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Abstract: River deltas have received considerable attention due to coastal land loss issues caused
by subsidence, storms, and sea level rise. Improved understanding of deltaic processes and dy-
namics is vital to coastal restoration efforts. This paper describes the application of process-based
morphodynamic models to a prograding river delta. The analysis focuses on the flow and sediment
dynamics amongst the interconnected channel network of the delta. The models were validated
against observations of velocity and sediment concentrations for the Wax Lake Delta (WLD) of
the Atchafalaya River system in Louisiana, USA. The WLD provides an opportunity as a natural
laboratory for studying the processes associated with river dominated deltaic growth. It includes a
network of bifurcated channels that self-organize and dynamically adjust, as the delta grows seaward
to the Gulf of Mexico. The model results for a flood event show that 47% of the flow exits the system
as channelized flow and the remaining 53% exits as overbank flow. The fine sediment (silt and clay)
distribution was proportional with water fluxes throughout the channel network, whereas sand
distribution was influenced by geometric attributes (size, invert elevation, and alignment) of the
distributary channels. The long-term deltaic growth predicted by the model compares well with
the observations for the period 1998–2012. This paper provides insights on how the distribution of
flow and sediment amongst the interconnected delta channels influences the morphodynamics of the
delta to reach a dynamic equilibrium within this relatively young deltaic system.

Keywords: morphodynamics; sediment transport; delta; deltaic growth

1. Introduction

Deltas are complex depositional features developed from river mouth sediment depo-
sition and dispersal [1,2]. They are a preferred human habitat, with a population of over
half a billion residing in major coastal cities [3,4]. River deltas have received considerable
attention due to coastal land loss issues caused by subsidence, sea level rise, and extreme
weather events [5]. Human activities such as river modification, hydrocarbons, and ground
water extraction have further exacerbated land loss in modern deltas [1]. These actions
have hindered natural deltaic processes and deprived wetlands from riverine inputs that
formed and nourished them. In the case of the Lower Mississippi River Delta (LMRD),
limited sediment supply to wetlands due to upstream dam construction and flood pro-
tection levees has contributed to wetland losses. Proposed engineered crevasses via river
diversions are intended to mitigate these losses [6–11]. Sediment diverted to the shallow
receiving basin would allow the river to build new land and sustain existing wetland areas.
Creation of a river delta by such engineered activity relies on our understanding of existing
river dominated deltas and is essential to develop effective coastal restoration strategies.

It is primarily believed that deltaic morphology is controlled by riverine and coastal
processes such as river discharge, sediment supply, waves, and tides [12]. Characteristics
of incoming sediment and the substrate of the receiving basin also influence the delta
morphology [13]. Numerical models facilitate understanding of the interplay among these
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physical processes and how they individually or collectively affect the evolution and forma-
tion of deltas [14–16]. Numerical models are also used to predict the response of river deltas
to environmental drivers such as sea level rise, subsidence, and flood events [17,18]. Dis-
tributary channel networks convey water, sediment, and nutrients across the delta surface
and play an important role in the deltaic growth pattern [19–21]. Therefore, it is important
to gain insights into how water and sediment are transported in the distributary channel
networks. Information about water and sediment distribution within deltaic channel net-
works are relatively limited in the literature due to a lack of data. Correlations between
water and sediment fluxes are not clearly understood, although some studies explored the
hydrologic connectivity between distributary channels and interdistributary islands in a
river delta, quantified water fluxes conveyed from the channels to the islands, and related
this exchange to the delta evolution and environmental transport [22]. The majority of the
published research on distributary channel networks focused on network topology [23–27].
Quantitative metrics have been proposed to describe channel network topology and such
metrics have been used to obtain information on delta dynamic processes (e.g., exchange
of water and sediment fluxes between channel networks) [27].

This study aims to gain understanding of flow and sediment dynamics in the channel
network of a river delta system. In particular, this study investigates: (a) the partitioning
of the water and sediment fluxes (both coarse and fine sediment) among the distributary
channels; (b) the relationship between the sediment capturing efficiency in the distributary
channels and the channel geometric parameters; and (c) the long-term flow and sediment
dynamics in the channel network. The Wax Lake Delta (WLD), a river delta system in
coastal Louisiana, was identified as a suitable system to perform the analysis. The findings
of this study, however, are broadly applicable to other river-dominated deltaic systems.

2. Wax Lake Delta

Wax Lake Delta (WLD) is located approximately 32 km southwest of Morgan City,
LA, USA, at the downstream end of the Wax Lake Outlet (WLO) (Figure 1). The WLO, a
man-made waterway with a design discharge capacity of 12,000 m3/s, was constructed by
the US Army Corps of Engineers in 1941 primarily to reduce the flood stages at Morgan City
by diverting Atchafalaya River flow to the Gulf of Mexico. As a result of this water diver-
sion, fluvial sediment started depositing in the shallow Atchafalaya Bay (~2 m deep) [28]
and formed the initial sub-aqueous foundation of the delta. As sediment deposition con-
tinued over time, the delta began to prograde, and it became sub-aerial following the
large flood of 1973 (peak flow of 20,000 m3/s measured at Simmersport, LA, USA), which
brought significant amounts of sand from upstream sources and caused channel bed ero-
sion [29]. Since then, the delta has been growing actively and prograding towards the
Gulf of Mexico. Recent studies reveal that WLD has been gaining land at an approximate
rate of 1–3 km2/year during the past three decades [30,31]. The delta is characterized by
a network of bifurcating channels that elongate as the delta grows seaward; the primary
channels grew at rates of 60–80 m/year, and the remaining channels grew at 116 m/year
based on time series analysis of 33 aerial images between 1974 and 2016 [30].

The WLO receives 40–50% of the Atchafalaya River flow. Water and sediment
discharge vary seasonally with high discharge usually occurring between January and
June [29]. Based on the record from 1986 to 2014 at the USGS gauging station on the WLO
at Calumet Bridge, the annual average flow is 2520 m3/s. The minimum monthly flow
typically occurs during the month of September and is about 1270 m3/s, and the peak
monthly flow occurs during the month of April and is approximately 3640 m3/s. During
the high-flow season, the average velocities in the channel network are in the range of 2
to 2.5 m/s, whereas suspended sediment concentrations are 20 times higher than those
during the low-flow season [32]. Under normal conditions, tides and wind-driven waves in
the Atchafalaya Bay are typically mild. Tides are mixed diurnal with an average amplitude
of approximately 30 cm [32]. The significant wave height rarely exceeds 0.5 m [2,8].
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3. Methods
3.1. Numerical Model

Delft3D, a numerical modeling suite developed by Deltares [33], was used to set up
the process-based hydrodynamic and sediment transport model of WLD. Delft3D consists
of several dynamically coupled modules. The flow module simulates the hydrodynamics
on a rectangular or curvilinear finite difference grid by solving the unsteady shallow water
equations derived from the Navier Stokes equations for incompressible free surface flow in
2D or 3D [34]. Sediment transport and the resulting morphological changes are calculated
in each time step after the hydrodynamic calculation is completed, such that changes to
the topography and bathymetry within the computational grid are available to calculate
hydrodynamics in the next time step; that is, the hydrodynamic and sediment transport
and morphology calculations are internally coupled.

The morphology module computes sediment transport differently for coarse (≥64 µm)
and fine (<64 µm) sediment fractions, both of which are considered here. For coarse
sediments, the van Rijn [35–37] method, which computes both suspended and bed load
transport, is used. This method has been developed for and applied to both riverine and
coastal environments [11,35–38]. Fine sediments are transported as suspended load; the
erosion and deposition of fine sediment are based on the Partheniades–Krone formulation,
according to which the sediment flux to and from the bed are dependent on the ratios of
bed shear stress to user-defined critical shear stress values for erosion (Tcr,e) and deposition
(Tcr,d) [39]. If the bed shear stress is larger than the critical shear stress for deposition, no
sedimentation will occur. For further details on the model dynamics, the interested reader
is referred to [33].

3.2. Model Setup

The model domain encompasses the upstream WLO channel beginning slightly down-
stream of the Gulf Intracoastal Waterway (GIWW) intersection, the entire Wax Lake Delta
complex, upstream floodplains on each side of the main channel, and a portion of the Gulf
of Mexico (Figure 1). The computational mesh has a resolution ranging from 25 × 25 m
to 100 × 100 m, with higher resolution over the subaerial portion of the delta. The three-
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dimensional (3D) model consists of ten sigma-layers in the vertical direction with size
decreasing from 25% at the top to 1% at the channel bottom to adequately capture the
velocity gradient represented in the logarithmic vertical profile. The 3D model was used to
investigate the flow and sediment partitioning, and the sediment capture efficiency in the
distributary channels. For the 3D model simulations, a steady state setup was used. The
field observations available for the model calibration and validation were gathered for a
specific flow condition; one high-flow and one low-flow condition. Hence, the steady state
setup was adequate and consistent with the available field observations.

For computational efficiency, the morphology model was operated in 2D depth-
averaged mode and with coarser grid resolution. The 2D morphodynamic simulations
were performed in an unsteady mode, where a flow hydrograph was used at the Calumet
Bridge representing a 15-year record. The corresponding sediment load was calculated
using a rating curve.

The bathymetry assembled by the U.S. Army Corps of Engineers for the Lower
Atchafalaya system was used in this study [40]. The initial bathymetry of the model was
primarily derived from the 1998 USACE Lower Atchafalaya hydrographic survey combined
with Light Detection and Ranging (LiDAR) survey of the overbank areas. The bed level
is referenced with respect to the North American Vertical Datum 1988 (NAVD88). The
hydrodynamic and sediment transport model is driven by two boundaries: (1) the upstream
inflow boundary for water discharge and sediment concentration, and (2) the open water
tides (Figure 1). The field observations used in this study were obtained from [41–43]. For
the steady-state setup, the upstream discharge and corresponding sediment load were used
for the dates corresponding with the collection of the field observations. For the unsteady
simulations, the full 15-year hydrograph record and corresponding rating curves were
used for the water and sediment inflows, respectively. For the tidal records and due to
limitations in the availability of data, the Eugene Island station was used to represent the
open water conditions. It should be emphasized that this system is river-dominated (due
to the small tidal amplitude), and hence this approximation does not influence the overall
system dynamics, especially for the long-term morphological simulations.

Velocity and total suspended sediment measurements made in the WLD channels
during 2000–2001 formed the basis for the calibration and validation of the hydrodynamic
and sediment transport components of the model (Figure 1) [32]. Each measured transect
contains several sample points, and at each point, measurements of velocity and total
suspended sediment concentrations were taken at 0.05, 0.5, and 0.95 of the total depth [8,32].
The morphodynamic component was calibrated against the delta growth rate estimated by
recent studies [30,31,44].

The hydrodynamic model calibration was performed using an upstream boundary
discharge value of 4012 m3/s, which is the average discharge measured at the Calumet
gage during the high flow event (river flood) occurring 25–27 February 2001. It was
confirmed that the discharge measured at the Calumet Bridge accurately represents the
flow entering the WLD [42]. The open boundary was given a stage value of 0.296 m above
NAVD88, the average water level measured at the Atchafalaya Bay near the Eugene Island
gage for the same period. For the validation, the upstream discharge was 1150 m3/s
and the downstream open boundary stage was 0.17 m (NAVD88), which are average
measured values for the period 28–31 May 2000. The Chezy roughness value was the main
parameter used in the hydrodynamic calibration–validation process. Roughness values of
90 and 40 m1/2/s for channels and overbank, respectively, were found to give a reasonable
agreement. The model was then validated against the velocity measurements made during
the low flow event occurring on 28–31 May 2000.

Three sediment fractions were used in this model to represent both the suspended and
bed sediment load. The first fraction is fine sand (D50 = 100 µm) representing the coarse
sediment, and the remaining two fractions are silt (30 µm) and clay (1.25 µm) representing
fine sediment. USGS field observation at the WLO, Calumet, reveals that the suspended
sediment consists primarily of fine sediment (silt and clay particles, D50 < 64 µm). The
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upstream boundary for sediment transport, during the calibration period, was 58 mg/L
for sand, 225 mg/L for silt, and 163 mg/L for clay. Breakdown of silt (58%) and clay (42%)
in total suspended fine sediment was based on the fine sediment distribution rating curve
developed using historical observed sediment load and flow data [45]. For the model
validation, because there was no USGS suspended sediment measurement available at
the Calumet Station to define the upstream boundary for the validation period, sediment
rating curves were developed for both the total fine and sand suspended sediment using
the historical flow and sediment data (1998–2014) measured at this station. The equations
(Equations (1) and (2)) of the rating curves developed are:

Suspended Sand Load (tons/day) = a Q2 + b Q + c, (1)

where a = 9.7972 × 10−4; b = −1.8863; c = 9.1383 × 101 and Q is the upstream flow (m3/s).

Suspended Fine Load (tons/day) = AQB, (2)

where A = 0.2629; B = 1.5013, and Q is the upstream flow (m3/s).
Based on the sediment rating curves, upstream inflow sediment concentration of

0 mg/L for sand, 18 mg/L for silt, and 73 mg/L for clay was applied in conjunction with
flow and water level boundary conditions used in hydrodynamic validation. Due to low up-
stream flow (1150 m3/s), the rating curve dictated a zero-concentration value for suspended
sand during the validation period. The sediment transport calibration–validation process
focused on multiple parameters: critical shear stresses of erosion (Tcr,e); settling velocities
and sediment erosion rates for fine sediment in the Partheniades–Krone formulation; and
the grain size diameter (D50), and suspended and bed load multiplication factors in the
Van Rijn [35–37] coarse sediment formulation. Several sensitivity tests were performed to
identify the values of these parameters that resulted in optimal model performance, and the
ranges of values tested for sediment properties are presented in Table 1.

Table 1. The calibrated values of sediment properties.

Coarse Sediment

Class D50 (mm) Suspended Load Factor Bed Load Factor

Sand 100 (80–150) * 1.0 (0.5–2.0) 1.0 (0.5–2.0)

Fine Sediment

Class Settling Velocity (mm/s) Critical Shear Stress (Pa) Erosion Rate (km/m2/s)

Silt 0.1 (1.0–0.001) 1.3 (1.0–1.5) 1 × 10−4 (1 × 10−3–1 × 10−5)

Clay 0.001 (0.1–0.0001) 1.3 (1.0–1.5) 1 × 10−4 (1 × 10−3–1 × 10−5)
* Range of values tested for model sensitivity are presented in parenthesis.

The same three sediment fractions were used to define the stratigraphy layers of soil
in the morphology model. Sediment vibracores taken at WLD show that sand occupies 67%
of the total thickness of the delta deposits [29]. The WLD is a depositional system like other
river deltas. However, the channel network shows systematic widening and erosion into
bedrock composed of consolidated mud [44]. The initial bed compositions were designed
based on this information and consist of two uniformly mixed layers. Marsh areas (above
−1.0 m NAVD88) of the islands were considered as “marsh soil” and were parameterized
with a critical shear stress for erosion of 1.5 Pa in the model setup. Below −1.0 m NAVD88,
the soil was characterized as consolidated clay in the model setup. Based on the degree of
compaction, this material was assigned a critical shear stress for erosion of 4 Pa to represent
the erosion-resistant consolidated mud. Most of the distributary channels have a bed level
below −1.0 m, and so were assigned to consolidated clay down to −10 m NAVD88. Below
the consolidated clay layer was the sand layer, with a thickness of 25 m.
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The depth-averaged model was calibrated and validated using the same dataset
described above. To gain computational speed, a time dilation and Morphological Ac-
celeration Factor (MORFAC) technique was used for long-term morphodynamic simu-
lations [34,46]. Time dilation was achieved by approximating each day as 24 min of
simulation and the resulting morphological change in sediment fluxes for each time step
was multiplied by a MORFAC value of 60. This value was selected based on previous
studies [46,47], in addition to sensitivity tests that were performed using a simplified model
with similar grid resolution and flow conditions to confirm that the acceleration factor did
not produce significant bias in results. A statistical parameter Brier Skill Score (BSS) was
used for assessment of the acceleration factors from 1 to 180 (Figure 2). The BSS between
the reference simulation (MORFAC = 1) and a simulation with MORFAC > 1 higher than 0.8
is considered to be excellent to capture the morphological changes in complex engineering
model application [48].

Brier Skill Score (BSS) = 1 −

(
zb − zb,m f 1)2(
z1 − zb,m f 1)2

zb = f inal bed level predicted by the simulation with MORFAC > 1

zb,m f 1 = f inal bed level predicted by the benchmark simulation with MORFAC = 1

z1 = Initial bed level
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4. Results
4.1. Model Calibration and Validation

Steady-state 3D model: The simulated vertical velocity profiles compare well with the
field observations (see Figures 3–7). Similarly, comparison of the simulated and observed
suspended sediment concentration at each sample point of the available transects were
made for both the 3D and 2D models (see example in Figure 8). It should be also noted
that additional calibration and validation of the hydrodynamic component of this model
under unsteady conditions have been performed and showed good comparison with field
observations [49]. Further, additional comparisons between modeled and measured water
level, discharge, and velocity are included in Appendix A.
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Morphodynamic 2D model: Figure 9 shows the comparison of the simulated and
observed [30] trendline of the delta growth. It should be noted that the large annual
variabilities in the observations stem from the prevailing water surface elevation during
the time of recording the aerial images. These large annual variabilities add uncertainty
to the exact trend line that should represent the average annual deltaic growth. Over
the 15 years, the model predicts an average growth rate of 1.9 km2/year (above 0 m
NAVD88), whereas the remote sensing analysis study estimated an average growth rate of
1 km2/year. Other studies showed that the subaqueous delta planform grew at a rate of
approximately 1.72 km2/year between 1974 and 2016, and the subaerial part of the delta
grew at the same rate but slowed down after about 1999 [31]. It is plausible that these
estimated growth rates are higher than the time series analysis of the aerial imagery due
to uncertainties in capturing some processes, e.g., sediment redistribution by waves, and
accurate representation of subsidence. Therefore, the land growth rate, calculated based on
the subaerial part (above 0 m NAVD88) of the delta, might be overestimated by the models.
Despite these uncertainties, the estimated growth rate is reasonable.
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Figure 9. Land change trends for Wax Lake Delta (in km2). The model predicted delta areas are
represented by black circles and the delta growth trend line is represented by black dashed lines.
Observed delta area is represented by grey circles and the trend line is represented by solid grey line.

The simulated landscape illustrates the growth of WLD and the cumulative erosion
and deposition pattern from 1998 to 2012 (Figure 10). The model results show that the delta
prograded seaward with island aggradation and channel elongation. The model is able to
reproduce the approximate radial symmetric depositional pattern of the prototype WLD. The
modeling results in an estimated seaward progradation rate of 0.23 km/year for the period
1998–2012 (radial distance of shoreline from the delta apex), which agrees well with, albeit
slightly lower than, the observed progradation rate of 0.27 km/year (NCED, 2010) [50].
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4.2. Flow and Sediment Partitioning in the Channel Networks during Flood Event

Understanding the dynamics of water and sediment distribution in the delta channel
network is important because it influences the morphology of the delta. To gain insights
into this, the proportions of water and sediment fluxes through the distributary channels
were investigated using the calibrated 3D model results for the river flood event. The
flow and sediment distributions are shown in Figure 11. At the first bifurcation (i.e.,
channels A and B), the flow and sediment splits with a large asymmetry. Flow and
sediment proportions are higher in the channels flowing on the eastern side (Gadwall,
Main, Greg, Pintail, and East Passes) of the delta compared to the channels on the western
side (Campground and Mallard Passes). Approximately 20% of the flow and total sediment
fluxes are discharged to the western channels and the remaining 80% to eastern channels.
Fine sediment is distributed nearly uniformly within a channel cross-section. Thus, the fine
sediment (mud) distribution in percentage is consistent with water fluxes throughout the
channel network. The sand distribution percentage, on the other hand, is different from the
water distribution among the channels. The channel orientation and geometry (especially
depth) influences the sand distribution among the various channels [7,10]. Further, there is
significant decrease in the sand transport capacity as the flow progresses down the delta
and hence significant proportions of sand loads are deposited in the channels.

At the initial bifurcations of the eastern side (i.e., 1, 2, 3 and 4), flow loss from the channels
to the islands is small (~5%). However, the loss in flow increases progressively in the seaward
direction. Approximately 47% of the flow exits the system as channelized flow and the
remaining 53% flows over the islands. Hiatt and Passalacqua [22] recently found that in WLD,
23–54% of the incoming distributary channel flow crosses over the islands via secondary
channels and overbank flow. Their estimates were based on the field measurement at the
upstream and downstream end of Gadwall and Main Passes during an average flow condition
(3344 m3/s at Calumet Station). Our modeling results are in agreement with their results,
because 55 and 65% of the incoming flow at Main Pass and Gadwall Pass, respectively, are
conveyed to the islands during a river flood event (4000 m3/s at Calumet Station). Significant
flow exchange occurs mainly at the distal portion of the delta complex where vegetation is
thin and levees are subaqueous, whereas losses are relatively small in the upper portion of
the channel–island complex due to limited exchange between the primary channel and island
interior. Our experiments support the significant hydrological connections between channels
and islands, and connections are more pronounced further downstream at the subaqueous
part of the delta. The numerical model also provides quantitative information for all the
existing islands and channels of the delta.
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4.3. Channel Morphology

The 2D model results demonstrate the morphological development in the WLD
distributary channels during 1998–2012. Longitudinal transects (Figure 12b–f) shows that
the distributary channels in general have become deeper over time due to erosion. The
erosion is at a maximum near the delta apex and decreases downstream. The model
result suggests that the distributary channels become depositional approximately 6–8 km
downstream of the apex. However, the extent and magnitude of erosion varies among
channels. Shaw et al. [41] presented a similar trend in WLD channel morphology. Their
findings were based on comparison between bathymetric transects from 1999 and pre-delta
bathymetry from 1935.
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Figure 12. Simulated morphological changes in the Wax Lake Delta Channels over 15-year period
(1998–2012). (a) Aerial map showing location of longitudinal and cross-section transects. (b–f) Lon-
gitudinal transects for five distributary channels. Distances are with respect to the delta apex.
(g1–g2,h1–h2) Transects passing through islands and channels showing channel incision, channel
narrowing due to edge accretion, and island aggradation after 15 years.

Figure 12g,h shows two cross-section profiles—transects g1–g2 and h1–h2 at radial
distances of approximately 4 and 7 km, respectively, from the delta apex, passing through
several islands and channels. The transects show that although the islands have aggraded
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over time, the distributary channels have incised and become narrower due to accretion
near the channel banks. Aerial images between 1991 and 2009 showed that some channels
narrowed over time, but there was a net widening of channels during this period [41]. The
Delft3D model presented herein does not account for channel bank movements caused
by significant erosion into the adjacent cells. This might explain why the model did not
show widening of the channels, even when significant erosion develops into adjacent cells.
However, development of advanced Delft3D schemes addressing bank line migration is in
progress [51,52], and can be included in subsequent studies.

4.4. Impact of Distributary Channel Geometry in Water and Sediment Distribution

To investigate the sediment capturing efficiency in each distributary channel, the
Sediment Water Ratio (SWR) [53] was calculated for both the coarse and fine sediment
with respect to the sediment load and flow at the delta apex during the river flood event
(Table 2). This ratio is defined as

SWR =
Sediment Load entering the distriburaty channel/Sediment Load at the Delta Apex

Flow entering the distributary channel/Flow at the Delta Apex
.

Table 2. Flow and sediment distribution in the WLD channels during river flood.

Channels Flow (m3/s) Sand (M.tons/d) Fines (M.tons/d) SWR (Sand) SWR (Fines)

Delta Apex 3900 188,670 15,330
A 330 14,670 380 0.3 0.97
B 3570 176,380 14,480 1.03 1.02

1 (Mallard) 450 21,050 570 0.32 1.02
2 1650 82,000 6290 0.97 1.03
3 700 33,340 1910 0.7 1.01

4 (East) 570 25,480 710 0.32 0.98
5 (Gadwall) 860 40,860 1340 0.39 1.03

6 (Main) 630 29,340 760 0.31 1.02
7 (Gregg) 420 18,860 290 0.2 0.99
8 (Pintail) 280 12,570 190 0.2 0.99

It can also be simply defined as the ratio of the average sediment concentration in the
distributary channel to the average sediment concentration at the delta apex. The SWR for
fine sediment (silt and clay) was close to unity in all the distributary channels.

The impact of the distributary channel geometry on the sediment capturing efficiency
was investigated by plotting the SWR against the capacity of the channel (ratio of flow at
channel (QD) and delta apex (QA)) and depth (ratio of channel depth (YD) and depth at
delta apex (YA)), as shown in Figure 13.
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4.5. Long Term Flow and Sediment Dynamics in the Channel Networks

The flow and sediment distribution in the WLD channels were investigated over a
15-year period (1998–2012 hydrographs). Focus was given to the distributary channels 1,
2, 3, and 4 (see Figure 11 for channel location) as the primary distributors of the network.
The proportions were calculated by calculating the annual flow and sediment fluxes for
the individual channel with respect to the value at the delta apex. The results show an
equilibrium flow and sediment distribution for channels 1 and 2 over the 15-year period.
For the same period, channel 3 shows a somewhat increasing trend, whereas channel
4 shows a decreasing trend in capturing flow and sediment. To further investigate the
long-term dynamics and examine if these trends would continue over time, or if there
would be re-distribution of the modeled flow and sediment partitioning among these
channels, the numerical simulation was continued for an additional 15 years (2013–2027)
while repeating the same hydrographs of 1998–2012 as boundary conditions. The 30-year
results show that all four channels approached a state of dynamic equilibrium for flow and
sediment distribution in the delta network within the last 15-year period (Figure 14).
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Generally, delta bifurcations, which are in equilibrium configuration, do not change
over a significant period of morphological time scales [54], where the morphological time
scale (Tm) is defined as:

Tm =
WD

qs

W is average width (m), D is average depth (m), and qs is the sediment transport
rate per unit width of the channel upstream of the bifurcation. The morphological time
scale (Tm) can be also considered as the duration over which an amount of sediment
transported through the cross-section would be sufficient to fill that cross-section. To
generalize the morphological time for all distributary channels, a non-dimensional time
scale was calculated based on [55].

TND =
T

Tm
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where T is total time elapsed and TND is the non-dimensional time.
The WLD bifurcations are considered to be in equilibrium because the change in dis-

charge ratio at the bifurcation is no more than 1% for the non-dimensional time calculated
over the last 15 years of the 30-year simulation. Analysis for different flow conditions, such
as the usual flow rates and the flow rates reduced by 50%, also shows that the discharge
ratio at the bifurcation did not change more than 1% over the non-dimensional timescales
in last 15 years (Figure 15). Therefore, when a deltaic channel network has stable bifur-
cations, the delta system adjusts to change in flow conditions to maintain its equilibrium
configuration in the long term.
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5. Discussion

The 3D steady-state model shows that there is a large asymmetry in flow and sediment
distribution between the eastern side and the western side of the delta. Flow and sediment
proportions are much higher in the channels flowing on the eastern side (80%) of the
delta compared to the channels on the western side (20%). The length and slope of the
channels were key factors controlling the sediment and water distribution. The channels
are shorter on the eastern side compared to those on the western side. As a result, the
overall landscape slope is steeper on the eastern side, which resulted in more water and
sediment being conveyed through this side. Further, the channel depths are different across
the distributary channels. The steeper slope of the individual channel allows more flow
through the channel with higher stream power. These dynamics cause channel erosion and
create a relatively deep distribution channel [56].

As shown in Table 2, the fine sediment concentration of the diverted water in all the
channels is similar to the concentration in the upstream delta apex. However, the SWR for
sand varies among the channels, and this is mainly attributable to the varying size and
depth of these naturally formed channels. Further, as shown in Figure 13, the SWR for
sand shows a positive trend with the increase in relative capacity and relative depth of the
distributary channel. This shows, as discussed above, that the size and the depth of the
distributary channel are factors that influence the sand distribution among the channels
and hence also the sand capturing efficiency. It should be noted that the authors did not
have access to sediment concentrations in the overbank areas. Hence, we focused our
calibration and analysis on the sediment behavior in the distributary channels. In future
analysis, including the overbank sediment trend should be incorporated [57].

At the spatial scale of the full delta, it is important for predictive tools to provide a
reasonable estimate of the overall size (footprint) of the deltaic growth (shown in Figure 10).
This is particularly important for models used to evaluate the viability of restoration
projects. For example, in Louisiana, sediment diversions off the Mississippi River are
considered as a restoration strategy to create land in the outfall area. Numerical models
are used to provide estimates of the footprint of the delta created by these diversions. An
analogue such as the Wax Lake Delta studied here presents an opportunity to evaluate
the ability of these morphodynamic models to provide reasonable estimates of the deltaic
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growth. The level of agreement shown in Figure 9 appears to provide confirmation that
these models can be used as reliable tools for the analysis.

Further, the proportions of flow and sediment in distributary channels can vary
over time in response to deltaic growth and morphologic changes in the distributary
channels [58,59]. Thus, spatial distribution of flow and sediment can vary over time, which
will affect the overall delta morphology. The frequency or the timeline of the change in
flow and sediment dynamics in the channels are still unknown.

There are both local and regional effects that control the balance of water and sediment
in the distributary channels and help maintain the dynamic equilibrium of the delta [58–60].
The regional effects are largely dependent on the available upstream water and sediment
loading and the water surface slope among the channels. During high flow, the delta is
often inundated, and flow exchange occurs between channels and islands. As a result,
sediment and nutrients are distributed over the entire delta. By comparison, during low
discharge, flow is mostly confined in channels and the distribution depends on water sur-
face slope, plus flow direction, i.e., flood versus ebb tide dominance. This toggle between
high and low flow periods, along with the associated variability in water and sediment
capture, has a stabilizing effect by preventing predominant growth of a given channel [61].
The upstream flow of the WLD is controlled based on the flow split at the old river con-
trol structure and has been unaltered since the corps of engineers constructed the channel.
Historical data of the distributary channel cross-sections, including satellite images of the
WLD, show that the depth and width of the channels have adjusted to maintain the channel
carrying capacity, and most bifurcations have been in place and active between 1984 and 2017
(https://earthobservatory.nasa.gov/world-of-change/WaxLake, accessed on 10 May 2021).
Hence, the WLD is considered to be in a relative state of dynamic equilibrium.

6. Conclusions

Two numerical models were developed for the Wax Lake Delta, Louisiana, USA;
a 3D steady-state hydrodynamic and sediment transport model, and a depth-averaged
unsteady morphodynamic model, both of which were calibrated and validated against field
observations. The three-dimensional hydrodynamic and sediment transport model was
used to provide insights into water and sediment distribution among the interconnected
distributary channels under two flow conditions, one high-flow and one low-flow. The
3D model result shows that the length and slope of individual channels were key factors
controlling the sediment and water distribution. Therefore, the shorter channels on the
eastern side compared to those on the western side, along with the overall landscape slope,
resulted in larger water and sediment being conveyed through the eastern side. Further,
47% of the flow exits the system as channelized flow and the remaining 53% crosses
over the islands. The significant amount of water flowing as overbank flow provides a
significant opportunity for sediment deposition, and offers insight into the ability of the
Wax Lake to continue to prograde and grow during the past few decades. The Sediment
Water Ratio (SWR) for both sand and fine sediment was also calculated using the 3D
model to investigate the sediment capturing efficiency of the distributary channels. The
SWR for sand varied among the channels due to varying geometric attributes of the
channels, whereas the SWR for fine sediment (silt and clay) was found to be consistent and
approximately unity in all the distributary channels. This confirms that the distribution of
fine sediment through bifurcating channels is relative to incoming flow and fine material
hydrograph at the delta apex.

The approximately circular symmetric depositional pattern of the prototype WLD was
well reproduced by the depth-averaged morphodynamic model for the 15-year period from
1998–2012. The model results show an average growth rate of 1.9 km2/year for the 15-year
period, which is comparable to estimates of the actual delta growth. Furthermore, longer
term flow and sediment distribution analysis in the distributary channels demonstrates that
the WLD is in a dynamic equilibrium. The sustained flow and sediment upstream supply,
in addition to the directional change of flow and sediment captured among channels for

https://earthobservatory.nasa.gov/world-of-change/WaxLake
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various flow conditions, have a stabilizing effect on the delta morphodynamics and help
maintain the long-term equilibrium configuration.
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Appendix A 

This appendix provides additional comparisons between modeled and measured 

water level, discharge, and velocities.  
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