposits and extended
the distributary network with further mouth bar formation and channel bifurcation (van Heerden
and Roberts 1988).
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After the high flow years accompanied with rapid subaerial expansion in the early 70’s, the delta
distributary network extension ceased, marking a change in dominant depositional processes.
Growth of subaerial land area continued, however, through the processes of lobe fusion and
upstream accretion. Small, secondary and tertiary channels formed during the high flow years began
to narrow and were eventually closed off with major channel levee deposits. Additionally, coarse
sediment, no longer transported to the delta front, was deposited at the upstream ends of delta
lobes. Established depositional bodies thus continued to accrete and fuse with others as minor
channels were abandoned, ultimately concentrating flow into a smaller number of more prominent
channels (van Heerden and Roberts 1988). The two dominant delta growth phase processes and the
resulting sedimentary facies are demonstrated conceptually in figure 2-17 below. The continued
dredging of the main Atchafalaya Delta distributary channel for navigation has resulted in an
artificially-elongated delta shape that bypasses sediment into the bay, decreasing the potential delta
growth. Dredged sediment disposal in the Western half of the delta has resulted in artificial
aggradation, though the Eastern half of the delta has developed naturally (DuMars 2002).
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Figure 2-17: Conceptual description of delta growth processes and sedimentary facies development in the Atchafalaya
Delta (van Heerden and Roberts 1988)

2.4.2 Wax Lake Delta

After the 1941 construction of the Wax Lake Outlet as a more efficient flow outlet from the
Atchafalaya Basin, subaqueous deltaic deposition at the outlet mouth proceeded in a similar manner
to that of the adjacent Atchafalaya Delta (Roberts, Walker et al. 1997; DuMars 2002). Subaerial land
development in the Wax Lake Delta also commenced during the extremely high flows of 1973, when
approximately 31% of the of the substantial suspended sediment load reaching the Atchafalaya Bay
was discharged through the Wax Lake Outlet channel (Roberts, Coleman et al. 2003). During the
later part of the decade, however, subaerial growth of the Wax Lake Delta was overshadowed by
substantially higher growth rates in the Atchafalaya Delta. At this point, the Lower Atchafalaya had
become more efficient at delivering the coarse sediments necessary for delta growth to the river
mouth, while basins upstream and along the Wax Lake Outlet (Six-Mile Lake and Wax Lake,
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respectively) were still trapping large amounts of course sediment delivered to the diversion. By
1980, interior basin infill had progressed to such a degree that subaerial land growth rates increased
to similar values observed in the early formation of the Atchafalaya Delta, initiating a prolonged
period of rapid subaerial development (Roberts, Walker et al. 1997). In a similar situation to the
much-larger scale progressive flow capture occurring upstream at the Atchafalaya distributary
diffluence, the gradient-advantaged Wax Lake Outlet began to widen and discharge much more than
the design value of 20% of the upstream Atchafalaya discharge. To prevent eventual flow capture, a
rock weir was constructed across the upstream channel inlet in Six Mile Lake in 1988 that
substantially inhibited sand transport through the outlet; however, weir-induced elevated flood
stages near Morgan City, LA resulted in its eventual removal in 1994 (DuMars 2002). The subaerial
development in the Atchafalaya Delta was separated into the earlier period of mouth-bar deposition
and channel extension dominance and the later period characterized by upstream accretion and
lobe fusion; though these processes have also been observed in the Wax Lake Delta, all have
continued to occur concurrently with no periods associated with the dominance of a particular
process (Roberts 1998).

Wax Lake Delta sedimentary facies mimic those documented in the development of the Atchafalaya
Delta, described in the previous section. Though sedimentary investigations of the Wax Lake Delta
do not specifically correlate observed facies to the depositional features presented in figure 2-17
above, the overall coarsening-upward sequence reflects depositional order as the Lower Atchafalaya
System became increasingly efficient at transporting coarser sediment to the Wax Lake Outlet
mouth (Roberts, Walker et al. 1997). Very thin, clay-rich prodelta facies underlie most of the delta.
These prodelta deposits transition upwards into a much thicker layer of interlaminated fine sands,
silts, and clays, representative of the distal bar deposits that underlie the sand dominant features
responsible for subaerial expression. The uppermost sand-rich facies, deposited as distributary
mouth bars, subaqueous levees, and upstream depositional lobe expansions, dominate the deltaic
sequence, occupying an average of 67% of the depositional facies (Roberts, Walker et al. 1997). In
the stratigraphic section given below in figure 2-18, it can be seen that the proximal portions of delta
distributary channels incise through the full stratigraphic sequence into the pre-delta, bay bottom
sediments. Though distal sections of distributary channels generally do not incise through the full
deltaic sequence, channel beds still scour into previously-deposited stratigraphic sequences with
basinward extension (DuMars 2002).
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Figure 2-18: Dip-oriented stratigraphic section of the Wax Lake Delta from 1994 with interpreted dominant sedimentary
facies and previous bed levels to demonstrate morphological development (Roberts, Walker et al. 1997).

Recent research on the Wax Lake Delta proposes a new conceptual formation model that better
reflects the more complex stratigraphic sequences evident in higher resolution sampling, challenging
the prevailing theory correlating sedimentary facies with delta development as demonstrated
conceptually in figure 2-17 above. Instead of stratigraphic sequences that reflect the gradual
coarsening of the sediment load delivered to the river mouth, the model of Wellner, et al. 2005,
proposes a morphology and resulting stratigraphy that arise from the stacking and lateral merging of
individual turbulent jet deposits (Wellner, Beaubouef et al. 2005). Each individual jet deposit
consists of a region of erosion at the current jet mouth location followed by an aggrading bar whose
sedimentary structure from the proximal to distal ends represents the gradual transition from
deposition of bedload to deposition of suspended load. The central portion of the upstream tip of
the deposit is composed of the coarsest sediment, with grain sizes gradually fining both towards the
distal end and away from the flow-oriented central axis (Wellner, Beaubouef et al. 2005). In the Wax
Lake Delta, partial or complete jet deposit sequences are stacked and merged to form a jet deposit
complex. This larger body still has predictable coarsening upwards and distal-fining grain size trends,
though the stratigraphy is somewhat cyclical and much more complex than in the single jet deposit.
Once the jet deposit complex sufficiently accretes to induce flow stagnation at the proximal end,
flow splits around the bar head and forms new channels in the lower areas along the flanks of the
deposit, initiating the formation of new deposition complexes that expand the delta basinward
(Wellner, Beaubouef et al. 2005). Figure 2-19 below demonstrates conceptually the structure of a
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single jet deposit, the stacking of jet deposits to form a complex, and how a succession of complexes
can form the Wax Lake Delta.

Jet Deposit Jet Deposit Complex Delta Lobe

Figure 2-19: Schematic of individual deposits and jet deposit complexes in the conceptual delta formation model
presented in Wellner, 2005. In the jet deposit, the orange color represents the central portion of coarse sediment
bedload deposition, the lighter tan color represents the transition from coarse sediment bedload to suspended load
deposition, and the gray area represents the deposition of fine sediment from suspension. (modified from Wellner,
Beaubouef et al. 2005)

In an analysis of successive aerial photographs throughout the course of delta formation, Wellner,
2005 was able to identify the progression of jet deposit complex development in the Wax Lake Delta
through time (Wellner, Beaubouef et al. 2005). Figures 2-20 and 2-21 below show the subaerial
extend of the delta in 2000 and 2002, respectively, highlighting the different jet deposit complexes
and changes in subaerial land area between photograph periods. Actual dates for the first two aerial
photograph were not given, so it was assumed that a five year period is represented from the
beginning of 1998 to the December, 2002 photo. Between 1998 and 2000, subaerial growth occurs
through the basinward expansion of already established deposit complexes and the establishment of
new jet deposit locations after mouth bar formation at distal ends of major distributary channels.
The most active deposition occurred at the new jet deposit complexes at the mouths of Gladwell
and Greg Pass, with minor growth accompanying the establishment of a mouth bar at Main Pass.
The lobe-fusion process observed in the Atchafalaya Delta (van Heerden and Roberts 1988) occurs
with the infill of minor channels, further expanding established delta lobe subaerial land . The period
from 2000 to 2002 is characterized by limited subaerial land area expansion. The mature
depositional bodies generally do not expand; however, there is some basinward growth of the
incipient jet deposits formed between 1998 and 2000. The mouth bar at the distal end of Main Pass
develops into a deposit complex, representing the most active deposition during this period. Overall,
the period between the aerial photograph dates is characterized by the establishment and
expansion of new jet deposit complexes and large increases in subaerial exposure through
aggradation of established depositional bodies.
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Figure 2-20: Subaerial portions of the Wax Lake Delta in 2000. The different colors in the left figure indicate different jet
deposit complexes. The colored areas in the right figure represent the change in subaerial exposure from the white
areas representing the 1998 subaerial extents. Dashed boxes indicate the most active areas of deposition (Wellner,

Beaubouef et al. 2005).
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Figure 2-21: Subaerial portions of the Wax Lake Delta in 2002 (left figure), along with changes in subaerial exposure
between 2000 and 2002(right figure) (Wellner, Beaubouef et al. 2005).
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2.4.3 Effect of Cold Fronts on Delta Development

Remote sensing of suspended sediment concentrations in Atchafalaya Bay as well as observed
shoreline changes on the downdrift Southwestern Louisiana coast indicate that significant fine
suspended sediment is transported beyond the confines of the Atchafalaya and Wax Lake Delta
receiving basin (Roberts, Walker et al. 1997). Historically, extensive oyster reefs at the Atchafalaya
Bay-gulf boundary limited saltwater intrusion into the bay, inhibiting the flocculation of the
extensive cohesive sediment load beginning to bypass the river mouth. Though some fine sediment
was certainly deposited in the bay as Atchafalaya and Wax Lake Delta prodelta facies, bypassed
suspended sediment was sufficient to induce accretion of the previously erosive downdrift shoreline
through nearshore fluid mud deposition (Roberts 1998). Despite the typically low-energy wave
climate, wind waves are at times capable of resuspending basinward fine sediment prodelta
deposits, increasing the extents and concentration of the suspended sediment plume (Roberts,
Walker et al. 1997).

The prevailing current along the Louisiana coast west of the Mississippi Delta advects the fine
sediment plume bypassing the bay westward to be deposited as accreting mudflats. The more
significant cause for the export of fine sediment from Atchafalaya Bay, however, is the passage of
winter cold fronts over the Gulf coast (Roberts, Walker et al. 2005). Cold fronts are the boundary
zones between cold, dry air moving southward over the continental U.S. and warm, moist air moving
landward from the Gulf of Mexico. Though producing much milder storm conditions than the
tropical systems that can affect the area during the late summer and early fall, cold fronts have a
much more significant impact on sediment dynamics along the coast because of their frequency.
During the winter months, cold fronts typically approach the coast from the northwest every four to
seven days, resulting in twenty to thirty cold front passages per year (Roberts 1998; Roberts, Walker
et al. 2005). During the prefrontal period when a cold front is approaching the coast front the north,
strong winds typical blow landward from the south or southeast, elevating water levels at the coast
with up to 0.6 m of wind-induced set-up. The enhanced wind wave action resuspends fine sediments
deposited on the bay floor. As the cold front passes over the coast, the wind direction abruptly shifts
to the north, causing rapid water level reductions at the coast and flushing the high-concentration
suspended sediment plumes seaward (Roberts 1998). Figure 2-22 below shows the seaward flux of
sea surface suspended sediment from Atchafalaya Bay directly after the passage of a cold front. The
yearly transport of fine sediments from Atchafalaya Bay due to the passage of cold fronts is
estimated to be as large as 15% of the total amount of sediment transported to Atchafalaya Bay
through the Lower Atchafalaya River and Wax Lake Outlet (Roberts, Walker et al. 1997). This
frequent and extensive bypass of fine sediment from the Atchafalaya Bay has effectively removed
prodelta mud deposition from its typical location at the delta front, resulting in primarily coarse-
grained deltas that preserve only a small fraction of the large fine-dominant suspended load
reaching the deltas (Roberts, Walker et al. 2005)
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Figure 2-22: Satellite image of the Louisiana coast and surface suspended sediments after cold front passage (modified
from Roberts, Walker et al. 2005)
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3. Model Set-Up

The following chapter details the construction of the long-term morphological model of the Wax
Lake Delta. First, important aspects of the Delft3D modeling suite most relevant to the current study
are discussed. The necessary assumptions required in model development, especially the
assumptions involved in limiting simulated processes, are presented. The development of various
model aspects is detailed, including the computational grid, boundaries sections, initial domain
bathymetry, and representative sediment fractions. Finally, the boundary condition schematization
from available prototype measurements for the long-term simulation is described.

3.1 Delft3D

In accordance with the research objective to simulate the morphological development of the Wax
Lake Delta for a five year period, the coupled hydrodynamic and morphologic modeling software
Delft3D was used to construct a model of the study area. Delft3D is a modeling suite developed by
Deltares that has the capability to simulate hydrodynamics, sediment transport, and resulting
changes to bed levels and bed sediment composition. The Delft3D-FLOW module integrates the
computation of hydrodynamics, sediment transport, and morphology in a simultaneous, “online”
approach where changes to bathymetry in one time step are immediately available to calculate
hydrodynamics in the next time step (Lesser, Roelvink et al. 2004). The online approach is essential
for the simulation of delta development, where the complex interactions between a growing mouth
bar and the evolving delta distributary channel mouth flow pattern are important (Edmonds and
Slingerland 2007). A schematic of this modeling approach is given below in figure 3-1.

PR— Flow timestep *
Morphological
factor

L

Figure 3-1: Schematic of "online" modeling approach for flow, sediment transport, and morphology used in Delft3D. The
WAVE module available in Delft3D and shown in the figure was not used in this research (Roelvink 2006)

Hydrodynamics in Delft3D are simulated by solving the unsteady shallow water equations on a finite-
difference rectilinear, curvilinear, or spherical grid (Lesser, Roelvink et al. 2004). Though the program
is capable of simulating flows in three dimensions, the depth-averaged mode is implemented for the
current study, an assumption justified by the success of conceptual delta development models using
depth-averaged flow conditions (see section 2.3). The sediment transport portion of the FLOW
module can compute both bed load and suspended load transport for non-cohesive sediment
fractions and suspended load transport for cohesive sediment fractions. Suspended transport for
both sediment types follows from the advection-diffusion equation. The erosion and deposition from
suspension of cohesive sediment is calculated according to the Partheniades-Krone formulations
that determine flux to and from the bed based on ratios of bed shear stress to user-defined critical
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shear stress values for erosion and deposition. Transport of non-cohesive sediment is calculated
using the formulations of Van Rijn, 1993, the default sediment transport formula in Delft3D (Deltares
2009).

The Van Rijn formulation for non-cohesive sediment transport was chosen because of its inclusion of
both transport modes, bed load and suspended (van Rijn 1984, Part |; van Rijn 1984, Part Il). The use
of this formula allowed for calculation of depth-averaged sand concentration at particular model
locations for comparison to prototype measured values. The detailed formulation is dependent on
many physical parameters; however, high sensitivity to several parameters with high uncertainty
could result in inaccuracies (Camenen and Larroudé 2003).

The capability of computing transport for multiple sediment fractions requires a system for keeping
track of bed sediment fraction composition changes from preferential deposition or erosion of
particular fractions. Delft3D gives the option of implementing one of two bed composition models.
The first assumes that the bed is composed of a single layer of uniformly mixed sediments where the
proportion of each fraction present at each computational point can change based on fluxes of each
fraction to our away from the bed. The second model implements multiple sediment layers so that
the order in which certain fractions are deposited or eroded will be preserved as stratigraphy. A
user-defined number of composition bookkeeping underlayers each of the same user-defined
thickness underlie a transport layer at the bed surface from which sediment can be eroded or
deposited. A base layer is also present under the bookkeeping layers to merge properties of
sediment layers that do not fit within the depth extent of the bookkeeping layer system (Deltares
2009). The stratigraphy model available for use in Delft3D is conceptually demonstrated in figure 3-2
below.

For more detailed information on the theoretical background, numerical implementation, and
practical use of Delft3D, please refer to the program user manuals and Lesser, et al., 2004 (Lesser,
Roelvink et al. 2004; Deltares 2009).

— Transport layer

— Underlayers

— Base layer

Figure 3-2: Stratigraphy bed composition model in Delft3D, utilizing bookkeeping underlayers, a transport layer, and a
base layer. The varying colors represent different sediment fraction compositions (Hillen 2009).
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3.2 Assumptions and Limitations
3.2.1 Full River Dominance

The advancing capability to simulate morphological developments on longer time scales and larger
spatial scales with acceptable resolution still requires substantial computational power. If certain
processes are found to be negligible for the long term model results, substantial gains in simulation
efficiency can be obtained when these processes are excluded from the computations. For this
simulation in particular, the delta development is assumed to be fully river dominant, so tidal
oscillations, wave action, and wind-driven currents and water level fluctuations are not included. The
Atchafalaya Bay is a microtidal environment with an average tidal range of only 30 cm. Though this
range is sufficient to induce oscillations in velocities through the delta distributary channels during
periods of low flow, the oscillatory velocity component becomes negligible during the higher flows
that have the greater influence on delta morphology (DuMars 2002). The wave climate in
Atchafalaya Bay is typically very mild, with significant wave heights rarely exceeding 0.5 m. Figure 3-
3 below gives the average cumulative frequency distribution of significant wave heights measured
within Atchafalaya Bay for the period from November 1981 through December 1982. Wave and tidal
forcings are both clearly diminutive relative to the significant river discharge through the delta,
creating a river dominant deltaic environment (Wright 1977). Field measurements of velocity,
suspended sediment concentration, salinity, and water temperature in Wax Lake Delta distributary
channels during non-flood and flood conditions in 2000 and 2001, respectively indicate that the
system is well-mixed. The lack of density gradients or any other complex vertical flow patterns
justifies the use of a 2-D, depth-averaged modeling framework that does not include the effects of
varying salinity.
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Figure 3-3: Average cumulative frequency distribution of significant wave heights in Atchafalaya Bay from November,
1981 through February, 1982 (modified from Donnell, Letter et al. 1991).
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3.2.2 Negligible Influence of GIWW

The Gulf Intracoastal Waterway (GIWW) shipping canal is an extremely important waterborne
commerce route that traverses the Louisiana Gulf Coast roughly along the boundary between low-
lying coastal wetlands and higher elevation uplands parallel to the Gulf coast (Swarzenski, United
States. Army. Corps of Engineers. New. Orleans District et al. 2003). Maintained with a minimum
width of 61 m and depth of 6 m, the GIWW intersects both the Wax Lake Outlet and the Lower
Atchafalaya River in the study area (see figure 1-4 in section 1.1) and comprises a portion of the
upstream model domain (see figure 3-4 in section 3.3 below). In general, the GIWW acts as an
additional flow and sediment conduit from the Atchafalaya Basin to the Gulf of Mexico. Though
discharge through the GIWW is highly variable and depends on stage levels in the Gulf, Lower
Atchafalaya River, and Wax Lake Outlet as well as local precipitation and runoff, flow during floods is
generally directed from East to West, capturing small amounts of discharge and sediment from the
Lower Atchafalaya and Wax Lake Outlet (Swarzenski, United States. Army. Corps of Engineers. New.
Orleans District et al. 2003).

During a three year measurement campaign from 1996 through 1999, a period that includes the
significant flood of 1997, average discharges through the GIWW on each side of its intersection with
the Wax Lake Outlet were both equal to 268 m>/s towards the West, indicating that on average no
flow exchange occurred between the Wax Lake Outlet and GIWW. The maximum discharge recorded
during this period in the GIWW west of the Wax Lake Outlet was still only 568 m>/s (Swarzenski,
United States. Army. Corps of Engineers. New. Orleans District et al. 2003). Based on the relatively
small discharges in the GIWW compared to typical Wax Lake Outlet outflows and the lack of a non-
zero average flow exchange between the two channels, this study assumes that flow and sediment
passing through the GIWW and into or out of the Wax Lake Outlet is insignificant to the delta
morphological development. Thus, no boundary conditions are defined where the GIWW intersects
the model domain boundaries to simplify the required data collection and boundary condition
schematizations. As there will be no flow through the GIWW perpendicular to the Wax Lake Outlet,
siltation of the normally-maintained navigation channel is expected but is assumed to have minimal
impact on flow and sediment transport to the delta.

3.3 Grid and Boundaries

With the study focus on Wax Lake Delta development, a curvilinear grid that encompasses the direct
upstream Wax Lake Outlet channel, the delta distributary channels and depositional formations, a
portion of the receiving basin, and upstream low-lying areas flanking the main channel was
generated. The main depositional features of the Wax Lake Delta form an approximately radially
symmetrical geometry on the order of 10 km wide. The grid boundaries were oriented to include
between 5 and 10 km of accommodation space basinward of the delta. Because upstream channel
development was of less interest in the current study, the upstream boundary of the grid was
located approximately 20 km from the delta apex at the closest available long-term gauging station
on the Wax Lake Outlet. Though a defined distributary channel network structure had already
developed in the prototype Wax Lake Delta at the start of the simulation period, no effort was made
to follow the orientation of delta bathymetry and distributary channels during grid development.
This approach was justified based on the success of previous conceptual modeling efforts with
producing representative meandering and fan-shaped delta distributary networks despite use of
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purely rectilinear grids (see section 2.3). Grid resolution ranges from over 100 m in the most
offshore portions of the receiving basin to as little as 25 m in the distal portion of the delta, with
most grid cell sizes being on the order of 50 m. This resolution allowed for accurate representation
of delta distributary channels captured in the bathymetry with a minimum of approximately 5 grid
cells representing a channel cross-section. Overall, the model domain comprises an area of
approximately 35 by 20 kilometers, represented by 185339 grid cells. With the assumption of full
river dominance and corresponding assumption of negligible basinal energy, only an upstream flow
and an offshore water level boundary were needed. The model grid along with the locations of the
two boundaries is given below in figure 3-4.

Figure 3-4: Model computational grid and upstream and offshore boundary locations

3.4 Bathymetry

Though the U.S. Army Corps of Engineers has conducted hydrographic surveys of the Lower
Atchafalaya River including the Wax Lake Outlet approximately every decade beginning in 1967, the
surveys generally do not cover the Wax Lake delta and portions of the Atchafalaya Bay of most
interest for the current study. The survey of 1998 was the most complete, providing transects
through the delta distributary channels and over depositional lobes. A finite-element hydrodynamic
model of the Lower Atchafalaya system including Atchafalaya Bay and portions of the Gulf of Mexico
has been developed by the USACE with bathymetry primarily derived from the 1998 hydrographic
survey. The bathymetric data set for this model was augmented with Light Detection and Ranging
(LIDAR) survey data for overbank areas not covered in the hydrographic survey (USACE 2010,
Appendix A). The bed level at each node in the finite-element mesh was available as an xyz point file,
so was used to establish the bed level at each grid point for the present simulation. The locations of
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each node at which the bed level is defined in the study area are given below in figure 3-5. Depths at
each model grid point were assigned by triangular interpolation from the USACE model bathymetry
sample points. Figure 3-6 gives an overview of the initial bathymetry in the model domain, along
with a three-dimensional visualization following in figure 3-7.

ADH_scatter_stp
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-5.266599 - -1.497300
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1.046801 - 7.735200

Figure 3-5: Locations of the model nodes used in the USACE finite-element hydrodynamic model of the Lower
Atchafalaya River system (USACE 2010). Bed levels were assigned from the 1998 USACE Lower Atchafalaya hydrographic
survey combined with LIDAR survey data for overbank areas.
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Figure 3-6: Initial Model Bathymetry

Figure 3-7: 3-D representation of the initial morphology of the model domain used in the simulation with 250x vertical
exaggeration. Note that the higher elevations to the East and West of the Wax Lake Outlet that lie outside the modeled
area are unrealistic, a result of visualization surface creation through triangulation.
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3.5 Sediment Schematization

The Wax Lake Delta is primarily composed of coarse sediment depositional features despite a large,
fine-sediment dominant suspended load (Roberts, Walker et al. 1997). Still, sedimentary facies
underlying subaerial delta features can be characterized by coarse or fine sediment dominance, and
depositional bodies initiated by mouth bar formation and channel bifurcation exhibit characteristic
sediment sorting patterns reflected in surface sediment distributions and stratigraphy (DuMars
2002; Wellner, Beaubouef et al. 2005). In order to schematically reproduce the stratigraphic patterns
created with delta growth, the model uses two sediment fractions, each representing a range of
coarse and fine sediment portions of the inflowing sediment load and preserved depositional
sequences. Analysis of suspended sediment load and bedload samples taken during the low flow and
flood condition field campaigns of DuMars, 2002, indicate that grain sizes range from very fine sand
to coarse silt with a small clay fraction (DuMars 2002). Analysis of many bed sediment vibra-cores
throughout the delta indicate a similar bed material grain size distribution (Wellner, Beaubouef et al.
2005). Figure 3-8 gives a plot of the grain size distribution as a linear function of delta deposit
thickness, indicating the range of grain sizes present in the Wax Lake Delta. Based on this field
information, the sand sediment fractions were approximated by a single, very fine sand fraction with
a dso of 100 um, a specific density of 2650 kg/m?>, and a dry bed density of 1600 kg/m>. Though the
fine sediment fractions would surely be better represented with a non-cohesive fine silt fraction and
a cohesive clay fraction, a single cohesive fine sediment fraction was used to approximate all fine
sediment. This mud fraction was assigned a density of 2650 kg/m?, a dry bed density of 500 kg/m?,
and a fall velocity of .00025 m/s. The fall velocity was calculated using the Van Rijn formulation and
an assumed dsy of 15 um corresponding to a fine silt classification (van Rijn 1984). The properties of
the two sediment fractions used in the model are summarized below in table 3-1.
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Figure 3-8: Plot of grain size distribution from many vibracores taken throughout the Wax Lake Delta as a linear function
of delta depositional facies thickness (Wellner, Beaubouef et al. 2005)
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Table 3-1: Properties of sand and mud sediment fraction used in model

fraction | type by size specific density | dry bed density | fall velocity
name size (nm) (kg/m"3) (kg/m"3) (m/s)

sand fine sand 100 2650 1600 -
mud fine silt 15 2650 500 0.00025

3.6 Boundary Conditions

The following section recounts the process undertaken to determine hydrodynamic and sediment
transport boundary conditions for both the upstream and offshore model boundaries. In order to
conduct a successful long-term morphological simulation, the applied boundary conditions should
reflect the actual prototype conditions to the greatest degree possible; however, computational
limitations that come with high-resolution process-based modeling require a reduction in boundary
condition input from the ideal measured time series. The available prototype hydrodynamic and
sediment transport measurements were thus used to develop a representative average
morphological year composed of four periods of constant flow. To more accurately represent the
sediment delivered to the delta, the number of days per morphologic year that each flow occurs was
scaled to reflect the greater proportion of sediment transported during higher flows. Corresponding
sand and mud input boundary sediment concentrations were assigned for each flow condition based
on functional relationships to discharge calculated from concurrent, long-term measurements.

3.6.1 Available Data

Two measurement gages in the study area were used to assign boundary conditions to the upstream
inflow boundary and downstream outflow boundary. The upstream model boundary was located at
the U.S. Geological Survey-operated Wax Lake Outlet at Calumet, LA gage, and the model offshore
boundary was located very near the U.S. Army Corps of Engineers-operated Atchafalaya Bay near
Eugene Island gage. The locations of the two gages along with the model area bathymetry are shown
below in figure 3-9. Nearly continuous daily mean discharge data is available at the Calumet, LA gage
in the period from June 1, 1986 to March 22, 2011 (USGS 2011). Data on the suspended load at the
same location is available from April 20, 1973 to December 7, 2010, though at a sampling frequency
of approximately once per month with slight increases in frequency during significant floods (USGS
2011). For each Calumet, LA gage sediment sampling event, instantaneous values of suspended
sediment discharge in tons/day, suspended sediment concentration in mg/l, and the percent of the
suspended sediment load that has a grain size finer than .0625 mm are available. The Atchafalaya
Bay near Eugene Island gage records consist of instantaneous stage (NGVD datum) recorded daily at
8:00 a.m. from February 25, 1976 to April 9, 2006 (USACE 2006). A timeline giving the periods of
record at each gage in relation to the calibration event and simulation period is given in figure 3-14.
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- Wax Lake Outlet at Calimet, L

Figure 3-9: Locations of the Wax Lake Outlet at Calumet, LA and Atchafalaya Bay near Eugene Island gages used in
determining model boundary conditions. The multi-colored overlay represents the modeled area and corresponding
bathymetry.

3.6.2 Hydrodynamic

In accordance with the assumed negligible influence of tides and waves on long term morphology,
the offshore boundary was assigned a constant water level equal to the average water level
recorded in the approximately thirty year record of the Atchafalaya Bay near Eugene Island gage.
The mean offshore water level was calculated as .32 m above NGVD. The use of a constant water
level offshore boundary for models of the area is not unprecedented; a one-dimensional USACE
hydrodynamic model of the Lower Atchafalaya River system used a nearly identical value of .30 m
for offshore stage boundaries (USACE 2010, Appendix D).

Because of the complexity and computational expense of the process-based Delft3D model, the
number of simulated boundary conditions must be reduced from the continually-varying time series
of inputs that occurs in the prototype during the simulation period to obtain suitable run times.
Though measured time series of hydrodynamic and sediment transport boundary conditions exist
for the simulated period of the beginning of the year 1998 to the end of the year 2002, the model
input boundary conditions were reduced to a few instances of constant values whose repetition
would approximate the simulated period discharge and sediment load regime. Each year was
approximated with four levels of constant discharge, applied for varying time periods based on the
flows’ probability of occurrence in the full prototype flow record and scaled based on contributions
to sediment load, which were then repeated five times for the five year simulation.
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First, an annual flood frequency analysis was performed to determine the discharge levels
corresponding to various return periods (probability of exceedance). The U.S. Geological Survey
program PeakFQ fits the annual maximum discharges from the Calumet gage’s 24 year period of
measurement to the log-Pearson type Ill frequency distribution to obtain the annual probability of
exceedance as a function of discharge (Flynn, Kirby et al. 2006). The PeakFQ annual exceedance
probability output for the 5 year, 2 year, and approximately annual flood are given below in table 3-
2.

Table 3-2: Annual Flood Frequency Analysis Results using PeakFQ

annual exceedance probability return period (yr) | Q (m”3/s)

0.995 =1 2961.94
0.5 2 5077.21
0.2 5 5977.69

The entire flow record was then used to construct a flow-duration curve that gives the cumulative
frequency of occurrence of the observed flow values. The flow-duration curve communicates the
proportion of time that a certain discharge value occurred during the measurement period. The
flow-duration curve for the Wax Lake Outlet at Calumet, LA gage is given in the upper subplot of
figure 3-11 along with the 5 year, 2 year, and annual flood flows plotted at their corresponding
locations on the curve. To account for the non-flood conditions encountered in the discharge
regime, a representative low flow of 1149.7 m*®/s was also used to complete the discharge
schematization. Each of the four schematized discharge values was treated as the median of a group
of discharges for which the constant value occurring for a set proportion of time would approximate
the occurrence of the full group of discharges. Probability of occurrences which also equal the
proportion of time that the specified discharge level will occur were calculated based on the
proportional area under the flow duration curve for each schematized discharge level’s
corresponding discharge range. The probabilities were found to equal .1582, .7232, .0799 and .0387
for the low flow, annual flood, 2 year flood, and 5 year flood, respectively.

Because the sediment concentrations and resulting sediment flux in the Lower Atchafalaya system
have a non-linear relationship to discharge, much greater volumes of sediment are delivered to the
Wax Lake Delta during the highest flows (Roberts, Walker et al. 1997), so an effort was made to scale
the proportional time of occurrence to reflect the increased morphologic influence of the higher
flows. A power relationship was established between discharge and sediment transport based on
concurrent discharge/transport measurements at the Calumet, LA gage location taken on an
approximately-monthly basis for the 37 year period of record (see figure 3-10 below for plot of data,
regression, and goodness of fit information). This functional relationship (Qs=6.194*Q:***
to construct a sediment transport-duration curve with the transport value at each cumulative

) was used

frequency calculated from the discharge value at the same frequency. The proportional areas under
the curve were recalculated and found to be .1243, .7365, .0923, and .0469 for the low flow, annual
flood, 2 year flood, and 5 year flood, respectively. The scaling to sediment transport has predictably
given less emphasis to the low flow and more emphasis to the higher flood flows. The transport-
duration curve, proportional areas, and probability of occurrence for the four schematized discharge
levels are presented in the lower subplot in figure 3-11. Translating the probability of occurrence
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into the actual flow durations for a representative year yields a 1149.7 m®/s discharge for 45 days, a
2961.9 m*/s discharge for 269 days, a 5077.2 m*/s discharge for 34 days, and a 5977.7 m*/s
discharge for 17 days. The proportioning of flow durations for each of the four discharge conditions

is summarized in table 3-3.
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Figure 3-10: Relation between discharge and sediment transport at the Wax Lake Outlet at Calumet, LA gage
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Calculating Flow Durations for Morphological Year
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Figure 3-11: Flow duration curve and transport duration curve used in the calculation of flow durations for the long-term
morphology simulation. The colored circles in the upper plot represent the four discharge levels that will schematize the
full flow regime. The colored areas in the lower plot represent the portion of the flow regime that corresponds to each
discharge level. Each discharge level’s area as a proportion of the total curve integral was used to calculate the
probability of occurrence displayed in text in the lower plot.

Table 3-3: Summary of flow condition proportioning for each morphologic year

Flow Discharge | scaled probability | days per morphologic
condition (m”3/s) | of occurrence year (days)

low flow 1149.7 0.124 45
annual flood 2961.94 0.737 269
2-yr flood 5077.21 0.0923 34
5-yr flood 5977.69 0.0469 17

3.6.3 Sediment Transport

The development of a functional relationship between discharge and sediment transport was
detailed in the above section (see figure 3-10). Similarly, a second-order polynomial fit was used to
establish the relationship of the percent of suspended sediment finer than .0625 mm measurement
to discharge at the Wax Lake Outlet at Calumet, LA gage. The data set, polynomial regression
(percent finer= -6.88e-007*Q%-0.000614*Q+100.6), and the r’ value of the fit are presented below in
figure 3-12.
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Percent Finer than .0625 mm to Discharge Rating Curve
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Figure 3-12: Relation between discharge and percent of suspended sediment finer than .0625 mm at the Wax Lake
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were determined, the functional relationships for sediment transport parameters were used to

assign corresponding inflow boundary sediment transport concentrations for the two grain size

fractions used in the model. The sediment transport value obtained from the transport-discharge

relationship was used to calculate a total inflow sediment concentration. The percent finer than

.0625 mm value corresponding to each discharge was then used to distribute the total inflow

concentration between the fine sand and mud fractions. A summary of the four discharge levels and

corresponding suspended sediment concentrations used at the upstream boundary is given below in

table 3-4.

Table 3-4: Upstream boundary conditions - four constant discharge levels and corresponding sand and mud suspended
sediment concentrations

Discharge | Discharge | Sediment

level (m”"3/s) Transport
(tons/day)
1 1149.70 23447.63
2 2961.94 77524.36
3 5077.21 153175.08
4 5977.69 188273.65
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Total Percent
suspended finer than
sediment .0625 mm
concentration | (%)
(mg/1)
165.16 99.03
256.68 92.79
329.94 79.79
356.01 72.39

Sand

suspended
sediment
concentration

(mg/1)

1.60
18.50
66.67
98.29

Mud

suspended
sediment
concentration

(mg/1)

163.56
238.18
263.27
257.72
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3.6.4 Comparison to Prototype Conditions

A key assumption in the process of schematizing the discharge regime is that the flow-duration curve
developed from 24 years of daily discharge data is applicable to the development of a typical annual
discharge regime. It is assumed that the average year that is repeated for the long term simulation
will have cumulative frequencies for discharges that are identical to those calculated from the much
longer data set. The discharge regime in any given year for the prototype, as well as the actual
modeled five year time period, will likely differ substantially from the representative year used in the
schematization; however, the need for reduction in the number of modeled discharge scenarios
necessitates this approximation. Still, it is useful to compare the simulated discharge regime with
what actually occurred in the prototype during the model period.

Figure 3-13 below presents the observed discharge and suspended sediment transport at the Wax
Lake Outlet at Calumet, LA gage during the model period of simulation, January 1, 1998 to December
31, 2002. The four constant discharge and transport levels used in the model boundary condition
schematization are also given in each plot for comparison. It can be seen that the prototype
discharge does not exceed the highest discharge level used in the model during the simulation
period; however, the total suspended sediment transport significantly exceeds the highest modeled
value at various points in the simulation period. Additionally, the total volume of water and mass of
sediment discharged through the upstream boundary during the full simulation period was
calculated for the prototype and model discharge and transport regimes for comparison. The
modeled volume of water (5.6137e+006 m®) significantly exceeded the measured prototype water
volume (4.5835e+006 m?), though this is expected due to the scaling of flow duration to favor the
higher flows that are responsible for much higher values of sediment transport. The total mass of
sediment discharged during the modeled simulation period is much closer to the prototype
measured value, though the modeled value of 151.59 megatons still exceeds the prototype
measured value of 132.22 megatons.
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Prototype Discharge and Transport during Simulation Period
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Figure 3-13: Prototype discharge (upper subplot) and suspended sediment transport (lower subplot) during simulation
period. The four constant discharge and transport levels used in the model boundary condition schematization are also

3.7 Conclusion

shown for comparison.

The initial set up of the long-term morphological model of the Wax Lake Delta in the process-based
modeling program Delft3D has been described. The computational grid extents were located to
include portions of the Wax Lake Outlet feeder channel and the Atchafalaya Bay receiving basin
surrounding the fan-shaped delta. Bathymetry from a 1998 hydrographic survey augmented with
LIDAR data for overbank areas was interpolated to the computation grid. The range of sediment

sizes in the suspended load and bed is represented by a fine sand non-cohesive fraction and a fine-

silt sized cohesive mud fraction. An upstream flow boundary was located at the site of the long term

flow and sediment measurement station at Calumet, LA; the basinward water level boundary was

located near the long term Eugene Island gage. Measurements from these two gages were used to
calculate suitable schematized boundary conditions to best represent the actual prototype flow
regime. An average morphological year is represented by four periods of constant flow whose
duration was determined from a flow-frequency curve scaled according to the sediment transport
typical of each flow. Upstream suspended sediment concentrations for each of the two sediment
fractions were determined from rating curves derived from long-term concurrent flow-sediment

transport measurements. The validity of the boundary condition schematization was explored
through comparison of total volumes of flow and suspended sediment passing through the upstream
boundary during the simulation period in both the prototype Wax Lake Delta and the model. Figure
3-14 below summarizes the measurement periods from which boundary condition data were
derived, the dates of bathymetry and sediment grain size data used in the model, the dates of the
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calibration event, and the long-term morphologic simulation period. Information on the model
calibration follows in chapter 4.

Caﬁihratic@n Eventé

© Simulation Period:

MR R BT SR BT B L . i .
19745 19580 19385 1990 1995 1993 2003 2005 2010
Time [years)

Figure 3-14: Timeline for model set-up and simulation
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4. Model Calibration

4.1 General

To successfully simulate the morphodynamic development of the Wax Lake Delta, both the
hydrodynamics and sediment transport in the model domain during high flows must be calibrated so
that the modeled depositional patterns at the delta front approximate the real Wax Lake Delta
(prototype) behavior to the greatest extent possible. Though a typical model calibration will include
simulation of time varying boundary conditions with comparison of modeled results to observed
values at some interior measurement point, the lack of a long term measurement station in the Wax
Lake Delta forces a reliance on field measurements recorded during discreet events. The velocity and
suspended sediment measurements made in the channels of the Wax Lake Delta for the Dumars,
2002 study form the basis for both the hydrodynamic and sediment transport calibration effort. In
Atchafalaya Bay, a mixed-diurnal tidal cycle with a 30 cm average range strongly affects flow
velocities in the delta during low-flow conditions; however, this influence is significantly diminished
during annual flood periods (DuMars 2002). The effect of tidal fluctuations and winter storm-
induced water level gradient changes (both neglected forcings in this model) on measured velocities
during low flow would be impossible to accurately simulate given the assumptions and
simplifications made during model development. Though measurements were made during flood
and non-flood conditions, only the measurements made on February 25-27, 2001 under flood
conditions were used for calibration. Velocities observed during this period were so high as to
render tidal and wind influences negligible and correspond to the more-morphologically active flood
discharges which will be the focus of this model.

During the flood condition field campaign of DuMars, 2002, measurements were taken at various
sample points along eight channel transects of the Wax Lake Delta distributaries. Measurements
were made at transects 8, 15, 17, 18, 19, 24, and 25 during flood conditions, and their locations are
given below in figure 4-1. Initial transect bathymetry profiles were used to locate sample points at
inferred high and low energy locations. At each point, velocity and suspended sediment
concentrations were taken at .05, .5, and .95 of the total sample site depth (DuMars 2002). Figure 4-
2 below gives a schematic of the sampling scheme for a typical transect, where measurements are
taken at the indicated depths for each measurement point along the transect. The model
hydrodynamics were calibrated first by running a steady-state hydrodynamic simulation with a fixed
bed and no sediment input or transport considered. The spatially varying manning’s roughness
values were adjusted to minimize the percent error between simulated and observed transect-
averaged, depth-averaged velocity. An aggregate velocity parameter was used to assess model
deviation from prototype instead of comparison at specific sample points. The inevitable deviations
between the real and model bathymetries due to survey resolution and depth interpolation mean
that accurate simulation of specific velocity vectors is very difficult.

Once velocity differences were reduced to within acceptable limits, a sediment transport simulation
was performed with constant boundary discharge and sediment inflow concentrations. Once the
specific sediment schematization, bed schematization, initial bed composition, and sediment
transport formulation were determined and implemented, various sediment transport calibration
parameters for both fractions were altered to minimize the percent error between simulated and
observed transect-averaged, depth-averaged sediment concentration without regard to the
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distribution of the measured suspended sediment between the two modeled grain-size fractions.
The sections below discuss specific aspects of the calibration simulations and present the calibrated
parameter results.

Wax Lake Ctlet

Atchafalaya Bay

0.5 0 05 1 1.5 2 Kilometers
Or—T T 711

Figure 4-1: Transect locations for field measurements used in calibration. T-8, T-15, T-17, T-18, T-19, T-21, T-24, and T-25
correspond to measurements made during flood conditions on February 25-27, 2001. (DuMars 2002)
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Figure 4-2: Velocity and suspended sediment sampling scheme demonstrated for typical transect (DuMars 2002)

4.2 Hydrodynamic Calibration
4.2.1 Hydrodynamic Calibration Run Description

The simulation run for hydrodynamic calibration used a constant upstream boundary discharge to
try to simulate observed velocities in the delta distributary channels. For each calibration run, the
upstream boundary discharge was set to 4012 m>/s, the mean discharge measured at the Calumet,
LA gage for the period of field measurement. The open boundary was given a constant stage
boundary condition of .32 m, the average water level measured at the Eugene Island gage for the
entire period of record. To obtain the channel-averaged velocity from the field measurements, the
three velocities at .05, .5, and .95 of the depth at each sample location were fit to a logarithmic
velocity profile, and a depth-averaged value was calculated. It was assumed that the velocity
measurement device would align with the primary direction of flow, so measurements were treated
as magnitudes. The channel-averaged value was then calculated by multiplying the depth-averaged
velocity at each sample point by the incremental flow area then dividing by the total area according
to the standard procedure for computing discharge from velocity measurements (Chow, Maidment
et al. 1988). Because at most 5 samples were taken along each cross-section, a substantial amount
of flow near the banks was unaccounted for in the averaging procedure. Thus, a 10 cm/s depth-
averaged velocity was assumed to occur at the start and end point of each cross-section transect so
that the incremental discharge occurring outside the measurement points would still be included.

4.2.2 Exclusion of Non-representative Cross-sections

Once the model was sufficiently stabilized, depth-averaged velocity magnitudes at each intersecting
grid velocity point within the cross-section transect were extracted from the model results. These
values were similarly channel-averaged, though no assumed velocities were used as the grid
resolution was sufficient to fully represent the flow through the transect. Additionally, the modeled
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depth-averaged velocity values were averaged in the direct vicinity of each sample point for a direct
comparison with observed values. Initial model runs indicated that substantial discrepancies existed
between the measured and modeled velocity magnitudes at several of the cross-sections located at
the distal ends of distributary channels. Examination of the velocity measurements implied
developing channel structures at these transects that were not present in the model bathymetry.
Because the measurements are from approximately three years after the model bathymetry surveys
were conducted, it is expected that the morphologic change at the mouths of distributary channels
in the intervening years would be significant. Figure 4-3 below gives the modeled and observed
depth-averaged velocity magnitudes at transect 24, and is representative of the discrepancies at
transects 19 and 25 as well. Also given is a plot comparing the observed and modeled depth-
averaged velocity magnitudes at each sample point. Because of the substantial errors at cross-
sections 19, 24, and 25 due to non-representative bathymetry, these transect measurements were
excluded from the calibration process.

Cross-section 24 Depth-averaged Velocity Magnitudes
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Figure 4-3: Comparison of Modeled and Observed Depth-averaged Velocity Magnitudes at Cross-section 24
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Depth-averaged velocity comparison
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Figure 4-4: Measured vs. modeled depth-averaged velocities at each sample point. Most points for cross-sections 19, 24,
and 25 lie outside the 30% error lines.

4.2.3 Hydrodynamic Calibration Results

Alteration of spatial-varying manning’s roughness values was used to minimize the mean error
between modeled and observed channel-averaged velocity magnitudes for the five remaining cross-
sections. Values obtained in calibration of the ADH model of the Lower Atchafalaya River system
were used for initial runs (USACE 2010, Appendix A). The ADH model roughness values were initially
based on land use and vegetation type in the model domain but were altered to better simulate
stages at multiple gage sites for historic floods (USACE 2010, Appendix A). Figure 4-5 gives the
spatial-varying manning’s roughness value distribution used in the ADH model. These values were
then altered over successive runs until errors were minimized. Figure 4-6 gives the final manning’s
roughness distribution for the calibrated model. The modeled and observed depth-averaged velocity
magnitudes and channel-averaging results are presented in Appendix A in for all transects used in
the calibration process, and a direct comparison of modeled and observed magnitudes at each
measurement point is presented in figure 4-7. Figure 4-8 compares the modeled and observed
channel-averaged velocity magnitude for each cross-section. The mean difference between modeled
and observed channel-averaged velocity magnitudes is 6.4 cm/s which corresponds to a mean
percent error of 10.99%, and most of the errors between modeled at observed values at specific
measurement points fall within the + 30% lines in the comparison plot. Channel-averaged values all
lie within & 30% error.
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Figure 4-5: Manning's roughness values obtained in ADH model calibration used as initial roughness values (USACE 2010,
Appendix A)

Figure 4-6: Manning's roughness values for calibrated model
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Figure 4-7: Measured vs. modeled depth-averaged velocities at each sample point for cross-sections used in calibration.
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Figure 4-8: Measured vs. modeled channel-averaged velocity magnitudes for cross-sections used in calibration.
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4.3 Transport Calibration
4.3.1 Transport Calibration Run Description

The simulation used to calibrate the model sediment transport employed the same hydrodynamic
boundary conditions used in the hydrodynamic calibration. The basinward offshore boundary was
kept at a constant water level of 0.32 m; the discharge through the upstream boundary was kept at
a constant 4012 m>/s with the addition of a constant inflow sediment concentration. Though the
measurement period for the delta channel calibration data was from February 25— 27, 2001, the
closest upstream boundary sediment measurement available at the Calumet gage was from
February, 21. The measured suspended sediment concentration at this point it time was 444 mg/|
and the percent of the suspended load finer than .0625 mm was 87%; thus, the assigned model
inflow concentrations for the calibration period were .333 mg/l mud and .111 mg/I fine sand. The
suspended sediment concentration measurements by DuMars, 2002 were obtained according to the
procedure outlined in the hydrodynamic calibration section above. Though grain size distributions
obtained from each suspended sediment concentration measurement were presented in DuMars,
2002, the measured concentration was treated as the sum of all size fractions and no attempt was
made to determine the proportion of each modeled fraction present in the measurements.
Examination of the measurements indicated a very well-mixed system with no correlation of
suspended sediment concentration to sample location, channel depth, or velocity (DuMars 2002). To
calculate the observed transect-averaged suspended sediment concentration value used for
comparison to simulated values, the three measurements at varying depths for each sample point
were first depth-averaged using a weighted-averaging method based on the proportion of total
depth represented by each depth measurement point. The measurements at .95 and .05 of the total
depth were both given a weight of .275 and the measurement of at .5 of the total depth was given a
weight of .45. Because concentration is not a vector quantity, the channel averaged value was
obtained through simple arithmetic averaging. It is expected, however, that the method of averaging
would have little impact on the calculated value given the near uniformity in measured and modeled
depth-averaged concentration values over each transect. The model output includes depth-averaged
concentration values for both grain-size fractions at each grid point, so the values for sand and mud
fractions were extracted from the gridded results along each transect used in the calibration
process. The two concentration values for each fraction at each output point were then summed to
obtain total suspended sediment concentrations which were then averaged across the transect. As
in the hydrodynamic calibration data processing, the concentrations were also averaged in the direct
vicinity of each measurement point for direct comparison with observed values.

The measured depth-averaged suspended sediment concentrations in the delta distributaries range
from approximately 600 to 800 mg/I|, values that are much greater than the upstream input
concentration. Because of this discrepancy, sediment from erosion of the upstream channel must be
an important internal contribution to the sediment concentrations in the delta for this particular
flood event. The eroded sediments’ contribution to sediment delivery at the delta front during high
flows places an increased importance on the initial bed composition. For the transport calibration
simulations, the bed was composed of a uniformly-mixed 10 m think layer of .7 volume fraction sand
and .3 volume fraction mud based on the findings that the Wax Lake Delta is composed of
approximately 70% sand deposits (Roberts, Walker et al. 1997). The real distribution of sediment
grain size in the modeled area is obviously more complex, but this was considered an adequate
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approximation for calibration purposes. An adequate supply of both sediment fractions was insured
by implementing the default bed schematization option; this treats the full bed thickness as a
transport layer so that the order in which sediments are deposited or eroded is not preserved and
the full sediment volume is available for erosion. Though the spatial distribution of sediment sizes
may be altered through the simulation, the composition remains vertically uniform at each output
point (Deltares 2009).

4.3.2 Calibrated Transport Parameter Results

Through successive model runs, the simulated suspended sediment concentrations in the delta
distributaries were altered through variation of four sediment transport parameters: the Sus and
Bed calibration factors in the Van Rijn non-cohesive transport formulation and the critical erosion
(TcrEro) and sedimentation (TcrSed) shear stress values for cohesive sediment erosion and
deposition. Initially, the non-cohesive transport calibration parameters were left unaltered from the
default values of 1; whereas, the cohesive sediment transport critical shear stress values were taken
from a calibrated one-dimensional, moveable-bed model of the full Lower Atchafalaya system
(USACE 2010, Appendix D). The initial values of .09576 N/m?for TcrSed and .114912 N/m? for TcrEro
were altered over multiple runs to obtain the final values of TcrSed=.07288 N/m? and TcrEro=.35
N/m?’. Additionally, the non-cohesive sediment transport calibration parameters Sus and Bed were
raised to values of 2.5 and 1.5, respectively, to increase the total amount of sand transport. Because
a restart file from a previous, similar run was used to ascribe spatially-varying initial conditions, the
water levels, velocities, sediment concentration, and resulting suspended sediment transport
reached a steady-state condition very quickly, and suspended sediment values were extracted after
3 days of simulation. Figure 4-9 below gives the depth-averaged total suspended sediment transport
at various observation points throughout the model domain as a function of time; the locations of
the observation points are given as well in figure 4-10.
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Figure 4-9: Total depth-averaged suspended sediment transport at various observation points within the model domain.
Spin-up time to approximately steady-state conditions is very short due to spatially-varying initial conditions.
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Figure 4-10: Location of observation points where the depth-averaged total suspended sediment transport was
measured for figure 4-9

The modeled and observed depth-averaged total suspended sediment concentrations and channel-
averaging results are given in Appendix B for all transects used in the calibration process, and a
direct comparison of modeled and observed magnitudes at each measurement point is presented in
figure 4-11 . Figure 4-12 compares the modeled and observed channel-averaged velocity magnitude
for each cross-section. The mean difference between modeled and observed channel-averaged total
suspended sediment concentration is 141.68 mg/| which corresponds to a mean percent error of
17.64%. Discrepancies between modeled and measured values are very low, with both channel-
averaged values for all transects used in calibration (figure 4-12) and nearly all of the values at

specific measurement points (figure 4-11) falling within the & 30% error lines in the comparison
plots.
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Figure 4-11: Measured vs. modeled depth-averaged total suspended sediment concentration at each sample point for
cross-sections used in calibration.
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Figure 4-12: Measured vs. modeled channel-averaged total suspended sediment concentration for cross-sections used in
calibration.
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4.3.3 Critical Shear Stress for Deposition of Fine, Cohesive Sediment

Though a value was set for the TcrSed parameter during the calibration process, the use of a single,
flood-condition calibration event does not offer a situation in which this parameter would have an
effect on the suspended sediment concentrations in the delta distributary channels. In the
Partheniades-Krone cohesive sediment erosion and deposition formulations used in Delft3D,
deposition flux is dependent on the ratio of bed shear stress to the critical shear stress parameter,
which also defines the maximum bed shear stress at which deposition will occur (Deltares 2009).
Consequently, if the bed shear stress remains greater than the defined critical value in a situation
where only currents contribute to bed shear stress (no waves or wave-current interactions),
deposition of cohesive sediment fractions will not occur, and this parameter will have no effect on
sediment concentrations in the flow channels. Field measurements of suspended sediment
concentrations only exist along the certain channel transects pictured in figure 4-1, so no detailed
field concentration data exists for portions of the model domain where cohesive sediment
deposition could occur. Figure 4-13 below gives a plot of the maximum bed shear stress that occurs
in the transport calibration simulation. It can be seen that shear stresses do not drop below the
value necessary for deposition in any of the distributary channels and over most of the subaerial and
subaqueous delta, so the critical shear stress for deposition should not have any effect on the
modeled concentrations at the comparison transects. The choice of a TcrSed value is thus somewhat
arbitrary, though the calibrated value is very similar to other values used for cohesive sediment in
the study area in other modeling studies (USACE 2010, Appendix D).
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Figure 4-13: Plot of the spatial distribution of maximum bed shear stress that occurred during the transport calibration
simulation. The thick black line marks the 0 m contour for the model bathymetry. Red areas indicate that bed shear
stress exceeds the critical shear stress for erosion, blue areas indicate that bed shear stress is between the critical shear
for erosion and deposition, and white areas indicate that bed shear stress is below the critical shear for deposition.

4.3.4 Contributions of Suspended Sand, Suspended Mud, and Bedload to Total Transport

The parameters controlling the erosion of fine, cohesive sediment are the most relevant to the total
suspended sediment concentrations in the distal distributary channels of the fine sediment
suspended load dominant Wax Lake Outlet (Roberts, Walker et al. 1997); however, the fine sand
typically carried as bedload can be entrained as suspended load in significant quantities during high
flows (Roberts, Adams et al. 1980) so non-cohesive transport calibration is important for accurate
representation of the suspended sediment load. Transport calibration was performed based on the
sum of the two sediment fractions’ concentrations, but the accurate proportioning of the load
between sand and mud fractions can be verified from the findings of previous studies on the Lower
Atchafalaya River system. Long term suspended sediment measurements near the point of diversion
from the Mississippi River indicate an average 17% sand contribution to the suspended load with the
proportion of sand load increasing with increasing discharge (Allison, Kineke et al. 2000). Figure 4-14
below shows the mean total suspended sediment transport magnitude, mean sand suspended
transport magnitude, and mean mud transport magnitude along the main channel centerline from
the model upstream boundary to the approximate location of the delta front. Figure 4-15 shows the
suspended sand transport and bedload transport magnitudes as a proportion of the total suspended
sediment transport. Though the mean proportion of suspended sand transport to the total
suspended transport is less than 17%, the location specific transport proportions are closer to this
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value in the upstream reach of the channel but drop well below in the delta distributaries where
flow velocity rapidly decreases. No information on bedload transport rates in the Wax Lake Outlet
and delta is available, so the only means of assessing the validity of the modeled bedload transport
is comparison with measurements in other rivers. Nittrouer et al., 2008, computed bedform
transport rates in the Lower Mississippi River at four reaches downriver of New Orleans and found
that yearly-averaged bedload transport rates are approximately 2.5% of the yearly-averaged total
suspended sediment transport (Nittrouer, Allison et al. 2008). The mean bedload transport rate over
the channel centerline distance is an order of magnitude less than the 2.5% in the Mississippi;
however, this value is an annual average so it is possible that much greater rates would occur in the
model with larger floods. Additionally, bedload transport rates as a proportion of the total
suspended sediment transport in the Wax Lake Outlet could be fundamentally different from the
proportion observed in the Lower Mississippi due to the substantial differences in channel geometry
and discharge.
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Figure 4-14: Time-averaged depth-averaged suspended sediment transport along the Wax Lake Outlet and Delta main
channel centerline

77



June 2011 Modeling the Evolution of the Wax Lake Delta in Atchafalaya Bay, Louisiana

(N R R ERR LY P e
EE sand suspended transport |
E g |:|3_ ................... .................... .................. ___mean=14%
5 2 : : -

C =
=
£5

58

=3

- E_ bedload transport
= mean= 022 %

: @ -I'l— ................................................................... :

[

=

=R

Eéz_ .............................................................................................
2w

=3

|:| | 1 | | |
0 0.5 1 15 2 25

distance (m) T

Figure 4-15: Plot of suspended sand transport and bedload transport as a proportion of the total suspended sediment
transport along the Wax Lake Outlet and Delta main channel centerline

The calibration process for model sediment transport was based only on combined channel- and
depth-averaged suspended sediment concentrations along transects of the delta distributary
channels during a discreet period of constant discharge. Though no measurements were available to
assess the accurate simulation of transport by sediment fraction or bedload transport, the
reasonableness of the model performance in these areas was established through comparisons with
each transport mode’s contribution to total transport in similar situations.
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5. Long-term Morphologic Simulation

The following sections details the actual implementation of the already set-up and calibrated Wax
Lake Delta model to attempt to reproduce the observed prototype long-term morphological
development for a period of five years beginning in 1998 (see figure 3-14). Specific implementation
aspects necessary for the long-term simulation including the sequencing of boundary conditions,
morphologic acceleration techniques, and required deviation from calibrated parameter values are
discussed. The resulting morphology and stratigraphy at the conclusion of the simulation are briefly
presented. A more in depth analysis of the model results is given in chapter 6. This subsequent
chapter examines the results in light of the general delta features and forming mechanisms and the
specific features and development observed in the Wax Lake and Atchafalaya Deltas. A substantial
discussion of the effects of varying upstream boundary conditions is also included.

5.1 Model Description

5.1.1 Morphological Acceleration Factor

In addition to the boundary condition input reduction described in the flow and transport regime
schematization, acceleration of the morphodynamic changes can also be used to simulate long term
morphologic development with realistic model run times. An inherent difficulty in simulating
morphologic change with process-based models (bed level changes are controlled by sediment
transport and hydrodynamics without use of any empirical or equilibrium relations) is the difference
between morphodynamic and hydraulic timescales (Deltares 2009). Morphodynamic changes occur
over years to decades (e.g. the formation of a delta) but are controlled by flows that vary over much
shorter timescales (tides or the annual flood cycle). In Delft3D, a morphologic acceleration/upscaling
factor (MorFac) is available to resolve the difference in timescales; at each time step, the bed
sediment flux is multiplied by a constant factor which effectively increases the simulated
morphologic timestep from the hydrodynamic time step to that time step times the MorFac (Lesser,
Roelvink et al. 2004). Figure 5-1 conceptually summarizes the use of a MorFac in a typical process-
based morphologic model. The MorFac acceleration technique allows for simulation of long
morphologic time scales with short time steps, and the coupling of bathymetry and flow changes on
the same time step eases the modeling of complex flow-morphology feedback processes (Roelvink
2006).
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Figure 5-1: Conceptual description of the use of a morphologic acceleration factor (MorFac) in a process-based

morphologic model (Ranasinghe, Swinkels et al.)

Despite the clear advantage of using morphologic acceleration techniques for long-term simulations,
guantitative guidance for choosing maximum MorFac values (that minimize simulated hydrodynamic
time and corresponding model run time) is mostly absent, so the selection of a valid value is reliant

on judgment through sensitivity testing and experience (Lesser, Roelvink et al. 2004). Delft3D has
been used in several conceptual delta models and studies on delta-forming processes (see sections

2.2 and 2.3), so previous experience can offer some indication of valid upper MorFac limits for

simulating delta development. Table 5-1 summarizes the MorFac used for each study. Additionally,

sensitivity testing in the model development for Edmonds and Slingerland, 2007 found that the

process of mouth bar formation is independent of the morphologic acceleration factor for values
below 200, so it is assumed that this is the limiting case for the validity of delta development
simulations as mouth bar formation is the primary forming process for river-dominant systems
(Edmonds and Slingerland 2007).

Table 5-1: Morphologic acceleration factors (MorFac) used in Delft3D conceptual delta development and delta-forming

process models.

Reference Study Subject MorFac
Edmonds and High-resolution, 3-D model of conceptual mouth bar formation 75
Slingerland, 2007

Edmonds and Delta development dependence on cohesion 175
Slingerland, 2009

Storms, Stive, et al,, River-dominant conceptual delta development 50
2007

Geleynse, Storms et al. | Conceptual modeling of mixed-load, fluvio-deltaic system 60
2010

Geleynse, Storms et al. | Conceptual delta development with various basin forcings and 60

2011
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To simulate a year of morphologic change within the simulation period, each constant boundary
condition level was applied for a multiple of 24-hours; a varying MorFac was applied to upscale the
hydrodynamic simulation time to a full year of morphologic change. MorFac values of 45, 67.3, 34,
and 17 were used to upscale the low flow, annual flood, 2-year flood, and 5-year flood discharge
levels to their respective average year durations of 45 days, 269 days, 34 days, and 17 days. The
discharge levels, corresponding MorFac values, and average morphologic year durations are given in
table 5-2.

Table 5-2: Discharge level hydrodynamic and morphologic times of occurrence

Discharge Discharge Hydrodynamic MorFac | Morphologic
Level (m”3/s) days (day) days (day)
Low-flow 1149.7 | 1 45 45

Annual flood 296194 | 4 67.3 269

2-yr flood 5077.21 | 1 34 34

5-yr flood 5977.69 | 1 17 17

5.1.2 Flow Sequencing

The discharge regime recorded over 24 years of measurement at the Wax Lake Outlet at Calumet, LA
gage has been schematized into four periods of constant discharge that approximate the variation in
boundary conditions in a typical year. Durations for each flow have also been determined based on
flow frequency of occurrence scaled to reflect sediment transport —discharge functionality. In the
interests of simplicity and shorter run times, an idealized hydrograph sequence with low flows
increasing to the highest discharge level at mid-year then decreasing again to low flows at the
yearend was not used; rather, the four flows occurring each morphological year were applied one
after the other, increasing stepwise from the lowest discharge (low flow) to the highest (five year
flood) in each year cycle. Additionally, a one hydrodynamic day transition period of linearly
increasing flow was including between each period of constant flow to minimize the large
oscillations that could occur from abrupt flow changes; the morphological impact of any possible
unrealistic oscillations resulting from these transition periods was negated by implementing a
MorFac of zero between constant discharge periods. Setting the morphological acceleration factor
to zero effectively turns off bed updating so that flows can develop without effect on bathymetry or
bed composition. Figure 5-2 below gives the discharge sequence and accompanying morphological
acceleration factor for one year of morphologic simulation. This sequence was repeated a total of
five times for the full five year simulation.
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Hydrodynamic Flow Seguence and Accompanying MorFac
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Figure 5-2: Sequence of discharge and accompanying morphological acceleration factor (MorFac) for one hydrodynamic
year in simulation period. This sequence was repeated a total of five times for the full 5 year morphologic simulation.

5.1.3 Alteration of Calibration Parameters

In the course of multiple long-term morphology simulation trials, it became evident that some of the
parameters whose values were established in the transport calibration phase would need to be
altered to produce more realistic morphologic results. Preliminary runs could not complete the full
simulation due to excessive deposition in the first grid cells directly downstream from the upstream
boundary. Thus, instead of assigning a sand concentration boundary condition dependent on the
discharge through a functional relationship derived from historical measurements, a zero-gradient in
sand suspended sediment concentration across the boundary is maintained. Inflow suspended sand
concentration is set equal to the suspended sand concentration in the first grid cell, so a near-
equilibrium concentration enters the model and inhibits excessive bed level change near the
boundary (Deltares 2009).

Subsequent runs and the resulting morphology were characterized by excessive channel narrowing
and deepening, with incision in the main channel so significant as to fully erode the ten-meter initial
sediment layer and reach the inerodible basement. The already substantial suspended sediment
load augmented with the eroded channel sediments contributes to unrealistic deposition in the
delta and receiving basin. The existing delta lobes experience excessive upstream accretion and
subaqueous levee growth that together serve to continually decrease delta distributary channel
widths. Though upstream accretion and continued levee development have been identified as
important processes in the growth of the more mature Atchafalaya Delta (van Heerden and Roberts
1988), the degree to which this occurred in preliminary runs is obviously unrealistic. Additionally,
excessive deposition of suspended cohesive sediments in the area basin-ward of the delta front
succeeds in establishing large, subaerial mud depositional lobes. The establishment of new
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depositional lobes is a key morphological development in the simulation period; however, these
deposits are primarily composed of sand and form at the distal distributary mouths (Wellner,
Beaubouef et al. 2005).

In an effort to reduce the unrealistic channel narrowing and mud deposition, the sediment transport
parameters obtained in the calibration process were subsequently altered. The volume of cohesive
sediment eroded from the upstream channel and the volume deposited basinward of the delta front
could both be altered by raising and lowering the critical shear stress for erosion and the critical
shear stress for deposition, respectively. For production five-year morphological change simulations,
the TcrEro parameter was raised from .35 N/m?to .5 N/m?, and the TcrSed parameter was reduced
from .07288 N/m? to .05 N/m?. Because the upstream lobe accretion and levee expansion
responsible for excessive channel narrowing is driven by non-cohesive sand deposition, the transport
of this sediment fraction was reduced by changing the Sus calibration parameter from 2.5 to .75 and
the Bed calibration parameter from 1.5 to 1.

The need to alter calibrated transport parameters for more accurate long term morphological
development simulation is especially justified considering the very limited nature of the calibration.
The difficulty in calibrating the TcrSed parameter from the limited field measurement data has
already been discussed, so the long term simulation and the resulting depositional patterns offer a
much more robust means of assessment to find a suitable value. A hysteresis in sediment loading
during flood periods has been documented for both the Lower Mississippi and Atchafalaya River
near its diversion from the Mississippi (Mossa 1996; Mashriqui 2003). Peak sediment concentrations
occur during the rising portion of the flood hydrograph before peak discharges; the time lag
between peak concentration and discharge generally decreases with decreasing flood magnitude. It
is likely that this phenomenon also occurs in the lowermost portion of the Atchafalaya system at the
Wax Lake Outlet and the Atchafalaya River below Morgan City, LA; however, the relatively
infrequent concurrent sediment-discharge measurements at gage locations in these reaches have
been unable to definitively capture a consistent lag (Mashriqui 2003). Still, the effect may not be as
pronounced in the lowermost reaches of large rivers, where resuspension of deposited fine
sediments contributes to concurrent sediment and discharge peaks (Mossa 1996). The flood
measurement period used for calibration (DuMars 2002) occurs during the rising limb of the flood
hydrograph, so sediment concentrations are expected to be greater than for the same discharge
occurring on the falling limb. The approximately weeklong gap between the sediment concentration
measurements used as an upstream boundary condition and the downstream measurements used
for calibration could also be responsible for the calibrated parameters that favor greater erosion in
the Wax Lake Outlet channel than what may have actually occurred. Whether or not a hysteresis in
sediment concentrations actually exists at the upstream boundary of the model, the sediment
dynamics are complex, and any attempt at calibration based on a steady-state case that does not
take into account the time relative to sediment-discharge peaks and previous fine-sediment channel
deposition is clearly an approximate approach.

5.1.4 |Initial Stratigraphy

In an effort to further reduce the unrealistic mud deposition described in the previous section, the
initial bed composition was changed from the uniform .7 volume fraction sand and .3 volume
fraction mud mixture used in the transport calibration phase. The initial sediment layer prescribed in
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the calibration scenarios, in addition to being uniformly mixed in the vertical, was also spatially
uniform across the full model domain. In all simulations, this uniform distribution was quickly altered
by preferential erosion and deposition of the two modeled sediment fractions. Both the main Wax
Lake Outlet channel’s and the delta distributary channels’ beds become sand dominant, with the fine
cohesive mud fraction being preferentially depleted with channel incision. Pro-delta deposition of
the primarily mud suspended load increases the mud volume fraction directly basinward of the
delta. The initial use of a uniformly-mixed, uniformly distributed bed was driven by the ease of
implementation; however, the simulated sediment redistribution as well as the real observed
distribution of sediment fractions in the wax lake delta (DuMars 2002; Wellner, Beaubouef et al.
2005) suggest that an initially non-spatially uniform sediment distribution is a much better
approximation.

For the long-term morphology simulation, an initial sediment distribution that better reflects the
expected redistribution was used to avoid unrealistic erosion and resulting fine sediment loads
resulting from beds composed of more fine sediment than in reality. The basis for the new initial bed
condition was derived from the results from a previous preliminary run, where bed levels were kept
constant but the two sediment fractions’ respective volumetric fraction in each grid cell could
change to reflect calculated sediment fluxes. Though the redistribution from the initial spatially-
uniform configuration was only evident in the first few layers of this multiple bed layer simulation,
the initial bed configuration for the long-term simulation assigned the resultant sediment fractions
in the top layer to the full sediment thickness, resulting in a vertically-uniform but spatially-varying
bed sediment distribution. Figure 5-3 below gives the spatial distribution of the sand volume
fraction in the model domain; as only two fractions are used, the remaining volume fraction from
what is shown is mud. Figure 5-4 demonstrates the vertically-uniform nature of the initial bed
composition and spatially-uniform 10 m thickness with dip (from main channel upstream of
distributary bifurcations through delta to basin, roughly parallel to main channel) and strike (across
delta, roughly perpendicular to main channel) stratigraphic sections, the locations of which are
presented as thick white lines overlaying the spatial distribution of sediment fractions in figure 5-3.
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Figure 5-3: Spatial distribution of sand volume fraction for initial bed configuration used in the long-term morphology

simulation. As only two sediment fractions are used, the mud volume fraction at each point is equal to one minus the

sand fraction. The thick black line represents the 0 m contour line of the model bathymetry. The two white lines mark
the locations of the dip and strike stratigraphy sections presented in figure 5-4 below.
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Figure 5-4: Initial delta bed composition by sand volume fraction along dip (upper plot) and strike (lower plot) sections
located at the white lines in figure 5-3 above. Note that both the vertical and horizontal scales are different in the two
subplots.

The ability to model the stratigraphy of any morphological development with multiple sediment
fractions has been an important development, especially for validation of accurate simulation in
conceptual delta models. Mouth bar formation and subsequent channel bifurcation is the primary
mechanism of delta formation in river-dominant settings, and theoretical stratigraphic sequences for
these features have been proposed in literature (Wright 1977) and validated in conceptual delta
formation models (Storms, Stive et al. 2007) and field coring of representative deltas (van Heerden
and Roberts 1988; Wellner, Beaubouef et al. 2005). To be able to assess the stratigraphy of the
resultant depositional bodies in the five year long-term morphology simulation, the second bed
schematization method available in Delft3D was utilized (see section 3.1 for a more detailed
discussion of bed representation in Delft3D). The schematization represents the bed with fifty .1 m
thick bookkeeping underlayers, a well-mixed base layer of variable thickness, and a .2 m thick active
transport layer. The high resolution vertical schematization allows for the preservation of detailed
information on the depositional history of each sediment fraction in the uppermost five meters of
the movable bed. The use of a well-mixed, variable thickness base layer below the upper five meters
implies that detail on depositional sequences will be lost as the lowermost bookkeeping layer is
incorporated into the base layer; however, this should not be an issue as the Wax Lake Delta
progrades into the very shallow Atchafalaya Basin where accommodation space for deposition does
not exceed five meters.

5.2 Results

The main purpose of this study is to simulate the morphological development of the Wax Lake Delta
over the five year period from January, 1998 to December, 2002. The model whose development,
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calibration, and boundary condition formulation is described in previous sections was used for the
long-term morphologic simulation. The following sections will give a broad overview of the
morphological development after five years of simulation. The main delta features and some
observed trends will be presented; specific analysis of the simulation validity, detailed process
information, and examination of results in light of specific Wax Lake Delta studies and conceptual
delta development will follow in chapter 6.

5.2.1 Overview of Simulated Morphology

The bathymetry of the full model domain after the five year simulation is given below in figure 5-5
followed by a three-dimensional representation. The model is generally successful in producing a
typical river-dominant delta morphology that maintains the delta’s radial symmetry through
basinward formation of elongate depositional lobes. Persistent and massive erosion in the main Wax
Lake Outlet channel significantly increases the overall bathymetric gradient in the modeled area, so
more refined visualization is necessary to discern the more subtle bathymetric changes and
depositional features in the delta and receiving basin.
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Figure 5-5: Bathymetry of full model domain after five years of morphologic simulation along with 0 m contour line. The
date in the title marks the final hydrodynamic simulation time; morphodynamic acceleration techniques allow a nearly
two month hydrodynamic simulation to represent five years of morphological development.
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Figure 5-6: 3-D representation of the final morphology after the five year simulation with 250x vertical exaggeration.
Note that the higher elevations to the East and West of the Wax Lake Outlet that lie outside the modeled area are
unrealistic, a result of surface creation through triangulation.

Figure 5-7 below presents a more focused view of the final bathymetry in the delta and receiving
basin. The limits of the color map were intentionally set at 0 m and -10 m so that the elevations
between these limits that dominate the delta expansion would be shown with more precision. The
white line is the 0 m contour, so any area bounded by the line could have a higher elevation that is
not reflected by the color; similarly, areas that are the darkest shade of blue represented in the color
map may have depths that exceed what is implied by the color due to the defined lower limit. The
most dramatic morphological changes that were modeled in the simulation period include the
development of multiple, sub-aerial depositional lobes basinward of the original delta front location,
significant distributary channel incision and narrowing, and incipient jet deposit forms at the distal
ends of the two major channels that do not evolve into fully-developed mouth bars. Figure 5-8
shows the cumulative erosion and deposition that occurred in the delta area and receiving basin
over the course of the five year simulation and identifies representative locations of the main
features/morphological developments just described. Again due to the very high magnitudes of
erosion and deposition that occur in the main channel with incision and narrowing, less extreme
values are shown with less precision; consequently, areas with morphological change of magnitudes
less than approximately one meter are still identified in the figure as white areas of zero
erosion/deposition.
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Figure 5-7: Bathymetry of developing Wax Lake Delta and receiving basin after five years of morphologic simulation
along with 0 m contour line. Upper and Lower color limits were defined so that elevations between limits could be
viewed with more clarity.
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Figure 5-8: Cumulative erosion (cool colors) and deposition (warm colors) in the delta and receiving basin after five years
of morphologic simulation. Examples of simulated morphologic features mentioned in the text are noted.

5.2.2 Overview of Simulated Stratigraphy

Figure 5-9 presents the spatial distribution of the sand sediment fraction in the uppermost .2 m layer
of the bed (transport layer) in the delta and basin areas. It can be seen from the bed surface
composition that with the exception of small areas at the distal ends of the main delta channels, the
area basinward of the original delta front lacks any recent sand deposition so is overlain fully by the
mud fraction. The bed surfaces in distributary channels become more sand-dominant as the channel
erosion that depletes the mud fraction from the bed in the upstream Wax Lake Outlet channel
reaches the delta. The incipient jet deposits located at the distal ends of the two major distributaries
(see figure 5-8 above for locations) are almost fully composed of the sand fraction. Figure 5-10 gives
the dip and strike-oriented stratigraphic sections denoted by the white lines in figure 5-9. The black,
dotted line marks the elevation of the initial bed level; in non-erosional areas the bed composition
below this line has not been altered by the simulation and only reflects the assigned initial bed
condition. The significant mud deposition basinward of the original delta front is even more evident
in these sections. The rightmost, basinward portion of the dip section and the right and left portions
flanking the central delta in the strike section show mud deposition that fills basin accommodation
space above the original bed level, ultimately producing multiple subaerial lobes separated by broad,

|ll

shallow, non-erosional “channels” where flow energy is still sufficiently low to accommodate the
settling of fines. The absence of any inter-laminated sandy layers in the zones of basinward mud
deposition indicate that even during the highest flows, velocities are not sufficient to transport

suspended sand and bedload beyond the delta front. Upstream accretion of the existing delta
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depositional bodies is evident in the dip stratigraphic section as significant deposition above the
original bed level beginning at approximately 2000 m from the starting point of the section. The
observed channel narrowing, evident in the three main channels near the central portion of the
strike section plot, is a consequence of subaqueous levee deposition near the channel banks that is
in some cases sufficient for subaerial expression. The stratigraphic section plots demonstrate that
the development of both of these morphologic features is driven by exclusively-sand deposition.
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Figure 5-9: Spatial distribution of sand volume fraction in the top bed layer after five year morphologic simulation. As
only two sediment fractions are used, the mud volume fraction at each point is equal to one minus the sand fraction.
The black line represents the 0 m contour line of the modeled bathymetry. The two white lines mark the locations of the
dip and strike stratigraphy sections presented in figure 5-8 below.
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Figure 5-10: Final delta bed composition by sand volume fraction along dip (upper plot) and strike (lower plot) sections
located at the white lines in figure 5-9 above. The black dotted line marks the bed level at the beginning of the
simulation. Note that both the vertical and horizontal scales are different in the two subplots.
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6. Discussion

As previously stated, the following chapter discusses the simulated delta features and forming
mechanisms and assesses the degree to which the simulated delta development processes reflect
those typically observed in river-dominant deltaic environments, with emphasis on the processes
that contributed to the actual development of the Wax Lake Delta during the simulation period. The
discussion includes sections on the four predominant morphological developments simulated in the
long-term model: channel narrowing and incision, upstream accretion of depositional lobes,
excessive prodelta mud deposition, and incipient mouth bar formation through jet deposits. To
contrast the results of successful conceptual delta development simulations that implement a
constant discharge upstream boundary condition, the specific morphologic and stratigraphic
developments that can be attributed to the varying discharge boundary condition schematization
method are discussed as well.

6.1 Simulated Delta Features and Forming Mechanisms
6.1.1 Channel Narrowing and Incision

Examination of the cumulative erosion and deposition in figure 5-8 above indicates that the main
Wax Lake Outlet and all distributary channels experience significant channel deepening and
narrowing through the course of the simulation. Figure 6-2 below shows the bed level in a cross-
section across a narrowing, incisive channel as a function of time, with line colors getting
progressively darker as time passes. The cross-section location is shown as a thick white line marked
as “Channel Narrowing Plot” in figure 6-1. The cross-section evolves from shallow, broad channel to
a much deeper, steeply sloped channel accompanied on both sides by significant subaqueous
depositional levees that ultimately develop into subaerial features. Though distributary channel
narrowing has been observed in field deltas as part of the eventual lobe fusion process (van Heerden
and Roberts 1988), this morphological development has not been observed in the prototype Wax
Lake Delta during the simulation period. No full bathymetry data set of the Wax Lake Delta exists
after the initial condition for comparison, but transects of the distributary channels taken during the
field campaign of DuMars, 2002 give an indication of channel bathymetry after approximately half of
the simulation time. Channel thalweg elevations do not fall below approximately 3 meters, and
maintain width-to-depth ratios of over one hundred (DuMars 2002; Olariu and Bhattacharya 2006).
The channel narrowing and incision is clearly an unrealistic representation of what occurred during
the simulation period; however, previous work indicates that more moderate incision and levee
accretion did occur in the Wax Lake Delta during past periods of development. Figure 6-3 shows a
strike-oriented stratigraphic cross-section constructed from data collected in the mid 1990’s. The
difference between the section surface and the 1981 bathymetry, represented in the plot by a
dotted line, shows the intervening incision of the distributary channels and narrowing through
subaerial levee deposition. Channel incision into underlying stratigraphic sequences is typically
observed as distributary channels initially form and elongate (Roberts, Walker et al. 1997), but the
massive depth increase in the mature delta channels would only be expected in the case of drastic
changes to flow regime. The time steps used for the time-dependent bed level plots in figure 6-2
correspond to the initial condition and the end of each period of constant boundary inflow. Though
it is clear that greater change occurs during certain periods, it is notable that the narrowing/incising
trend is present during the full flow regime, not just during flood flows.
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Figure 6-1: Locations of Channel Narrowing Plot (figure 6-2) and Upstream Accretion Plot (figure 6-6) cross-sections.
Cross-sections used in the subsequent plot are represented by the thick white lines and labeled. The thin grey line marks
the 0 m contour of the initial bathymetry, and the thin black line marks the 0 m contour at the end of the five year
simulation.
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Bed level along channel cross-section through time
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Figure 6-2: Plot of bed level elevations in a channel cross section as a function of time to demonstrate the persistent
narrowing and deepening. Line colors represent time, with the lightest line (T=7) representing the initial condition and
the darkest line (T=331) representing the bed level at the end of the five year simulation. The location of the cross
section is given by the thick white line labeled “Channel Narrowing Plot” in figure 6-1 above.
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Figure 6-3: Strike-oriented stratigraphic section of Wax Lake Delta from 1994, showing the incision and levee accretion
that occurred in the distributary channels since 1981 (Roberts, Walker et al. 1997).
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The cause for this misrepresentation of channel development during the simulation period is not
immediately clear. The fact that the incision and levee accretion occurs even during low flow periods
indicates that a possible invalid discretization of the discharge regime with more intense floods than
what actually occurred is probably not responsible. A plot of the depth-averaged velocity
distribution across the same cross section at time steps corresponding to the end of each five year
flood period of constant discharge is given in figure 6-4. It can be seen that the peak velocity does
not change very much with the reduction in width and increase in depth; however, the locations on
both sides of the channel where velocities are reduced to near zero levels continually move inward
towards the channel center. Because there have been no prototype velocity measurements near
channel banks, the representativeness of the distribution across the channel cannot be validated,
but it is expected that the very low velocities at the channel banks are responsible for the excessive
levee deposition.
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Figure 6-4: Plot of depth averaged velocity magnitude distribution in a channel cross section as a function of time. Line
colors represent progression through time with increased darkness. The location of the cross section is given by the thick
white line labeled “Channel Narrowing Plot” in figure 6-1 above.

As described in the grid development section, no effort was made to orient the computational grid
to the distributary channels or other bathymetric features. This approach was justified based on the
success in previous studies of modeling conceptual delta development with rectilinear grids (Storms,
Stive et al. 2007; Edmonds and Slingerland 2010; Geleynse, Storms et al. 2011). As the distributary
channels narrowed over the course of the simulation, the arbitrary grid orientation resulted in a so-
called “zig-zag” channel orientation that represents the limiting case for stability of the time-
integration method (Deltares 2009). The small channels that develop towards the end of the
simulation and cut through the existing depositional bodies along the grid orientation are most likely
a result of instabilities. These grid effects do not become significant until the channels narrow to
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widths that are on the order of the grid cell sizes. The “artificial roughness” that is introduced by the
grid orientation could also be responsible for the initial deposition on the channel banks that causes
the narrowing, which then induces more deposition. Figure 6-5 gives an example initial and final bed
level plot along with the hydrodynamic grid to show the described situation.
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Figure 6-5: Initial and final bed levels along with the hydrodynamic grid. Though initially the grid was sufficiently refined
to adequately represent the channel, the persistent narrowing results in the limiting “zig-zag” case shown on the right.
The unrealistic, small channels that develop most likely due to limitations in the time-integration scheme are visible in

the final condition plot.

Because an already-redistributed sediment bed condition was used to construct the initial bed
stratigraphy, the Wax Lake Outlet and delta distributary channels are underlain by an almost-fully
sand-dominant layer (see figures 5-3 and 5-4). As the channels begin to incise with moderate flows,
preferential entrainment of the more easily eroded mud fraction further increases the sand volume
fraction in the upper bed layers. Modeling of conceptual delta development for various initial bed
compositions indicates that delta distributary channels are more incisive for initial bed
configurations with a greater proportion of fine sediments (Geleynse, Storms et al. 2011), so it is
reasonable to conclude that the use of alternative initial bed configurations in the current model
that place a greater proportion of fines underlying the channels would result in even greater channel
erosion. The continued incision despite increasing sand-dominance of the channel beds could be a
result of the very fine sediment used as the coarse fraction (100 um opposed to the 200 um sand
fraction used in the Geleynse, 2011 model), lessening the distinction between the sand and mud
fractions.

6.1.2 Upstream Accretion

Analysis of subaerial features identified in a time series of aerial photographs in Wellner, 2005
indicates that in the simulation period, established depositional bodies continue to develop through
downstream accretion and infilling of secondary channels; however, subaerial lobe expansion
through upstream accretion does not occur (Wellner, Beaubouef et al. 2005). In the very similar
Atchafalaya Delta, subaerial development through time was characterized by the dominance of one
of two identified processes: channel bifurcation and elongation, and lobe fusion and upstream
accretion. During the later period in which the delta development was observed, no basinward
extension or significant channel bifurcation occurred in the Atchafalaya Delta; instead, the increase
of subaerial land area came from deposition of coarse sediment on the upstream ends of existing
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depositional lobes (van Heerden and Roberts 1988). Though no definitive cause is attributed to the
shift in dominant subaerial accretion processes, it is proposed that continued delta network
development through bifurcation and channel extension eventually diminishes sediment transport
efficiency so that sand fractions are no longer transported to the delta front and, instead, are
deposited in the delta plain as upstream accretion (van Heerden and Roberts 1988). If such a
mechanism does exist, the Wax Lake Delta has not reached the point where dominant processes
shift so continues to expand through mouth bar formation and channel bifurcation (Roberts, Walker
et al. 1997).

The model simulations, where upstream accretion of the existing subaerial lobes through sand
deposition occurs extensively, are clearly not reflective of prototype reality. Figure 6-6 below
demonstrates the modeled upstream accretion through time with plots of the bed level at the
upstream end of a subaerial lobe, where time progression is represented by increasingly dark line
colors. The channel incision discussed earlier can also be seen upstream of the subaerial lobe in the
leftmost portion of the figure. This excessive scouring of the main channel could be a contributing
factor to the unrealistic upstream accretion by increasing the sand load through the narrowing
distributary channels whose transport efficiency to the delta front is diminished. Though this
modeled development was not observed in the prototype during the simulation period, field studies
of the very similar but more mature Atchafalaya Delta have demonstrated that it is a valid and
expected delta-building process.
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Figure 6-6: Plot of bed level elevations on the upstream end of existing depositional lobe as a function of time to
demonstrate the upstream accretion. Line colors represent time, with the lightest line (T=7) representing the initial
condition and the darkest line (T=331) representing the bed level at the end of the five year simulation. The location of
the cross section is given by the thick white line labeled “Upstream Accretion Plot” in figure 6-1 above.
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6.1.3 Prodelta Mud Deposition

Over the course of the five year simulation, the Wax Lake delta progrades into the receiving basin
through the development of new subaerial depositional lobes while maintaining its approximate
radial symmetry. The subaerial features (see 0 m contour line in figure 5.7) maintain a teardrop
shape similar to the shape of previously-established depositional lobes in both the Wax Lake Delta
and the Atchafalaya Delta (van Heerden and Roberts 1988; Wellner, Beaubouef et al. 2005) and
generally form at the downstream ends of existing lobes between channels or at large distances
basinward from distributary channel mouths. The absence of any sand volume fraction in the
basinward deposits over the initial bathymetric surface in the dip and strike-oriented stratigraphic
cross-sections (see figure 5-10 in section 5.2.2) demonstrates the complete dominance of the mud
sediment fraction in the composition of these depositional features.

The initial locations of the most intense mud deposition that eventually develop into subaerial mud
deposits are very dependent on the assigned critical erosion and deposition shear stress. Figure 6-7
below plots the maximum bed shear stress in the delta at the end of the first year annual flood
period of constant discharge with contour patch limits corresponding to the TcrEro and TcrSed
values used in the simulation. The critical shear stress for erosion is exceeded in the red areas, the
shear stress falls below the critical shear stress for sedimentation in the white areas, and blue areas
represent shear stresses between the two critical values where no erosion or deposition takes place.
The contour lines in the figure represent the cumulative deposition at values of 1, .75, and .5 meters.
The locations with over 1 m of deposition that eventually develop into subaerial lobes correspond to
the first locations where bed shear stress falls below the value necessary for deposition. This
determinacy in mud depositional lobe development and clear dependence on the assigned mud
critical deposition shear stress parameter is a consequence of the exclusion of prototype processes
in assuming river-dominant delta development.
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Figure 6-7: Plot of the spatial distribution of maximum bed shear stress that occurred during the first low flow and
annual flood periods of constant discharge in the simulation. Red areas indicate that bed shear stress exceeds the critical
shear stress for erosion, blue areas indicate that bed shear stress is between the critical shear for erosion and
deposition, and white areas indicate that bed shear stress is below the critical shear for deposition. Contour lines mark
cumulative deposition at values of 1, .75, and .5 meters.

Though the prototype Wax Lake Delta development during the simulation period is characterized by
the formation of new depositional bodies, these arise from mouth bar formation at the distal end of
main channels and are initiated through sand fraction deposition (Wellner, Beaubouef et al. 2005).
In historic research on the morphology of the Atchafalaya Delta with emphasis on sedimentary facies
development, the first subaqueous deposition associated with incipient delta formation consisting of
a broad, thin, laterally continuous fine sediment layer is identified as prodelta and distal bar deposits
(Roberts, Adams et al. 1980). As coarser sediments began reaching the mouth through suspended
load and bed load transport, the developing sand depositional bodies and distributary network
structure built upon and, in some cases, incised into the fine sediment prodelta platform. With
continued basinward channel lengthening and network expansion, clay rich prodelta and distal bar
sediments were deposited as basinward-thinning layers basin surrounding the delta network and
depositional body limits (see figure 2-17 in section 2.4.1) (van Heerden and Roberts 1988). The
stratigraphy of the Wax Lake Delta also contains a clayey prodelta layer onto which the coarse
depositional features prograded; however, the clay-rich prodelta facie is not completely continuous
under the emergent delta and is extremely thin (Roberts, Walker et al. 1997). Since only the
development of subaerial features was documented for the prototype during the simulation period,
information on the exact nature of prodelta mud deposition is not available. Comparison with
previously documented depositional patterns in the stratigraphic record do suggest that mud
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prodelta deposition basinward of the initial delta front probably occurs, though deposited mud
layers would be extremely thin and definitely would not build to the subaerial levels observed in the
model results.

Due to the limited basin processes included in the model, the observed transport of fine sediment
out of the immediate receiving basin (Roberts, Walker et al. 1997) is not sufficiently modeled.
Granted, further calibration of cohesive sediment erosion and sedimentation parameters could
decrease the amounts of mud prodelta deposition; however, realistic values for these parameters
with only riverine processes modeled are still unlikely to prevent excessive deposition. Conceptual
models of delta development under various marine forcings offer insight into possible means for
more realistic prodelta simulation. In the presentation of the results of Geleynse, et al. 2011, the
ability of modest wave action to prevent prodelta deposition is discussed (see figure 2-15 in section
2.3) . The river dominant simulation results in significant, mud-dominant basinward deposits that are
similar to the resultant mud deposits in the present study; the implementation of a constant wave
climate in an alternative simulation effectively prevents any offshore mud deposition (Geleynse,
Storms et al. 2011). It is expected that exposure of the Wax Lake delta to a very low energy wave
climate representative of that in Atchafalaya Bay would modulate the extreme prodelta mud
deposition and result in more representative morphologic development.

6.1.4 Mouth Bar Formation

Besides the previously described upstream accretion and subaqueous levee development, the most
prominent modeled morphological developments resulting from the deposition of coarse sediment
are incipient jet deposits at the distributary mouths of Greg Pass and Main Pass. The locations of
these deposits are identified in figure 5-8 in section 5.2.1. Figure 6-8 gives a detailed view of the final
bathymetry of the more well-defined jet deposit at the mouth of Greg Pass. At the end of the
simulation, a mouth bar has formed and prograded basinward; however, it has not aggraded or
developed sufficiently to induce a flow bifurcation and the subsequent formation of a new
depositional lobe. Subaqueous levees extend out from the initial mouth location as the bar
progrades, though towards the end of simulation the bar and levees continue to develop
asymmetrically. The subaerial lobes on each side of the initial jet deposit arise from the unrealistic
prodelta mud deposition described in the previous section. It can be seen from the time series of
bed levels on a section through the distributary mouth and bar formation (figure 6-9) that after
initial formation, the mouth bar progrades basinward with very slight aggradation and some
widening as time progresses. The significant scouring at the distributary channel mouth is evident in
the leftmost portion of the figure, and the basinward mud prodelta deposition is visible on the far
right. Though the very shallow receiving basin clearly indicates a friction-dominant effluent
according to Wright, 1977, the bar front and back slopes more resemble the characteristic
depositional patterns of inertia-dominant effluents (see figures 2-4 and 2-6) (Wright 1977). A gently
sloped bar back face precedes the more-steeply sloped basinward bar front, though encroachment
of the extreme channel incision towards the bar front does steepen the front slope. The typical
longitudinal profile of deposition at friction-dominant effluents does reflect that of a fully formed
middle ground bar, so the difference in simulated bar slopes could reflect more the nascent stage of
the formation and not ultimate differences after full development. Results from detailed modeling
of mouth bar formation found a gentler bar front slope and steeper basinward slope similar to the
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present simulation results (see longitudinal profile of plot B in figure 2-10) (Edmonds and Slingerland
2007).
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Figure 6-8: Bathymetry of prograding distributary mouth bar at the mouth of Greg Pass at the conclusion of the five year
simulation. The white line marks the location of the bed level profiles and stratigraphic section given below in figures 6-
9 and 6-10.
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Bed level at Greg Pass distributary mouth through time
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Figure 6-9: Plot of bed level elevation profiles at the mouth of Greg Pass as a function of time. Line colors represent
time, with the lightest line (T=7) representing the initial condition and the darkest line (T=331) representing the bed
level at the end of the five year simulation. The location of the cross section is given by the white line in figure 6-8
above.
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Figure 6-10: Stratigraphic section at the end of the simulation through the incipient jet deposit at the mouth of Greg
Pass, the location of which is marked as the white line in figure 6-8 above. The black dotted line represents the initial
bed level at the section location.
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Figure 6-10 above gives the final stratigraphy at the bed level profile location. Again, the stratigraphy
of the non-erosional areas more than a few layers below the initial bed level were not affected in the
simulation and only reflect the defined initial bed composition. Though the mouth bar does not fully
develop into a subaerial, middle-ground bar and form a new depositional lobe, the stratigraphy of
the incipient deposit can still be assessed for validity. The prograding mouth bar is clearly sand
dominant and coarsens towards the bed surface. This characteristic stratigraphic sequence was
identified as distributary mouth bar facies in the hydrologically and sedimentologically similar
Atchafalaya Delta (Roberts, Adams et al. 1980). The bed surface sediment distribution patterns agree
well with the typical depositional patterns for friction-dominant effluents (Wright 1977), where the
coarsest sediments are deposited on the fore slope and bar crest and finer sediments settle from
suspended load basinward of the developing bar.
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Figure 6-11: Typical grain size trends and stratigraphic bedding structures in Wax Lake Delta Jet Deposit Complexes
(Wellner, Beaubouef et al. 2005).

Since the bar does not reach the point were progradation ceases and deposition proceeds basinward
from the static crest, comparison to the detailed deltaic lobe stratigraphic sequences in Wellner,
2005 are not as useful. The results, however, do follow the successive stacking of coarsening-
upwards sequences observed in the fully-developed jet deposits complexes (see figure 6-11). In a
single jet deposit (the part of the figure marked as “Cross-sectional View”), the succession from
lower, finer sediments to the uppermost coarse sediments proceeds from the successive deposition
of fine suspended sediment, coarse suspended sediment, and bedload as the distributary mouth
extends basinward (Wellner, Beaubouef et al. 2005). A clear mechanism for the stacking of these
sequences emerges with examination of the simulated final stratigraphy and successive bed level
profiles. As the bar progrades, a total of five stacked fining-upwards sequences develop, one for
each year of varying boundary conditions. During the long, lower flow periods imposed at the start
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of each morphologic year, mud deposition dominates the area basinward of the developing bar. The
onset of 2 year and 5 year flood conditions sufficient to mobilize significant amounts of sand as
suspended and bedload at the end of each morphological year induces sand deposition and
continued mouth bar progradation over the previously deposited mud layer. The most upstream
preserved portion of the developing mouth bar lacks the fully-mud layer underlying the successive
sequences only because the bar had not yet progressed sufficiently to lower shear stresses for mud
deposition directly basinward. The division of the simulation time into multiple periods with varying
discharge allows for temporal variations in the dominance of mud or sand deposition in addition to
the spatial variation in dominance that would occur with constant boundary conditions. Though a
basinward-advancing distributary mouth could create a more complex sequence of jet deposits
while still under constant discharge conditions, the sharp transitions between subsequent stacked
sequences observed in the Wax Lake Delta would not be adequately reproduced.

As presented in the aerial photograph analysis portion of the Wellner, 2005 study, the morphological
development during simulation period from 1998 to 2002 is dominated by the aggradation of new
depositional bodies at the mouths of Main and Greg pass. In the prototype delta, mouth bars at
these locations induce channel bifurcations, which then promote further development of the mouth
bars into middle-ground bars/depositional lobes. Though jet deposits start to develop at the distal
distributary mouths in the simulation, they fail to evolve sufficiently to induce channel bifurcation.
The unsuccessful simulation of this morphological feature can be attributed to multiple factors.
Foremost is the inevitable misrepresentation of prototype bathymetry that is a consequence of
limitations in measurement points and interpolation techniques to the computation grid.
Observations indicate that the Greg Pass jet deposit began to develop as early as 1990 and reached a
point of slight subaerial exposure by 1995 (Wellner, Beaubouef et al. 2005). The first time level
profile in figure 6-9 above shows an adverse slope at the mouth rising to a very slightly elevated
platform; however, it is clear that the initial model bathymetry does not yet capture the incipient jet
deposit, possibly delaying the formation of a fully developed middle-ground bar to beyond the
simulation period. The high resolution, focused modeling study on mouth bar formation by Edmonds
and Slingerland, 2007 found that although the channel mouth initially narrows and creates a scour
hole extending to the subaqueous levee tips, the scour hole remains stationary and no further
channel narrowing occurs as the initially formed mouth bar progrades basinward. The mouth bar
continues progradation until the depth above the bar crest reduces to less than .4 of the initial
mouth depth; runaway aggradation then cements the mouth bar crest position and initiates flow
bifurcation (Edmonds and Slingerland 2007). In the present model simulation, the mouth bar
progrades in a similar manner to that just described; however, the distributary mouth continues to
scour and narrow, altering the flow velocities and the structure of the turbulent jet as the simulation
progresses. Still, it appears that the prograding bar is reaching approximately .4 of the initial mouth
depth, though the continued channel incision probably exceeds the bounds of applicability for this
empirically-determined ratio. Lastly, the sand supply to the distributary mouth during high flows is
not constant. Persistent incision in the upstream Wax Lake Outlet channel fully depletes the initial
10 m sediment bed, so erosion sand flux magnitudes are reduced as the channel bed level nears the
inerodable basement. This reduction in coarse sediment supply during high flows is demonstrated in
figure 6-12 below, which plots the time-dependent depth-averaged suspended sand transport
magnitude at a point near the initial diffluence of the main distributary channels (point 3 identified
in figure 4-10).
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Figure 6-12: Depth-averaged suspended sand transport magnitude at observation point 3 in figure 4-10

The effects of sediment cohesion on delta morphologic development described in Edmonds and
Slingerland, 2010, do not seem to be relevant to the current study as the main features of the Wax
Lake delta are formed through mostly sand deposition (Roberts, Walker et al. 1997). Though the
resulting stratigraphic patterns arising from the conceptual delta modeling with varying sediment
cohesiveness are not presented, it is assumed that the modeled dependence of fine sediment
deposition only on the critical erosion shear stress, negating the influence of the poorly-defined
critical sedimentation shear stress parameter, results in more fine sediment presence in delta
depositional features (Edmonds and Slingerland 2010). The modeled Wax Lake Delta development
mimics the prototype sand-dominant depositional feature development, discounting the unrealistic
formation of subaerial mud depositional bodies already discussed.

6.2 Effect of Varying Boundary Conditions

Thus far, process-based conceptual delta models have been able to successfully reproduce expected
delta development despite the use of constant boundary discharge and sediment concentrations.
Subaerial expression of both the Wax Lake and Atchafalaya Deltas, however, has been linked to
periods of flood discharge sufficient to transport large amounts of suspended coarse sediment to the
deltas (Roberts, Walker et al. 1997). The discharges used in the conceptual models are generally
sufficient to alter initial feeder channel geometry, thus can be viewed as a series of multiple flood
discharges that have been compressed into a continues period of high flow (Geleynse, Storms et al.
2010). Surveys of multiple river-dominant field deltas, including the Wax Lake and Atchafalaya
Deltas, suggest that magnitude of seasonal discharge variability still is an important control on
mouth bar formation and the dependent delta network structure that follows, in contrast with the
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successful constant discharge simulations (Olariu and Bhattacharya 2006). The present simulation,
unique not only in its attempted reproduction of the long term development of a real delta through
process-based modeling, also imposes time-varying flow and sediment concentration boundary
conditions in an approximation of the prototype seasonally-varying discharge regime. The main
consequence of this boundary condition schematization is the delineation of the morphological year
into periods of prodelta mud deposition dominance and periods of sand deposition dominance.
Figure 6-13 below shows the cumulative erosion/deposition that occurred in the delta during the
first year of simulation at the end of each of the four periods of constant discharge. The absence of
color in the plot representing the cumulative erosion/sedimentation after the low flow period
indicates that the discharge is insufficient to significantly erode the upstream channel and entrain
the volume of sediment necessary to induce deltaic deposition. Alternatively, the massive prodelta
mud deposition discussed earlier occurs most significantly during the annual flood period of
constant discharge, where bed shear stress distributions favor erosion of fines from the Wax Lake
Outlet and distributary channels and mud sedimentation immediately beyond the bounds of the
delta front (see figure 6-7). It can be seen from the upper-right plot that while mud deposition is
most dominant during this period, sand deposition as subaqueous levee expansion and depositional
lobe upstream accretion still occurs. Flow is insufficient to transport the coarse sediment all the way
through the distributary channels to the delta front; instead, it is sequestered within the delta. The
discharge schematization process resulted in dominance of the annual flood discharge level in time
of occurrence during the morphological year (see section 3.6.2), so this level was applied for the
most hydrodynamic days and utilized the largest morphological acceleration factor of the four levels.
The two lower plots representing the cumulative erosion/deposition after the 2 year flood and 5
year flood flow periods show the dominance of sand deposition during these periods. While the
prodelta mud deposit does extend basinward slightly from its offshore limit after the annual flood,
the most prominent developments are the formation of incipient sand jet deposits at the
distributary mouths of Main and Greg Passes and the continuation of channel narrowing through
levee deposition and upstream accretion, all processes driven by coarse sediment transport. Though
the results from only the first year are presented because of their clarity, the delineation of the
morphological year into sand and mud deposition dominant periods continues through the full
simulation.
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Figure 6-13: Cumulative erosion and deposition during the first year of morphologic simulation, presented at the end of
each period of constant discharge. Black lines in each plot represent the 0 m contour line.

The use of a more representative, time-varying discharge regime in this case does not necessarily

result in more valid morphologic simulation. The development of sand-dominant depositional lobes

through mouth bar formation and channel bifurcation dominates the prototype morphologic

development during the simulation period, but the flow conditions that induce the necessary levels

of sand transport only occur for a fraction of the simulation time. Instead, the discharge level that

induces the most unrealistic basinward prodelta mud deposition is applied for by far the largest

proportion of time. Though this distribution of flow proportion of occurrence clearly reflects the

prototype reality, the lack of a basin mud sedimentation hindrance or resuspension process (an

average wave climate or winter cold front storm conditions) in the model combined with the flow

proportioning produces unrealistic prodelta mud deposition that is disproportionally represented in

the simulation results.

The consequences of using a time-varying flood discharge regime on the stratigraphy of the incipient

mouth bars were discussed in detail in section 6.1.4. The successive stacking of sloped, upward-

fining sequences in the incipient mouth bar formation that mimic the cyclic sequences observed in

Wax Lake Outlet depositional lobes can be directly attributed to the varying discharge regime.

Cyclicity in generally sand-dominant delta plain deposits has been successfully simulated in

conceptual delta models, though only with the inclusion of tidal action (Geleynse, Storms et al.
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2011). The cyclicity in the prototype Wax Lake Delta depositional lobes, however, is most likely due
to seasonal variability in discharge. The modest wave action of Atchafalaya Bay would clearly affect
the morphological development of the delta by preventing excessive prodelta mud deposition, but
the effect on features arising from sand deposition is much less consequential. Results from
conceptual delta modeling support the hypothesis that pronounced wave action inhibits mouth bar
formation and the resulting bifurcations that form delta network structure (Geleynse, Storms et al.
2011), so the fact that the Wax Lake Delta’s formation has been dominated by mouth bar formation
could indicate little wave influence on delta building through sand deposition. The successful
simulation of the stratigraphic cyclicity in a setting with only riverine forcings further supports the
dependence of this feature on seasonal discharge variations.
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7. Conclusions and Recommendations

This research sought to investigate delta development processes through the successful simulation
of a long-term period of morphological development in the Wax Lake Delta in Atchafalaya Bay,
Louisiana. To accomplish this goal, a hydrodynamic and morphologic model of the study area was
developed using the process-based Delft3D modeling program. This final chapter discusses the main
conclusions drawn through examination of model results and gives recommendations both for more
successful simulation of the Wax Lake Delta development as well as opportunities to advance the
understanding of delta development processes through long-term morphological modeling.

7.1 Conclusions

The model was generally successful in simulating the growth typical of river dominant systems. The
simulated Wax Lake Delta expanded basinward with the establishment and growth of elongate
subaerial depositional bodies while maintaining its approximate radial symmetry. While reproducing
the very large scale, qualitative morphodynamic behavior of the prototype delta, more specific
stratigraphic features were also reproduced. The successive stacking of coarsening upwards
sequences observed in Wax Lake Delta mouth bar deposits was evident in the stratigraphy of
modeled incipient jet deposits, a result of the varying discharge regime that represents the strong
seasonality in the Wax Lake Outlet discharge regime.

The long-term morphological model results unfortunately did not accurately reproduce the specific
prototype Wax Lake Delta morphological development during the five year simulation period. The
simulated delta experienced growth in subaerial land exposure to a much greater degree than the
prototype, which only experienced modest growth through basinward expansion of established
depositional lobes, the continued growth of new jet deposits at main delta distributary mouths into
fully-developed mouth bars, and the infill of several very-minor distributary channels. Alternatively,
the most dramatic morphological change observed in the simulated delta is the development of
extensive, sub-aerial depositional lobes basinward of the existing depositional lobes present in the
initial bathymetry. Examination of the resulting stratigraphy indicates that these sub-aerial features
are composed exclusively of the mud sediment fraction. Both the main Wax Lake Outlet channel and
the delta distributary channels were significantly incised during the simulation, leading to a full
depletion of the initially-10 m thick sediment bed layer in the upstream feeder channel over the
course of the simulation period. The narrowing proceeds from subaqueous levee deposition near the
distributary channel banks and accretion at the upstream ends of established depositional lobes.
Incipient jet deposits develop at the mouths of Greg and Main Passes, mimicking the most active
depositional sites during the simulation period in the prototype Wax Lake Delta; however, the
deposits do not evolve into fully-developed mouth bars that have aggraded sufficiently to induce
flow bifurcation.

Though the resulting morphology of the delta did not accurately simulate real delta development,
each modeled morphological development is representative of typical river dominant deltaic
processes observed in the Wax Lake and hydrologically and sedimentologically similar Atchafalaya
Delta. Despite the discrepancies between simulated and observed delta development, this study
reinforces the conclusion, established by the conceptual delta development models discussed in
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section 2.3, that process-based models of hydrodynamics and resulting morphology are capable of
simulating the larger spatial- and time-scale geologic developments involved in delta formation.

The accurate simulation of the actual development of a real delta requires a corresponding accurate
representation of dominant processes, model domain bathymetry and sediment composition, and
the calibration of hydrodynamics and sediment transport. Though the hydrodynamic calibration
process was fairly straightforward, the subsequent need to alter calibrated sediment transport
parameters for more accurate long-term simulation highlights the difficulty of transport calibration
based on a single, discreet measured event. In this case, the possible storage of fine sediment in the
prototype upstream channel during low flows, hysteresis in transport and discharge peaks at the
upstream boundary, and the limited model representation of marine processes create significant
complications for calibration.

The cause of the channel incision and narrowing is not immediately clear in the model results.
Though distributary channels in the real Wax Lake Delta do frequently incise through the full deltaic
sedimentary sequence into the old bay bottom with channel extension, the incision simulated in the
model is clearly excessive. The incision is persistent throughout the imposed flow cycle of the
morphological year, so a misrepresentation of discharge regime with higher flows is likely not the
main cause. As distributary channels become increasingly narrow to widths on the order of the grid
resolution, the oblique channel orientation to the curvilinear grid begins to induce small, grid-
oriented erosive channels. The initial grid orientation without regard to channel network structure
could also be a contributing factor to the levee deposition that initiates narrowing. Sensitivity runs
utilizing an alternative non-cohesive sediment transport formulation were able to more accurately
represent delta development without the excessive channel incision and narrowing occurring in the
main simulation.

The modeled upstream accretion of depositional lobes similarly was not observed in the prototype
delta; however, it has been a dominant delta-building process in the Atchafalaya Delta. Both the
deposits at upstream ends of depositional bodies and along channel banks as subaqueous levees are
fully composed of the non-cohesive sediment fraction. The excessive upstream channel erosion
could be a cause for this unrealistic representation by increasing the sand load through the
narrowing delta channels with reduced transport efficiency to the delta front.

The excessive prodelta mud deposition that leads to the development of unrealistic subaerial
features is a consequence of the neglected marine processes as part of the assumed full river
dominance. The significant fine sediment resuspension and export from Atchafalaya Bay due to
waves and wind-induced transport during the passage of winter cold fronts that occurs in the
prototype situation (detailed in section 2.4.3) is not reproduced by the simulation, as no marine
processes are imposed in the receiving basin. If the actual receiving basin did not experience marine
forcings as in the simulation, substantial mud deposition would be expected from the fine-sediment
dominant large suspended load reaching the delta; however, the relatively low-energy marine
processes are sufficient to inhibit the accumulation of fine sediment basinward of Wax Lake delta
front that develops in the present study.

Though incipient jet deposits developed in the model at the distal ends of distributary channels
corresponding to the most active depositional sites in the prototype Wax Lake Delta, the prograding
bars did not aggrade to a degree sufficient to induce flow bifurcation and the development of a
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mature mouth bar depositional lobe. The lack of full mouth bar development could be a
consequence of an altered mouth jet structure with the extreme incision and narrowing, a reduced
sediment supply as the full 10 m thick bed is eroded upstream, and a non-representative initial
geometry that does not capture the small, though already sub-aerial developing mouth bar.
Stratigraphy of the incipient jet deposit evolves as expected, with an overall coarsening-upwards
though sand-dominant sequence that conforms to typical stratigraphic patterns arising from friction-
dominant river effluents. Additionally, a successive stacking of multiple coarsening upwards
sequences corresponding to each morphological year is preserved in the prograding bar
stratigraphy. This stacking of sequences was identified in mature Wax Lake Delta mouth bars, and
can be attributed to the discharge variability present in the prototype as well as in the schematized
varying upstream flow and sediment boundary conditions in the model. The main consequence of
using multiple discharges in the discharge regime schematization is the delineation of the
morphological year into periods of prodelta mud deposition dominance and periods of sand
deposition dominance.

The Wax Lake Delta is clearly a river-dominant delta according to traditional classification schemes
as there is no evidence of reworking of the primary delta depositional features by waves or tides.
Though the predominantly-sand delta depositional bodies arise from friction-dominant river mouth
processes, the deposition of cohesive fractions is much more dependent on the basin processes that
inhibit the settling of, resuspend, and export fine sediments from the Atchafalaya Bay. Thus, the
processes contributing to coarse sediment depositional features can be at least qualitatively
simulated under purely riverine forcing; however, fine sediment dynamics cannot be accurately
simulated because the primary processes controlling their deposition in the Wax Lake Delta and
Atchafalaya Bay are not included in the present, process-limited model.

7.2 Recommendations

The long-term morphologic model of the Wax Lake Delta developed and implemented in the current
study is able to reproduce typical river dominant deltaic processes with varying degrees of success,
but many opportunities exist to potentially improve the simulation of the actual morphological
development of the real delta during the simulation period. The following expansions to the current
modeling study are recommended to achieve more accurate simulation and a corresponding better
understand of delta development both in the study area and in general:

o The foremost recommendation is to include the neglected basin processes in the
model. This could be achieved with the simple addition of an average wave climate
imposed at the offshore model boundary or a more complex boundary condition
formulation that includes the effects of wind fields on water levels and fine
sediment transport during passing cold fronts.

e A corollary to the above recommendation is the expansion of the model boundaries
to include a greater portion of the receiving basin. In the present simulation, delta
growth gradually alters bed levels very near to the basinward model boundary. To
avoid any complications with imposed boundary conditions, model boundaries
should be located a significant distance from the delta so as to be unaffected by any
potential delta growth. The effects of any flow from the neighboring Atchafalaya
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Delta are disregarded in this model, so any expansion of model domain boundaries
would also need to include the Atchafalaya Delta and upstream portions of the
Lower Atchafalaya River. The addition of wind and/or wave forcings would especially
require model boundary expansion, possibly even to or beyond the bay/gulf
boundary, to remove boundary effects from the marine forcings.

e Though tidal currents in the Atchafalaya Bay are not large enough to have a
significant effect on delta morphology, the periodic lowering of basin water levels
could have a positive impact on the simulation of mouth bar formation as mouth
bars were found to stop prograding and aggrade significantly when water levels
above the bar were below a certain point. Thus it is recommended to implement a
simple mixed-diurnal tide schematization representative of the range experienced in
Atchafalaya Bay.

e Though the fine sand sediment fraction included to represent non-cohesive
sediment in the suspended load and model domain bed is quite representative of
the typically fine sediments of the area, larger sand certainly exists as part of the
bed material gradation. Inclusion of another, larger sand fraction could help to
reduce the unrealistic channel incision that occurs throughout the simulation period.

e The computational grid could be further refined, especially in the area comprising
distributary channel mouths where mouth bar deposition and channel bifurcation is
likely to occur. Though conceptual models have successfully simulated mouth bar
formation with grid sizes on the order of those used in the models, grid refinement
would allow for a more accurate representation of complex flow patterns around
developing mouth bars and reduce the observed grid effects as the distributary
channels narrow.

e As already discussed, the computational grid was developed without regard to delta
distributary channel orientation which may have contributed to excessive channel
narrowing with induced, artificial roughness. A better approach for simulating the
complex channel networks typical of deltas may be the use of an unstructured,
flexible computational grid. This functionality is currently being integrated into the
Delft3D modeling program.

o The difficulty of sediment transport calibration, especially fine sediment transport,
in the Wax Lake Outlet delta from a single, discreet flow period has been discussed.
A more accurate calibration of sediment transport parameters could be achieved if
measurements of fine and coarse sediment concentrations in the delta distributary
channels were available for a continuous period that ideally would capture both the
rising and falling limbs of the annual flood. This more representative calibration
period would yield better calibrated parameters that presumably would result in a
more accurate simulation of morphology and stratigraphy. Additionally, a more
recent full hydrographic survey of the delta channels and depositional lobes would
aid in future morphological modeling efforts.
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e Sensitivity analysis (see Appendix C) indicates that use of the alternative Engelund-
Hansen sediment transport formulation eliminates the unrealistic channel incision
and narrowing observed in model results. A redevelopment of the model with this
formulation is recommended as a possible means to improve simulation of long-
term morphologic development in the Wax Lake Delta.

The results of this study indicate that successful simulation of delta development along the typically
low-energy Louisiana coast requires inclusion of marine processes beyond those included in this
assumed river-dominant simulation. The inclusion of two sediment fractions, necessary to assess the
validity of depositional body stratigraphy, likely results in a less accurate morphologic simulation
than if only the coarse sediment fraction was included because of the neglected processes and their
effect on fine sediment deposition. Though it was thought that the use of process-based, depth-
averaged morphological modeling in Delft3D would offer an ideal method for assessing the expected
land building arising from large-scale sediment diversions for land-building in the transgressive
Mississippi Delta, the necessary inclusion of multiple marine processes for accurate delta
development simulation, especially the difficult to implement wind forcings from periodic cold front
passages, makes the use of this modeling technique somewhat inefficient. At the moment, more
simplified models that assume delta radial symmetry are more suited for the evaluation of expected
diversion land-building for preliminary studies where multiple location alternatives are still in
consideration. Detailed process-based modeling, such as that presented in this study, is more suited
for much higher level evaluations in the diversion design process that justify the increased effort to
adequately represent all processes involved. For situations in which the exact stratigraphy of
depositional bodies is of no interest, simulation of the development of the mostly sand-dominant
delta features in the Southeast Louisiana Coast may be more efficiently achieved with a single
fraction sediment schematization.
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Appendix A — Hydrodynamic Calibration Results

Cross-section 8 Depth-averaged Velocity Magnitudes
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Figure A-1: Comparison of Modeled and Observed Depth-averaged Velocity Magnitudes at Cross-section 8
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Cross-section 15 Depth-averaged Velocity Magnitudes
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Figure A-2: Comparison of Modeled and Observed Depth-averaged Velocity Magnitudes at Cross-section 15

Cross-section 17 Depth-averaged Velocity Magnitudes
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Figure A-3: Comparison of Modeled and Observed Depth-averaged Velocity Magnitudes at Cross-section 17
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Cross-section 18 Depth-averaged Velocity Magnitudes
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Figure A-4: Comparison of Modeled and Observed Depth-averaged Velocity Magnitudes at Cross-section 18
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Figure A-5: Comparison of Modeled and Observed Depth-averaged Velocity Magnitudes at Cross-section 21

121



June 2011 Modeling the Evolution of the Wax Lake Delta in Atchafalaya Bay, Louisiana

Appendix B — Transport Calibration Results

Cross-section 8 Depth-averaged Suspended Sediment Concentration
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Figure B-1: Comparison of Modeled and Observed Suspended Sediment Concentrations at Cross-section 8
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Cross-section 15 Depth-averaged Suspended Sediment Concentration
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Figure B-2: Comparison of Modeled and Observed Suspended Sediment Concentrations at Cross-section 15

Cross-section 17 Depth-averaged Suspended Sediment Concentration
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Figure B-3: Comparison of Modeled and Observed Suspended Sediment Concentrations at Cross-section 17
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Cross-section 18 Depth-averaged Suspended Sediment Concentration
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Figure B-4: Comparison of Modeled and Observed Suspended Sediment Concentrations at Cross-section 18

Cross-section 21 Depth-averaged Suspended Sediment Concentration
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Figure B-5: Comparison of Modeled and Observed Suspended Sediment Concentrations at Cross-section 21
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Appendix C — Model Sensitivity

Though some inaccuracies in the simulation of prototype morphological development can be
explained by neglected processes and other consequences of modeling assumptions, the causes of
the incessant channel narrowing and incision, unrealistic upstream accretion, and inadequate mouth
bar development were not immediately clear from model results. In an attempt to gain more insight
on causes for these misrepresentations, several more simulations were run with alterations in
various parameters. This analysis differs from a traditional investigation of model sensitivity where
parameters are systematically altered and the resulting variation in model results is examined;
instead, only one alternative value for each parameter is investigated in an effort to efficiently
improve simulation of prototype morphology. Table C-1 below gives an overview of the sensitivity
runs and parameters that were altered for each simulation.

Table C-1: Overview of model sensitivity analysis

run parameters symbol | long term sensitivity units
simulation | runvalue
value

base same settings as long term run, but with single discharge level and higher MorFac
case

s001 offshore water level 0.32 0 m
boundary

s002 depth location in depth at grid | depth at grid -
computational grid cell centers cell corners

s003 horizontal eddy 10 1| mA2/s
diffusitivity

s004 time step At 1 0.5 | min

s006 sand fraction grain size d50 100 150 | um

s007 critical shear stress for TcrDep 0.05 1000 | N/m~2
cohesive sediment
deposition

s009 critical shear stress for TcrEro 0.5 1| N/m~2
erosion of cohesive
sediments

s008 non-cohesive sediment Sus 0.75 0.5 |-
transport calibration Bed 1 0.5 | -
parameters

s010 minimum water depth for | SedThr 0.1 05 ' m
sediment computations

s013 Fall velocity ws 0.00025 0 m/s

s014 sediment transport Van Rijn, Engelund- | -
formulation 1993 Hansen

In order to complete the necessary model sensitivity runs more efficiently, a change in the boundary
condition discretization strategy was needed. In the long term morphological simulation, multiple
discharge levels per morphologic year and the included spin-up intervals result in a model runtime of
over six days. For the multiple sensitivity runs, model runtimes were reduced with the use of a
single, representative channel-forming discharge that only occurs for a fraction of the year with the
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assumption that all morphologic change occurs during the represented period. The fraction of the
year that the discharge is applied (flood intermittency factor) is chosen such that the bedload
transported by the applied discharge during the shortened period is equal to the mean annual
bedload transport (Parker and Sequeiros 2006). The channel-forming discharge level and
corresponding intermittency factor for the Wax Lake Outlet were previously found to be 4800 m>/s
and 0.35, respectively (Kim, Mohrig et al. 2008). Table C-2 below gives the hydrodynamic and
morphologic periods simulated for the sensitivity runs that include the use of a higher MorFac for
shorter simulation times. Sediment concentration boundary conditions were determined with the
rating curves described in section 3.6.3, though inflow coarse sediment concentration was not
prescribed in favor of an equilibrium condition similar to that used in the long-term simulation. Table
C-3 gives the imposed sediment boundary conditions used for each run.

Table C-2: Channel-forming discharge level hydrodynamic and morphologic times of occurrence

Discharge | Intermittency | Hydrodynamic MorFac | Morphologic Morphologic Days

(m”"3/s) factor Days (days) days (days) with flood
intermittency
(days)

4800 .35 3.5 182.5 638.75 1825

Table C-3: Upstream boundary conditions — single channel-forming discharge level and corresponding mud suspended
sediment concentration

Discharge | Sediment Total suspended | Percent Sand suspended | Mud suspended
(m”3/s) Transport sediment finer than | sediment sediment
(tons/day) concentration .0625 concentration concentration
(mg/1) mm (%) | (mg/l) (mg/1)
4800 142680 312 81.8 equilibrium 255
Base Case

The first simulation uses the same parameter settings as the production run described in chapters 5
and 6 but with the constant imposed boundary conditions given in table C-3. Figure C-1 below gives
the resulting delta morphology after the five year simulation for the base case; the following figure
C-2 gives the difference between the final bed levels for the base case simulation and the production
run. Results are qualitatively similar to the results of the production run simulation, reproducing
channel narrowing and incision, upstream accretion of depositional lobes, excessive basinward mud
deposition, and the development of incipient mouth bars. Slightly less excessive prodelta mud
deposition is observed, though this is expected considering the lack of any periods of low flow in the
base case simulation.
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Figure C-1: Base case bathymetry of developing Wax Lake Delta and receiving basin after five years of morphologic
simulation along with 0 m contour line. Upper and Lower color limits were defined so that elevations between limits
could be viewed with more clarity.
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Figure C-2: Difference between final delta bed levels in model production run and base case. Positive values indicate
higher bed levels in the production run, and negative values indicate lower bed levels in the production run.
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The results of subsequent model sensitivity runs with altered parameters were then compared to
the results from the base case. Though quantitative differences in resulting delta bed levels were
present in all sensitivity runs, most parameter alterations did not result in significant improvements
in prototype morphology simulation. Table C-4 below summarizes the findings of the sensitivity
analysis with comments on any significant deviations from the results of the base case simulation.

Table C-4: Summary of sensitivity analysis findings

run Altered parameters Effect on resulting delta morphology
s001 offshore water level Slightly improved mouth bar
boundary development, increase in spurious grid-
oriented channel incision
s002 depth location in No significant difference from base case
computational grid results
s003 horizontal eddy Fully-formed mouth bar and channel
diffusitivity bifurcation develops, excessive channel
incision still present
s004 time step No significant difference from base case
results
s006 sand fraction grain size No significant difference from base case
results
s007 critical shear stress for Mud deposition increases over most of
cohesive sediment the delta, results unrealistic
deposition
s009 critical shear stress for No significant difference from base case
erosion of cohesive results
sediments
s008 non-cohesive sediment No significant difference from base case
transport calibration results
parameters
s010 minimum water depth No significant difference from base case
for sediment results
computations
s013 Fall velocity No mud deposition, no significant effect
on coarse depositional features
s014 sediment transport No channel incision and narrowing

formulation

Reduced Horizontal Eddy Diffusitivity

As noted in table C-4 above, the sensitivity run with a reduced horizontal eddy diffusitivity results in
the development of a fully-formed mouth bar deposit at the mouth of Greg Pass that has aggraded
sufficiently to induce flow bifurcation. Figure C-3 below gives the resulting delta morphology after
the five year simulation for the s003 run described, and the following figure C-4 plots the difference
between the final bed levels for the s003 run and the base case.
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Figure C-3: s003 bathymetry of developing Wax Lake Delta and receiving basin after five years of morphologic simulation
along with 0 m contour line. Upper and Lower color limits were defined so that elevations between limits could be
viewed with more clarity.
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Figure C-4: Difference between final delta bed levels in base case and run s003. Positive values indicate higher bed levels
in the base case, and negative values indicate lower bed levels in the base case.
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Disabled Mud Deposition

The sensitivity run s013 prevented any mud deposition from occurring by setting the mud sediment
fraction fall velocity equal to 0 m/s. This of course prevents the excessive prodelta deposition
observed in the prototype run and base case; however, the possible effects of the reduced
basinward deposition on developments within the delta could also be assessed. Figure C-5 below
gives the resulting delta morphology after the five year simulation for the s013 run described, and
the following figure C-6 plots the difference between the final bed levels for the s003 run and the
base case. Examination of figure C-6 shows that while the prodelta mud deposition does not occur,
there is no significant effect on delta depositional lobe and distributary channel development.
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Figure C-5: s013 bathymetry of developing Wax Lake Delta and receiving basin after five years of morphologic simulation
along with 0 m contour line. Upper and Lower color limits were defined so that elevations between limits could be
viewed with more clarity.
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Figure C-6: Difference between final delta bed levels in base case and run s013. Positive values indicate higher bed levels
in the base case, and negative values indicate lower bed levels in the base case.

Alternative Non-Cohesive Transport Formulation

The sensitivity run s014 implemented an alternative non-cohesive sediment transport formula, the
Engelund-Hansen formulation instead of the Van Rijn, 1993 formula used in all other simulations.
Though the model was unable to complete the full simulation run, examination of preliminary
results indicates that the excessive channel incision and narrowing that characterize all other
simulations do not occur while the prototype process of mouth bar formation continues with
incipient jet deposit progradation. Figure C-6 below gives the resulting delta morphology after
approximately 1 year of simulation in the s014 run described.
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Figure C-7: s014 bathymetry of developing Wax Lake Delta and receiving basin after five years of morphologic simulation
along with 0 m contour line. Upper and Lower color limits were defined so that elevations between limits could be
viewed with more clarity.
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