
1. Introduction
The morphologies of river deltas are built by the complex feedbacks between the way fluvially transported materi-
als get distributed throughout the delta plain and the way the resulting landforms subsequently steer flows of matter 
(Edmonds et al., 2021). In general, water is the driving force controlling the transport of geomorphic building 
blocks like sediments, nutrients, biotic materials, and other fluvial inputs throughout distributary systems. Hydro-
logical connectivity, or the water-mediated transport of matter and energy between different landscape elements 
(Amoros & Bornette, 2002; Wohl et al., 2019), has been shown to be an important control on deltaic processes. 
In the Wax Lake Delta (WLD, Figure 1), for example, many studies have attempted to quantify the partition-
ing of water between distributary channels and between channels and interdistributary islands. Channel-island 
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transport pathways that differ from the mean flow. Here, we present a novel reduced-complexity modeling 
approach for simulating the patterns of transport of a diverse range of suspended fluvial inputs influenced by 
vertical stratification and topographic steering. We utilize a mixed Eulerian-Lagrangian modeling approach 
to estimate the patterns of nourishment and connectivity in the Wax Lake and Atchafalaya Deltas in coastal 
Louisiana. Using the reduced-complexity particle routing model dorado, in conjunction with a calibrated 
ANUGA hydrodynamic model, we quantify how transport patterns in each system change as a function of a 
material's Rouse number and environmental conditions. We find that even small changes to local topographic 
steering lead to emergent system-scale changes in patterns of fluvial nourishment, with greater channel-island 
connectivity for positively buoyant materials than negatively buoyant materials, hydraulically sorting different 
materials in space. We also find that the nourishment patterns of some materials are more sensitive than 
others to changes in discharge, tidal conditions, and anthropogenic dredging. Our results have important 
implications for understanding the eco-geomorphic evolution of deltas, and our modeling framework could 
have interdisciplinary implications for studying the transport of materials in other systems, including sediments, 
nutrients, wood, plastics, and biotic materials.

Plain Language Summary River deltas are complex and important landscapes and the way they 
build land and function depends on how flows of water, sediment, floating vegetation, and other materials get 
distributed among different channels and wetlands. In addition, deltas are important destinations for pollutants 
of interest like plastics and oils. While we have an increasingly good understanding of how water flows through 
deltas, it remains hard to estimate the transport pathways of other materials suspended in the water. One 
important reason for this is that many materials are more or less dense than water, so they tend to concentrate 
either at the greatest depths (like sediments) or at the water surface (like plastics), which can affect how they 
flow downstream and can be hard to model in a generalizable way. In this study, we use the particle-routing 
model dorado to simulate the flows of many different kinds of materials using the same modeling framework, 
which we apply to two river deltas in coastal Louisiana. We compare how patterns of transport change as a 
function of material, discharge, and tidal conditions. We discuss how these transport patterns differ from those 
of water and each other, with important implications for how these landscapes evolve.
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connectivity is known to be substantial in this system, with an estimated 23%–59% of the total fraction of input 
water flow entering interdistributary islands before being discharged into the bay (Christensen et al., 2020; Hiatt 
& Passalacqua, 2015, 2017; Liang, Geleynse, et al., 2015; Shaw et al., 2016). Connectivity is thought to increase 
during the flood season, but is present even at low-to-median flows (Hiatt & Passalacqua, 2015), and is generally 
controlled by channel geometry, vegetated roughness (Hiatt & Passalacqua, 2017; Olliver & Edmonds, 2021; 
Olliver et al., 2020), and vegetation spatial patterns (Wright et al., 2018). This influx of water is certain to bring 
with it other materials that help islands aggrade and influence ecosystem function, but translating estimates of 
hydrological connectivity into fluxes of nonwater materials remains poorly constrained and little understood.

Generally speaking, there is good reason to suspect that the transport patterns of other materials might differ from 
that of water. For example, most fluvially transported materials tend to have nonuniform concentration-depth 
profiles due to vertical stratification. Because light and heavy materials tend to concentrate at different heights in 
the water column (Brush & Lucien, 1965; De Leeuw et al., 2020; Repasch et al., 2022; Slingerland, 1984), this 
implies that some materials may be more sensitive than others to topographic steering at bifurcations (Edmonds 
& Slingerland, 2008) or more likely to overtop submerged island levees. This “hydraulic sorting” mechanism 
may create asymmetries in the way water and geomorphic building blocks like sediment and biota (seeds, float-
ing vegetation, and large wood) are partitioned within distributary networks (e.g., Wagner & Mohrig,  2019) 
and between channels and interdistributary islands, leading to differential patterns in their deposits. Persistent 
spatial gradients between sediment and biotic materials could influence system processes, including vegetation 
colonization (Chambert & James, 2009), channel migration and reorganization (Lauzon & Murray, 2022), island 
aggradation (Ma et al., 2018; Wagner et al., 2017), and patterns of water and sediment connectivity (Hiatt & 
Passalacqua, 2015; Olliver & Edmonds, 2021). In addition to these core building blocks for deltaic deposits, 
many other fluvially transported materials of scientific interest make their way through river deltas. Some of 
these materials may affect deltaic morphology, such as ice (Forbes & Taylor, 1994; Lauzon et al., 2019; Piliouras 
et al., 2021) or nutrients (Hiatt et al., 2018; Knights et al., 2020), but many others are of interest for reasons relat-
ing to contaminant fate and transport (Atwood et al., 2019; Lebreton et al., 2017), ecology (Glenn et al., 2001), 
or carbon budgeting (Repasch et al., 2022; Shields et al., 2017; Torres et al., 2020).

Very little is known about how these other materials are partitioned through river deltas because it can be hard to 
quantify magnitudes of nonwater fluxes. These estimates rely on first developing accurate water budgets, which 
require either extensive field campaigns (e.g., Dong et al., 2020; Hiatt & Passalacqua, 2015), well-calibrated 
hydrodynamic models (e.g., de Brye et al., 2011; Hiatt, 2016; Sassi et al., 2011), or remote-sensing based proxy 

Figure 1. The Wax Lake Delta and Atchafalaya Delta distributary systems in coastal Louisiana. Apex locations used to seed 
particles are indicated with white stars. False color imagery taken by Landsat 9 OLI in December 2021, courtesy of USGS.
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estimates (e.g., Dong et al., 2020). These water budgets can be a challenge on their own, particularly due to changes 
in discharge associated with short-term environmental conditions or long-term flux reorganization (Edmonds & 
Slingerland, 2008). Furthermore, it can be difficult to quantify fluxes of near-bed materials because those areas 
are less accessible with typical remote sensing or field-based measurements (Dong et al., 2020), and some mate-
rials are transported too infrequently to obtain good estimates of their magnitude. Due to the absence of this infor-
mation, many studies either assume that nonwater fluxes are proportional to water partitioning (e.g., Whaling & 
Shaw, 2020) or assume that observations from the uppermost section of the water column are applicable over the 
full depth (e.g., Atwood et al., 2019; Jensen et al., 2019; Walker & Hammack, 2000; Van Sebille et al., 2020), the 
accuracy of which is uncertain. Numerical modeling has proven to be a useful approach to fill in these knowl-
edge gaps. Many studies have applied morphodynamic models to deltaic settings to quantify the partitioning of 
sediments in distributary networks (e.g., Edmonds & Slingerland, 2008; Hanegan & Georgiou, 2015; Olliver & 
Edmonds, 2021; Olliver et al., 2020). Other models have been developed to study the transport of drifters like 
wood (Persi et al., 2019; Mazzorana et al., 2011), oils (Dagestad et al., 2018; Röhrs et al., 2018), and plastics 
(Atwood et al., 2019), although very few of these models have been applied specifically to deltaic environments. 
However, none of these models are applicable to all fluvial materials, and comparing material transport between 
models is likely influenced by differences in modeling choices and assumptions (Baar et al., 2019). This makes it 
hard to assess the accuracy of using water partitioning as a proxy for nonwater materials in a generalizable way.

In the present study, we model the first-order spatial patterns of deltaic nourishment for a wide range of fluvially 
transported materials influenced by differential topographic steering. We utilize a reduced-complexity approach 
inspired by the cellular morphodynamic model DeltaRCM (Liang, Voller, & Paola, 2015; Moodie et al., 2021) 
to model multiple materials within a single modeling framework, adapted into a mixed Eulerian-Lagrangian 
approach using the passive particle tracking model dorado (Hariharan et al., 2020). First, we summarize back-
ground information on the causes of hydraulic sorting and our modeling methodology. We then use dorado to 
compare the patterns of transport and connectivity for a variety of fluvially transported materials in the WLD and 
Atchafalaya Delta (ATD) systems in coastal Louisiana, USA. We perform particle-tracking simulations on top of 
hydrodynamic simulations that together span a range of material parameters, discharge, and tidal conditions, in 
order to compare the partitioning of fluxes and connectivity through each delta complex. We develop a simple 
conceptual model to map from the material parameters used in DeltaRCM and dorado to physical properties 
of materials based on Rouse sediment-suspension theory. Finally, we discuss how these results fit together with 
prior research in the Atchafalaya region.

2. Background
2.1. Vertical Stratification, Topographic Steering, and Hydraulic Sorting

All materials that are positively or negatively buoyant in water are subject to local stratification in the water 
column, leading to a nonuniform concentration profile with depth. It has been understood for many decades that 
this process can lead to the segregation or “sorting” of sediments by grain size during hydraulic transport (Brush 
& Lucien, 1965; Slingerland, 1984), especially in combination with differential entrainment and granular sorting 
processes. The vertical stratification of particulates can be described as a balance between gravitational settling 
and turbulent mixing (Van Rijn et al., 1993), and the shape of the resulting concentration profile is often described 
using Rouse-Vanoni theory (Rouse, 1937; Vanoni, 1946). A simplified 1-D model for this can be written as a 
diffusion equation using Fick's law as follows:

𝜔𝜔𝑠𝑠𝐶𝐶(𝑧𝑧) + 𝜀𝜀𝑠𝑠
𝜕𝜕𝐶𝐶(𝑧𝑧)

𝜕𝜕𝑧𝑧
= 0 (1)

in which ωs is the particle settling velocity (which can be negative), C(z) is the concentration at height z above the 
bed, and ɛs is the eddy diffusivity or mixing coefficient. Choices for the functional form of ɛs vary in the literature 
depending on the application, but two common forms that have been used assume that it is either (a) constant over 
the full depth or (b) parabolic with the highest mixing at half the water depth (Van Rijn et al., 1993). Each of these 
choices leads to a different solution to this equation, which can be written as follows:

𝐶𝐶0(𝑧𝑧) = 𝐶𝐶𝑎𝑎 exp

(

−
𝛼𝛼𝛼𝛼[𝑧𝑧 − 𝑎𝑎]

ℎ

)

 (2)
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𝐶𝐶2(𝑧𝑧) = 𝐶𝐶𝑎𝑎

(

ℎ − 𝑧𝑧

𝑧𝑧

𝑎𝑎

ℎ − 𝑎𝑎

)𝑅𝑅

 (3)

in which h is the water depth, Ca is the reference concentration at some height a, and the coefficient α ≈ 6. The 
Rouse or suspension number is defined as R = ωs/βκu*, in which u* is the shear velocity, κ ≈ 0.41 is the von 
Kármán constant, and β is a dimensionless coefficient that accounts for differences in the diffusivity of momen-
tum and sediment, which we assume to be unity. The indices 0 and 2 indicate the Rouse profiles derived using the 
0th-order (constant) and 2nd-order (parabolic) diffusivity, respectively.

It is worth noting that each of these equations (and their underlying assumptions) are symmetric about the z-axis 
and can describe negatively and positively buoyant materials alike. Rouse profiles have been used extensively 
to describe the concentration of negatively buoyant sediment grains (e.g., Camenen & Larson, 2008; De Leeuw 
et al., 2020; Esposito et al., 2017; Lamb et al., 2008, 2020; Van Rijn et al., 1993). Likewise, similar or identical 
models have been derived for the concentration profiles of positively buoyant materials, including oil (Röhrs 
et  al.,  2018), fish eggs (Sundby,  1983), frazil ice (Svensson & Omstedt,  1998), and plastic debris (Cowger 
et  al.,  2021; Kooi et  al.,  2016; Kukulka et  al.,  2012; Waldschläger et  al.,  2022). Traditionally the power-law 
model has been more common in sediment transport applications and the exponential model more common for 
use with floating materials in the marine environment, but in each case there have been exceptions (e.g., Camenen 
& Larson, 2008; Cowger et al., 2021). Regardless of whether the exponential or power-law form of the model is 
chosen, the shape of the resulting concentration profile is similar.

In river deltaic settings, fluvial inputs of any of the aforementioned materials may be scientifically relevant. 
Aside from sediments, other common types of negatively buoyant materials may include biogenic particulate 
organic carbon or POC (Bouchez et  al.,  2014; Repasch et  al.,  2022), dense large wood (Wohl,  2013), some 
plastics (Cowger et al., 2021; Kane & Clare, 2019; Waldschläger et al., 2022), and smaller particulates that have 
flocculated into larger aggregates (Lamb et al., 2020). Because these materials concentrate near the bed, their 
transport is more sensitive to topographic steering at bifurcations (Edmonds & Slingerland,  2008) and more 
inclined to follow topographic lows in the landscape (Liang, Voller, & Paola, 2015), leading to higher concen-
trations in the channel thalweg (DuMars, 2002). Positively buoyant materials, on the other hand, are relatively 
shielded from the influence of the bed and would have a greater propensity than sinking materials to overtop 
submerged channel levees. In addition, due to environmental effects like wind and waves, buoyant materials 
likely have increased dispersion in their flow paths relative to the mean flux of water (Reed et al., 1994), which 
also suggests that changing environmental conditions may not affect the transport trajectories of all types of mate-
rials equally. Common types of positively buoyant materials in river deltas can include macroalgae (Messyasz 
et al., 2018; Thiel & Gutow, 2004), light large wood (Le Lay et al., 2013; Wohl, 2013), mineral and biogenic oils 
(Ayoub et al., 2018; Cathcart et al., 2020; De Laurentiis et al., 2020; Reed et al., 1994; Röhrs et al., 2018; Shaw 
et al., 2016), many juvenile organisms (e.g., seeds, larvae, and eggs) (Chambert & James, 2009; Sundby, 1983; 
Thiel & Gutow, 2005), frazil ice (Svensson & Omstedt, 1998), most plastics (Atwood et  al.,  2019; Lebreton 
et al., 2017; Van Sebille et al., 2020), and floating vascular vegetation (Thiel & Gutow, 2004).

The relevant idea to underscore here is that vertical segregation of material in the water column, when combined 
with topographic steering, can subsequently influence horizontal transport (Chambert & James, 2009; Repasch 
et al., 2022; Slingerland, 1984). Particulates concentrated near the top or bottom of the water column have a 
different relative likelihood to make the jump over obstacles in the flow path, such as submerged levees or vege-
tation (Figure 2), resulting in different patterns of connectivity. In river deltas with very small water surface gradi-
ents, ∇� ≈ 

(

10−5
)

 , hydraulic sorting may be a particularly important control on the resulting material deposits.

2.2. The Reduced-Complexity Approach of DeltaRCM

Even though all fluvial inputs are subject to many of the same physical processes during transport, numerical 
models are rarely designed to handle more than one category of material at a time. Additionally, most large-scale 
model applications rely on implementations of the depth-averaged (2D) shallow water equations due to their good 
performance and ease of implementation, which makes it challenging to simulate the (ostensibly 3D) transport 
processes directly.
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One possibility is to make use of a reduced-complexity approach, in which the complex physics of all of these 
materials can be simplified into a single rule-based framework. This is the approach used by the cellular morpho-
dynamic model DeltaRCM (Liang, Voller, & Paola, 2015; Moodie et al., 2021), which routes water and two types 
of sediment using similar transport rules. Aside from the morphodynamic component that deposits/reentrains 
sediment, the only difference in the way DeltaRCM routes water, mud, and sand is the choice of a parameter, θ, 
which represents the strength of topographic steering on parcels of each material. Numerous studies have shown 
that DeltaRCM successfully builds realistic deltas despite its simplified physics (Liang, Voller, & Paola, 2015, 
Liang, Van Dyk, & Passalacqua, 2016), and various versions of it have been used to model delta morphodynam-
ics under the influence of vegetation (Lauzon & Murray, 2018, 2022), permafrost (Lauzon et al., 2019; Piliouras 
et al., 2021), and subsidence (Liang, Kim, & Passalacqua, 2016; Moodie & Passalacqua, 2021). FlowRCM (the 
water routing module of the code) has been tested against full-physics hydrodynamic models like Delft3D, and 
has been shown to accurately reproduce flux partitioning and connectivity in the WLD to within a few percent 
(Liang, Geleynse, et al., 2015).

2.3. Passive Lagrangian Particle Transport With dorado

Recently, the same random walk methodology of DeltaRCM was adopted and repackaged into the fully passive 
Lagrangian particle-routing model dorado for use with flow fields from more accurate full-scale hydrody-
namic models (Hariharan et al., 2020). dorado's mixed Eulerian-Lagrangian approach has multiple advantages. 
First, the use of more physics-based hydrodynamic flow fields likely further reduces the errors that do exist 
in FlowRCM, including issues reproducing realistic water surface elevations and gradients (Liang, Geleynse, 
et al., 2015). Second, it allows for the transport rules of DeltaRCM to be directly applied to models of real 
landscapes. Finally, the Lagrangian framework is ideal for studying patterns and timescales of material transport 
(Doyle & Ensign, 2009) compared to more traditional Eulerian models, and the mixed approach achieves this 
without sacrificing the accuracy and computational efficiency of the Eulerian model. dorado has been success-
fully used to study the timescales of fluvial transport in river-floodplain systems (Tull et al., 2022) but has yet to 
be used to analyze spatial patterns of transport for different materials.

dorado utilizes a weighted random walk methodology (Pearson, 1905) to route passive particles in a Lagran-
gian framework, in which transport of particles (or parcels) is modeled as a stochastic Markovian process. 

Figure 2. Conceptual schematic demonstrating the connection between vertical stratification, topographic steering, and the 
resulting sorting of materials in space. Particles of different buoyancy are shown at three different heights in the water column 
(vertical stratification), which leads to a different influence of topographic gradients and barriers on horizontal transport 
(topographic steering), as indicated by differences in the routing angles. In this schematic, positively buoyant particles are 
more likely to overtop the submerged island levee and enter the island interior, whereas negatively buoyant particles are more 
likely to concentrate near the channel thalweg.
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Particles are routed on a Cartesian grid using the eight-neighbor “D8” method (O’Callaghan & Mark, 1984), 
with a physics-based reduced-complexity approach similar to other agent-based or cellular models (Doyle & 
Ensign, 2009; Mazzorana et al., 2011; Murray & Paola, 2003). At each step, the local routing weights in each 
direction are computed as a function of flow inertial components and the water surface gradient, using the same 
methodology as DeltaRCM. Here, we provide a brief overview of this methodology, but more thorough descrip-
tions can be found in Hariharan et al. (2020) and the dorado documentation, as well as in Liang, Voller, and 
Paola (2015).

Each particle's local routing weights are sensitive to the choice of two global parameters: γ and θ. The γ parameter 
is used to compute the unit vector of the downstream flow direction 𝐴𝐴 �̂�𝐅 , based on the inertial and surface gradient 
components from a hydrodynamic flow field, using the following equation:

𝐅𝐅 = 𝛾𝛾

(

∇̂𝜼𝜼
)

+ (1 − 𝛾𝛾)𝐪𝐪𝐰𝐰 (4)

in which 𝐴𝐴 ∇̂𝜼𝜼 and 𝐴𝐴 𝐪𝐪𝐰𝐰 represent unit vectors for the surface gradient and inertial components, respectively, γ is 
a constant ∈ [0, 1], and 𝐴𝐴 �̂�𝐅 = 𝐅𝐅∕|𝐅𝐅| . In DeltaRCM, larger γ values increase downslope relaxation of the water 
surface in the numerical solution, which increases diffusivity in the flow field (Liang, Voller, & Paola, 2015). 
However, because dorado uses flow fields from more accurate physics-based hydrodynamic models, it is appro-
priate to choose a γ ≤ 0.05 to give more credence to the inertial components, which more accurately align with 
the orientation of fluxes.

After the downstream flow direction has been set by accounting for inertia, we then compute the relative routing 
weights, wi, to each of the neighboring cells. The θ parameter controls the dependence of these routing weights 
on the water depths, hi, of each neighboring cell, according to the following equation:

𝑤𝑤𝑖𝑖 =
ℎ
𝜃𝜃

𝑖𝑖

Δ𝑖𝑖

max
(

0, �̂�𝐅 ⋅ 𝐝𝐝𝐢𝐢

)

 (5)

in which 𝐴𝐴 𝐝𝐝𝐢𝐢 is the unit vector pointing in the direction of cell i, and Δi is the D8 cellular distance. In this formu-
lation, the flow depth hi plays the role of a resistance term, whereby shallower depths have a greater resistance 
and are therefore likely to receive a smaller fraction of the flow (Liang, Voller, & Paola, 2015). Alternatively, an 
equally valid description of this framework is that material routes from one cell to its downstream neighbors in 
proportion to their flow depth (modulated by the exponent θ, Figure 3). In the case of θ = 1, which is the neutral 
setting used for water in DeltaRCM, this is a natural extension of conservation of mass: if multiple downstream 
cells have the same inlet velocity but different depths, the depth-integrated flux of water parcels into each must 
be scaled linearly to maintain their different depths (Figure 3b). In contrast, a material like coarse sediment, 
which tends to concentrate near the bottom of the water column, is likely more sensitive to changes in topography 
and more likely to follow topographic lows (Figure 3c). In DeltaRCM, this increased sensitivity to topographic 
steering is modeled with a higher value of θ ≈ 2 for sand transport, while the value for mud remains closer 
to the value for water (Liang, Voller, & Paola, 2015). One could also imagine that other secondary transport 
processes are embedded into this simplified framework (e.g., gravitational sliding of coarse grains downslope) 
which together have the net effect of increasing the fraction of material transported to the deepest downstream 
cells. It is worth noting here that this parameterization separating sand transport from water/mud, despite its 
simplicity, has proven capable of reproducing realistic patterns of sand and mud transport in deltas, as reflected 

Figure 3. Influence of dorado's θ parameter on downstream routing weights. (a) If θ = 0, the depth of downstream cells has 
no influence on routing weights. (b) If θ = 1, routing weights are linearly sensitive to depth. (c) If θ > 1, routing weights are 
nonlinearly sensitive to depth.
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by the fact that DeltaRCM stratigraphy realistically captures multiple subsurface sand/mud distribution charac-
teristics (Liang, Van Dyk, & Passalacqua, 2016). Furthermore, while these particles are ostensibly “passive” and 
do not simulate deposition or erosion, it could be just as reasonable to consider them “characteristic particles” for 
which deposition and erosion are always locally balanced, thereby representing a kind of “characteristic pathway” 
for particles in transport. This alternative conceptualization may be useful when making analogies to sediment 
transport theory.

3. Methods and Model Implementation
3.1. Modeling a Range of Materials With dorado

The present study is motivated by the key methodological insight that although water, mud, and sand were the 
only morphologically relevant materials considered in prior applications of DeltaRCM and dorado, there is 
no reason to expect that this same framework could not be applied to other fluvially transported materials. Other 
negatively buoyant materials aside from sand should follow similar transport physics and topographic steering 
with a θ > 1. Likewise, at the other end of this spectrum, positively buoyant materials which travel near the water 
surface are likely less impacted by changes in the underlying bathymetry, and due to wind/waves could have 
more diffusive travel paths compared to the rest of the water column. These materials could be modeled using 
a lower θ < 1 reflecting a relative indifference to changes in depth moving downstream (Figure 3a). Therefore, 
just by varying this simple θ parameter, we argue that at least the first-order transport physics of numerous 
different materials can be modeled using dorado. A nonexhaustive list of fluvially transported materials of 
interest and their hypothesized θ value is shown in Figure 4. Note that several of these materials could reasonably 
exist  in multiple locations along this spectrum depending on their precise material properties—wood and plastic, 
for example, can be positively or negatively buoyant depending on the context (Cowger et al., 2021; Lenaker 
et al., 2019; Wohl, 2013).

In this study, we perform a suite of simulations to probe the impact of θ—and therefore the combined effects of 
stratification and topographic steering—on global patterns of transport in river deltas. While there are several 
caveats relating to this reduced-complexity approach, one of the many strengths of dorado is that we can 
approximate the first-order transport physics of many different materials using a single model and can there-
fore analyze these patterns of nourishment and partitioning without needing to worry about different modeling 
choices or frameworks for different materials.

3.2. Study Site: Wax Lake and Atchafalaya Deltas

In this study, we choose to focus on the Wax Lake and Atchafalaya Deltas (Figure 1), which are two small actively 
aggrading distributaries of the larger Mississippi River in coastal Louisiana, USA We choose these deltas because 
they have been the subject of substantial scientific inquiry for half a century, which provides a large amount of 
contextual and validation information for our analysis. Approximately 30% of the flow from the Mississippi 
river is diverted into the Atchafalaya River by the Old River Control structure, which then feeds each of these 

Figure 4. Hypothesized choices of θ for a range of fluvially transported materials, based on where those materials tend to 
concentrate in the water column (i.e., the mean elevation of their concentration-depth profile).
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distributary systems (Roberts et al., 2003). Together, these two deltas discharge approximately 238 Gt of water 
and 48.4 Mt of sediment into the Gulf of Mexico each year, with approximately 43% of it being through the 
WLD and the remaining fraction through the ATD (Allison et al., 2012). These deltas have built approximately 
85 ± 44 km 2 of new subaerial land since 1973 (Zhang et al., 2021), in addition to substantial subaqueous deposits 
(Shaw et al., 2018), making the Atchafalaya distributary watershed one of the only regions of Louisiana's coast 
that is not losing land (Couvillion et al., 2017).

Most prior studies of this system have focused on the WLD due to its relative lack of anthropogenic influ-
ence. Aside from a small portion of Campground Pass which is occasionally dredged, the majority of WLD has 
evolved naturally, for which many have deemed it a natural prototype for possible future engineered sediment 
diversion projects along the Mississippi River (Kim et  al.,  2009; Paola et  al.,  2011). In contrast, the ATD is 
regularly dredged for shipping purposes out to the continental shelf, and the resulting dredge spoil deposits 
have left a visible signature on the structure of the landscape (Zhang et al., 2021). Both deltas are considered 
discharge-dominated, with a microtidal amplitude of ≈25 cm. Vegetation in these deltas is strongly correlated 
with topography, with distinct species clustered into subtidal, intertidal, and supratidal communities (Bevington 
& Twilley, 2018; Carle et al., 2014; Ma et al., 2018).

The WLD and ATD are the destination of many of the aforementioned types of fluvially transported materials 
(Figure 4). Among these inputs, the most studied are unsurprisingly water and sediment. Our understanding of 
water flow patterns and partitioning in the WLD has improved significantly in recent years thanks to extensive 
field campaigns using Acousting Doppler Current Profilers (ADCPs) (Hiatt, 2016; Hiatt & Passalacqua, 2015), 
remote sensing analyses using spectral or SAR imagery (Ayoub et al., 2018; Salter et al., 2022; Shaw et al., 2016), 
and hydrodynamic modeling approaches (Christensen et  al.,  2020; Liang, Geleynse, et  al.,  2015; Hiatt & 
Passalacqua, 2017; Hiatt et al., 2018). More recent studies have begun to tease apart the interplay between hydro-
logical and sediment connectivity in the WLD using morphodynamic models (Olliver & Edmonds, 2021; Olliver 
et al., 2020), although these studies mostly focused on fine silt, which is less likely to exhibit significant vertical 
stratification. Floating vegetation is a common sight in the WLD, in which the invasive Eichhornia crassipes 
(water hyacinth) can be found floating downstream, and typically forms large floating mats in the island inte-
riors and along channel margins (Carle et al., 2014; Ma et al., 2018). Aerial imagery of the WLD often shows 
visible streaklines indicating biogenic oils and organic matter on the water surface (Ayoub et al., 2018; Cathcart 
et al., 2020; De Laurentiis et al., 2020; Shaw et al., 2016). Several prior studies have investigated the transport and 
storage of nutrients such as Nitrogen and Carbon in the WLD (Christensen et al., 2020; Hiatt et al., 2018; Knights 
et al., 2020; Shields et al., 2017). And finally, field experience has shown that large wood and plastic debris can 
usually be found deposited along island levees in the WLD, although we are unaware of any attempts to quantify 
the magnitude of these deposits. Due to this accumulation of data and evidence, we believe the WLD and ATD 
are the ideal location in which to test transport patterns for a variety of materials.

3.3. Hydrodynamic Modeling With ANUGA

For hydrodynamic modeling, we use a preexisting ANUGA model of the combined WLD/ATD system from Wright 
et al. (2022). ANUGA is an open-source Python-based finite volume model that solves the depth-integrated shal-
low water equations, using variable time-stepping on an unstructured triangular grid (Roberts et al., 2015). The 
software was developed for coastal applications and performs well against a number of analytic test cases (Davies 
& Roberts, 2015; Mungkasi & Roberts, 2013; Nielsen et al., 2005). Note that the numerical solution of ANUGA 
is 2D and cannot explicitly resolve 3D flow structures—rather, the implementation of dorado “adds back in” 
some of these vertical processes onto our 2D solution. Depth-averaged models have performed well in numerous 
prior studies of the WLD (Christensen et al., 2020; Hanegan & Georgiou, 2015; Hiatt & Passalacqua, 2017; 
Olliver et al., 2020), and flow fields from ANUGA were also used as the foundation for dorado simulations in 
Tull et al. (2022).

The ANUGA model from Wright et al. (2022) used a spatially variable mesh resolution that was locally refined 
using optical and SAR imagery to highlight hydrodynamically active regions in high resolution, with lower 
resolutions elsewhere to save on computational expense. A grid spacing of ≈25 m was used in hydrodynamically 
active areas, which included nearly all of the WLD and most of the ATD. Discharge and tidal boundary condi-
tions were based on data from four USGS gauges and one NOAA gauge, respectively. Model bathymetry was 
based on a preexisting 10 m DEM mosaic which merged optical and sonar data from multiple sources (Denbina 
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et al., 2020). Friction was implemented in three open-water classes and three vegetation classes corresponding to 
subtidal, intertidal, and supratidal communities. We designed simulations to recreate the conditions in October 
2016 to align with the Pre-Delta-X remote sensing and field campaign (JPL, 2021), and the model was calibrated 
and validated against 40 in situ water level gauges, remotely sensed water level measurements from lidar, and 
InSAR-derived water level change measurements within inundated wetlands (Wright et al., 2022). The model 
performed well against these benchmark data sets, and particularly well within the modern deposits/channel 
network of each delta, where we choose to focus the present study.

3.4. Simulation Design

We performed a suite of simulations to test the influence of θ, discharge, and tidal conditions on material trans-
port in the WLD and ATD. We modeled changes to environmental conditions by modifying the boundary condi-
tions of our ANUGA model. We modeled two discharge regimes, high (QH) and low (QL), which we chose to match 
recent values during the flood and nonflood seasons respectively. The combined inlet discharge between the two 
rivers in these scenarios were 3,790 m 3/s for QL and 14,770 m 3/s for QH, with a roughly 43%/57% split in flow 
between the WLD/ATD. About 7% of this flow exits out of two outlets in the Gulf Intracoastal Waterway to the 
east and west before reaching the modern delta deposits (Swarzenski, 2003). To investigate the influence of tides, 
we modeled both steady and unsteady tidal regimes. In the steady case, the tidal boundary was a stable Dirichlet 
boundary with a water surface elevation of 0.26 m NAVD88. In the unsteady case, we enforced an artificial tidal 
signal at the downstream boundary, which was a cosine with an amplitude of 0.25 m, a period of 24 hr, and mean 
elevation of 0.26 m NAVD88. We chose these values to be qualitatively similar to the diurnal tidal signal meas-
ured at the NOAA Amerada Pass station in the ATD, but without extra harmonics. Due to ANUGA's inability to 
model waves and the computational expense of modeling wind, we neglected these environmental forcings for 
the purposes of this study.

We used a yieldstep of 15 min for our ANUGA simulations, which is the time interval at which flow fields were 
stored into the saved output file. For steady simulations, the model ran for 3 days to ensure the flow had stabilized, 
and we used the flow fields from the last time step as our dorado input. For unsteady simulations, we gave the 
model a full 7 days to stabilize the tidal signal, and we used flow fields from the last day of the simulation as 
our dorado input. Because the hydrodynamic solution is cyclical with a diurnal period, we looped the flow 
fields from the last day of the simulation for the duration of an unsteady dorado simulation. We resampled all 
ANUGA flow fields to a 25 m uniform Cartesian grid (which is required for dorado) using dorado's built-in 
inverse-distance-weighted interpolation function using three nearest-neighbors, and cropped to the bounding box 
given by UTM 15N coordinates [639000, 671900, 3245000, 3278800].

Particles were seeded upstream of the apex of the WLD and ATD in two parallel injections, at coordinates 
(652570, 3270230) for the WLD and (667650, 3266400) for the ATD. In order to ensure that our results were not 
influenced by the time of injection relative to the tidal cycle, we seeded particles in batches over the course of one 
full tidal period, with 250 particles released per batch every 15 min to correspond with the ANUGA yieldstep. In 
total, 24,000 particles were seeded in each delta over the course of the first day of simulation for all simulations, 
and then allowed to propagate for 7 days, which was enough time for virtually all particles to exit the deltas in all 
but two scenarios (which were given more time). Unsteady flow fields were also updated every 15 min.

In order to approximate the dynamics of a range of materials, we routed particles using five values of θ ∈ [0, 0.5, 
1, 1.5, 2] for each of our four model scenarios, resulting in 20 simulations in total. We implemented a γ = 0 and 
a dorado “dry depth” of 1 cm (Hariharan et al., 2020). For simplicity, we also assumed that all particles travel 
at the same velocity as the depth-integrated water velocity, which is a safe approximation for neutrally and posi-
tively buoyant materials (Mazzorana et al., 2011) but may become slightly less accurate as θ increases beyond 1.

3.5. Quantifying Fluvial Nourishment

In order to compare the patterns of transport between scenarios, we borrow the idea of a distributary “nourish-
ment area,” which Edmonds et al. (2011) defined as the delta area nourished by sediment passing through a given 
location in the system. Nourishment can be considered the deltaic analog for the contributing area in upstream 
channel networks (Edmonds et al., 2011; Shaw et al., 2016). However, we make two modifications to this concept 
for the present study. First, we extend the nourishment area concept to apply to all fluvially transported materials, 
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not exclusively sediment. Second, we attempt to quantify the magnitude of nourishment for each location in the 
delta as the fraction of source material that passes through that location. Using this modified framework, the 
original definition can be recovered as the subset of all locations in the domain through which a nonzero amount 
of material was transported.

To compute global nourishment estimates for each of our dorado simulations, we extracted from each particle's 
travel history the number of occasions that each cell was visited by that particle, summed across all particles in 
that simulation, and normalized to the range ∈ [0, 1]. The result is a system-wide map of where material is being 
partitioned in the delta system for some choice of θ and environmental conditions. A similar metric could be 
computed for specific subsections of the delta, but we chose to focus on the full delta network to get a represent-
ative temporally integrated picture for all fluvial inputs. We also applied a light Gaussian smoothing filter with 
a standard deviation of 0.7 to the nourishment array to reduce some of the spatial noise inherent to stochastically 
modeling a finite number of particles (Tull et al., 2022). Maps of nourishment were then differenced to highlight 
changes in transport patterns due to changes in θ, Q, or tides.

Finally, we also attempted to quantify system-wide totals for channel-island connectivity, to see how estimates of 
connectivity for nonwater materials might compare to those of water. We did this using pseudo-ADCP transects 
drawn across radial transects in the WLD at different longitudinal distances downstream, through which we 
measured the fractional flux of particles. This framework allowed us to more directly compare our estimates to 
the kinds of measurements that have been collected in the field and reported in previous literature.

4. Results
4.1. Comparing Nourishment Areas by Material

We estimated magnitudes of fluvial nourishment for each of our 20 model scenarios, and we found noteworthy 
differences in patterns of transport as a function of θ and environmental conditions in both the WLD (Figure 5) 
and the ATD (Figure 6). Across all environmental conditions, we found that increases in θ were associated with 
a system-wide decrease in channel-island connectivity, with greater fractions of material remaining confined to 
the channel network.

In the WLD, patterns of nourishment associated with the neutral case of θ = 1 realistically match existing hydro-
logical measurements collected in the field (Figures  5b, 5e, 5h and  5k). Channel-island connectivity visibly 
increases toward the distal portions of the delta, and the onset of channel unconfinement appears to occur in 
a similar location to that previously found by Hiatt and Passalacqua (2015, 2017) in low discharge conditions 
(Figures  5b and 5h). We measured the relative partitioning of particles among the nine largest distributaries 
in the WLD and compared our values to estimates from Hiatt (2016) and found very close agreement, with a 
mean absolute error of 1.9% and a maximum absolute error of 4.9% (Figure S1 in Supporting Information S1), 
which are smaller than the errors reported for FlowRCM in Liang, Geleynse, et al. (2015). The influence of a 
Southwest-oriented cross-flow from the Atchafalaya is visible on the Eastern side of the delta, which qualitatively 
matches the cross-flow visible in imagery (e.g., Figure 1). Aside from a few local variations, patterns of nourish-
ment are fairly evenly dispersed over the whole delta front in the neutral case.

Lower values of θ (Figures 5a, 5d, 5g and 5j) show some striking differences in nourishment patterns from the 
neutral case. Substantial increases in the fraction of particles entering the islands were seen across all scenar-
ios, with very little material remaining inside the distributary channels by the time flows reach the delta front. 
Nourishment was highest in the regions of flow convergence inside interdistributary islands, with a majority 
of particles exiting the delta through these locations. Interestingly, these nourishment patterns appear (at least 
qualitatively) identical to prior observations of biogenic streaklines visible in optical and SAR imagery (Ayoub 
et al., 2018; Cathcart et al., 2020; De Laurentiis et al., 2020; Shaw et al., 2016), which appears to validate the 
hypothesis that θ ≈ 0 particles behave similarly to positively buoyant materials. Compared to the neutral case, 
decreases in θ appear to increase nourishment in shoreline-adjacent wetlands and channels (e.g., Figures 5d, 5g 
and 5j).

In contrast, higher values of θ (Figures 5c, 5f, 5i and 5l) resulted in a much lower fraction of particles entering 
the islands than the neutral or buoyant case. Nourishment was higher inside the distributary channels across 
all scenarios, with most particles remaining confined all the way out to the delta front. These observations 
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Figure 5. Magnitude of fluvial nourishment in the Wax Lake Delta for a range of environmental conditions and choices of θ. The magnitude of nourishment increases 
from white to red, with topography shown in the background for context. For all rows, θ increases from 0 (left) to 2 (right). The corresponding environmental conditions 
are, respectively (a–c) low-discharge and no tides (d–f) high-discharge and no tides (g–i) low-discharge with tides, and (j–l) high-discharge with tides.
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Figure 6. Magnitude of fluvial nourishment in the Atchafalaya Delta for a range of environmental conditions and choices of θ. The magnitude of nourishment increases 
from white to red, with topography shown in the background for context. For all rows, θ increases from 0 (left) to 2 (right). The corresponding environmental conditions 
are, respectively (a–c) low-discharge and no tides (d–f) high-discharge and no tides (g–i) low-discharge with tides, and (j–l) high-discharge with tides.
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seem compatible with findings from DuMars  (2002), who measured the 
highest sediment concentrations in the WLD over the channel thalwegs, 
with decreasing concentrations toward channel flanks. The only locations 
with visible connectivity are large secondary channels through which some 
particles enter the interdistributary bays, but only near the end of the subae-
rial extent of the islands. Due to the 25  m grid size of these simulations, 
which is too large to resolve some of the smaller secondary channels, this 
finding suggests that their absence may be an important source of error in 
these results, leading to underestimations in island nourishment for larger 
θs. Compared to lower-θ scenarios, channels in the Southeastern portion of 
the delta appear to be responsible for a greater discharge of these particles, 
particularly in Gadwall Pass.

Some of these trends visible in the WLD are also applicable to the ATD, 
but there are some noteworthy differences (Figure 6). Across all θs, nour-
ishment patterns are much less diffuse in the ATD, with a majority of the 
particles being routed through only a few channels and a smaller degree of 
system-wide connectivity. The dredged Southwest Pass delivers a majority 
of the material to the delta front for all scenarios with a θ ≥ 1. Only select 
islands show any appreciable amount of nourishment, which likely reflects 
the prevalence of high-elevation dredge spoil deposits in the ATD that inhibit 
overbank flow along island boundaries. The flow remains relatively confined 
throughout the entire subaerial portion of the delta for most scenarios.

The allocated 7-day simulation run time was adequate for >99% particles 
to exit the domain in most scenarios. However, all runs had at least a few 
particles that ended up in abnormally slow-moving regions or frozen at “dead 
ends,” that is, low-probability paths that terminated in cells that were too 
shallow for particles to continue forward (a few can be seen in Movie S1). 
Low-θ particles had a greater likelihood of finding these locations, so the 
fraction of frozen particles tended to increase for a decrease in θ. Two of our 
20 scenarios had to be given an extra 7 days of simulation time to allow more 
of these frozen particles to exit the deltaic regions—specifically, both the 
steady and unsteady runs associated with QL and θ = 0. While this study is 
not focusing on particle residence time distributions, this suggests that there 
may be variation in the temporal dynamics of these particles as a function of 
θ as well, which we would expect to be the case.

In order to quantitatively compare nourishment across all values of θ, for 
each grid cell in our domain, we identified the choice of θ that resulted in the 
greatest nourishment in that location (Figure 7), which we repeated for each 
environmental condition. Most of the aforementioned trends become particu-
larly clear in this context: islands are preferentially nourished at lower values 
of θ, and channels are preferentially nourished at higher values of θ. However, 
there are some dynamics in the intermediate range of θs that are noteworthy. 
Many regions of the domain are maximally nourished by a choice of θ ≈ 0.5, 
particularly island topsets in high-discharge scenarios (Figure 7c). Interest-
ingly, very few areas in either domain are maximally nourished by the neutral 
choice of θ = 1. Because the neutral case had the most uniform patterns of 
nourishment over the delta front (Figures 5b, 5e, 5h and 5k), this reflects 
the tendency for nonwater-like materials to concentrate in particular regions 
of the domain. Some locations did not have any appreciable nourishment in 
low-forcing scenarios, which can be seen as interior “voids” in these maps 
(e.g., near the apex of several islands in Figure 7a). This was partly caused 
by simulating only a finite number of particles, but it also suggests that some 
parts of the system may only be receiving fluvial inputs at rare times as a 

Figure 7. Choice of θ which maximized fluvial nourishment in each location, 
sorted by environmental conditions: (a) low-discharge and no tides; (b) 
low-discharge with tides; and (c) high-discharge with tides. Because tides have 
little influence at high-discharge, we omit the high-discharge and no tides 
scenario for brevity, as it looks indistinguishable from (c).

 21699011, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JF006769 by C

alifornia Inst of T
echnology, W

iley O
nline L

ibrary on [08/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Earth Surface

WRIGHT ET AL.

10.1029/2022JF006769

14 of 26

result of environmental conditions, which would affect their morphological evolution. In fact, the nourishment 
voids that are visible in the steady low-discharge scenario (Figure 7a) have considerable overlap with the regions 
of the WLD that Wagner et al. (2017) estimated to be no longer aggrading.

4.2. Role of External Forcings

Changes to discharge and tidal conditions clearly have a noticeable signature on nourishment dynamics. In order 
to isolate the influence of changing environmental conditions, we took the difference between pairs of nourish-
ment maps as a function of either discharge (Figure 8) or tides (Figure 9). In contrast to the earlier comparison 
by θ (Figure 7), here there are only two possible cases (i.e., low or high forcing), which allows us to compare 
nourishment more quantitatively within each pairing.

Increases in discharge and tides both lead to relative increases in island nourishment. We consistently observed a 
greater sensitivity to environmental forcings in low-θ simulations (Figures 8a and 9a), with nourishment patterns 
changing very little at higher θs (Figures 8 and 9d). This finding suggests that changes to discharge and tides 
could have a much greater influence on the topographic steering of positively buoyant materials than other 
kinds of materials, likely due to the importance of even slight increases in island water surface elevations. The 
ATD also showed less dependence on environmental forcings than the WLD, perhaps reflecting the lesser role 
that those forcings had in constructing the topography of the ATD, due to widespread dredging and engineered 
modifications.

Increasing discharge moves the transition from confined to unconfined flow upstream, resulting in a larger 
fraction of flow spreading into shoreline-adjacent wetlands that are relatively inactive at low flows (Figure 8). 

Figure 8. Choice of discharge, Q, which maximized fluvial nourishment in each location, sorted by θ. Locations with greater 
nourishment at QH are shown in blue and at QL are shown in red. The color-axis was truncated to changes in nourishment 
between −50% and +50% to better show patterns of change. Nourishment patterns show greater sensitivity to Q at low θs 
(a–b) than at high θs (c–d). To highlight the influence of Q, scenarios shown here neglect tides.
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Channel nourishment decreases to compensate for the greater fraction of particles entering islands. Here it is 
important to emphasize that we are comparing relative fractions of nourishment that have been normalized by the 
incoming number of particles, not by the input mass of fluvial material.

Introducing tides also had the effect of increasing island nourishment, particularly in low-θ scenarios (Figures 9a 
and 9b). However, in contrast to changes in discharge, these increases in island nourishment generally did not 
result in a corresponding decrease in channel nourishment. This reflects the different mechanisms of connectiv-
ity in each scenario: tides nourished islands by recirculating material back upstream, whereas floods nourished 
islands by directly overtopping island levees. It is for this same reason that unsteady runs showed slightly greater 
nourishment out in the bay for all scenarios (Figure 9), where tidal reorganization led to more tortuous flow paths 
over the delta front.

Trends shown in Figures 8 and 9 were limited to cases where one forcing was minimized while the other was 
varied, in order to best observe the effect of each forcing in isolation. However, we did observe a few compounding 
effects worth noting. First, the importance of tidal changes was greatly diminished in the case of high-discharge 
due to decreases in the tidal prism, implying that tides have a lesser effect on nourishment patterns during the 
flood season. Second, introducing tides led to a greater increase in island nourishment than did an increase in 
discharge, due to the greater amount of time material spent circulating inside interdistributary bays under the 
influence of tides. The combination of these two trends led to a surprising and unintuitive result: in the unsteady 
case, increases in discharge actually resulted in decreases in (relative) island nourishment, due to the reduced tidal 
prism. Superimposing increases in both environmental conditions—each of which increased island nourishment 
on their own—was less effective at increasing island nourishment compared to tides alone.

Figure 9. Choice of tidal conditions which maximized fluvial nourishment in each location, sorted by θ. Locations with 
greater nourishment in the unsteady case are shown in blue, with the steady case shown in red. The color-axis was truncated 
to changes in nourishment between −50% and +50% to better show patterns of change. Nourishment patterns show greater 
sensitivity to tides at low θs (a–b) than at high θs (c–d). To highlight the influence of tides, scenarios shown here correspond 
to low-discharge.
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4.3. Quantifying Connectivity

The total fraction of particles that exited the domain through each island and channel segment of our pseudo-ADCP 
transects (Figure 10a) varied considerably as a function of θ and discharge. We found that increases in θ typi-
cally led to increases in the channelized fraction of the flow (black circles in Figures 10b–10e) and decreases 
in the island fraction of the flow (white circles in Figures 10b–10e), which aligns with expectations. However, 
this simplified description leaves out some interesting complexity. Exit fractions in some channels are actually 
maximized by intermediate θs (e.g., East Pass, segment 14 in Figure 10), implying that the flux in all channels 
does not simply increase monotonically with θ. In addition, some shoreline-adjacent channels tend to behave 
more similarly to islands, showing higher exit fractions at lower values of θ (e.g., Campground Pass, segment 
2). The dominance of Gadwall Pass (segment 6) is also particularly apparent in this framework, capturing up to 
a third of the outgoing mass in some scenarios. In contrast, most islands are responsible for a similar fraction of 
outgoing material.

Comparing values from the upstream and downstream transects allows us to directly quantify the decrease in 
the channelized fraction moving downstream. Focusing first on values for the neutral case of θ = 1, we estimate 
that the total fraction of flow that leaked into interdistributary islands increased downstream from 6% to 25% 
in low-discharge conditions and from 16% to 40% in high-discharge conditions (“I” and “C” indicate island and 
channel totals in Figures 10b–10e, respectively). Our downstream estimates of connectivity are slightly lower but 
in line with prior estimates of connectivity in the WLD, which is generally estimated to be between 23% and 59%, 
with an average estimate around ≈45% (Christensen et al., 2020; Hiatt, 2016; Hiatt & Passalacqua, 2015; Liang, 
Geleynse, et al., 2015; Shaw et al., 2016). This also corroborates previous findings that connectivity increases in 
flood conditions but is still significant even at low flows. We found that tides, despite having noteworthy impacts 
on the patterns of nourishment, had little impact on the total exit fractions of islands and channels, which is also 
in line with findings of prior studies (Christensen et al., 2020; Hiatt, 2016).

Our estimates of connectivity changed substantially for nonneutral values of θ. For values of θ < 1, the total island 
exit fraction increased significantly, with downstream totals ranging from 42% to 64% depending on the scenario 
(Figures 10c and 10e). These values are similar to the 59% estimate from Shaw et al. (2016) that was derived 
from measurements of surface flow, perhaps implying that surface effects contributed to the high value of that 
estimate. At the other end, high values of θ = 2 led to much smaller total amounts of connectivity, with island 
fractions of only 10%–15%. Interestingly, our simulations showed that the islands receiving the greatest fraction 
of θ > 1 particles (segments 5, 7, 9, and 11 in Figure 10) are also the islands in which Olliver and Edmonds (2021)  
observed the highest amounts of sediment accretion.

5. Conceptual Model Development
In order to more realistically ground our results (presented here as a function of θ), we constructed a simplified 
conceptual model for how θ might vary as a function of material properties. Our intended goal with this concep-
tual model is to aid in the interpretation of our results and to suggest a possible framework for translating materi-
als into dorado's reduced-complexity space that can be used or improved in future studies.

We first imagine that particles are situated in some cell A and have some probability of being routed to two 
downstream cells, B or C (Figure 11a), with a flow velocity vector equally oriented toward either cell. Note that 
particles usually have more than two feasible downstream cells, but here the math is simplified by comparing only 
two choices. Furthermore, imagine that cell B has the same water depth as cell A, whereas cell C has some smaller 
depth, hA = hB > hC. Due to topographic steering, these different depths imply that the relative routing weights to 
each cell may be different, with wB ≥ wc, with some dependence on θ as a result of Equation 5.

Here, we make several key assumptions. First, we assume the vertical distribution of material in cell A can be 
modeled using one of the traditional Rouse profiles described by Equation 2 or Equation 3. Second, we assume 
that material entering each downstream cell originates from the layer of water at the same elevation in cell A, 
which we adopt from the conceptual models presented in Slingerland and Smith (1998) and Han and Kim (2022). 
In other words, routing material to a cell shallower than cell A would be similar to truncating the bottom of this 
depth profile, diverting some of that material to cell B—the significance of which depends on the shape of the 
concentration profile in cell A and the relative differences in depth between cells B and C. These assumptions 
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Figure 10. Quantification of connectivity at upstream and downstream transects in the Wax Lake Delta. (a) Locations and 
IDs for each transect, with channel transects shown in black and island transects shown in white (b–e) Fraction of particles 
which exited the domain out of each transect, as a function of θ (color), location (upstream (b, d) or downstream (c, e)), and 
discharge (QL (b, c) or QH (d, e)). Bulk island (I) and channel (C) fractions are shown on the right with an expanded y-axis.
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provide a means by which the degree of topographic steering, which is controlled by θ, can be connected to the 
Rouse number, R, for some given material.

Filling in the details for this model, we allow the concentration profile C(z) in A to follow either the exponential 
(Equation 2) or power-law (Equation 3) form (Figures 11b and 11e). We set the starting depth hA = hB = 1 m, 
with some hC < 1 m to enforce topographic steering. We also set the reference concentration Ca to unity, with a 
reference depth a = 5 cm. We assume the concentration below the reference depth C(z ≤ a) = Ca based on data 
presented in De Leeuw et al. (2020). We allow R to be positive or negative to account for variations in particle 
buoyancy, but when R < 0, we apply the same rules regarding the reference concentration to the top 5 cm of the 
flow instead of the bottom. We compute the mass flux qs into each cell as the product of the concentration and 
the water velocity u(z) integrated from the bed up to the water surface as follows:

𝑞𝑞𝑠𝑠𝑠𝑠𝑠 = ∫
𝜂𝜂

ℎ𝑠𝑠

𝐶𝐶(𝑧𝑧) ⋅ 𝑢𝑢𝑠𝑠(𝑧𝑧) 𝑑𝑑𝑧𝑧 (6)

For simplicity, we assume the velocity u(z) follows a logarithmic profile over the full water depth (Lamb 
et al., 2008) using a roughness height z0 = 0.011 m based on data presented in Shaw et al. (2013) and normalize 
the profile to yield a depth-averaged velocity of 1 m/s into each of the two receiving cells (Figures 11c and 11f). 
In order to conserve mass, we make the simplifying assumption that the remaining material in A which was not 
routed to cell C (the shaded area in Figure 11e) is split between cells B and C in proportion to the existing fluxes 
out of each cell (Figures 11d and 11g), which keeps the ratio of the two constant. In reality, this material could 
either (a) be routed to cell C by “compressing” the depth profile or (b) be fully diverted to cell B, so our assump-
tion represents a middle ground between these two possible end-members. Finally, we assume that differences in 
the dorado routing weights between cells B and C are proportional to the ratio of mass flux entering each cell, 
wi ∝ qi (shaded areas in Figures 11d and 11g). Combining this with Equations 5 and 6, it follows that

(

𝑞𝑞𝑠𝑠𝑠𝑠𝑠

𝑞𝑞𝑠𝑠𝑠𝑠𝑠

)

∝

(

ℎ𝑠𝑠

ℎ𝑠𝑠

)𝜃𝜃

 (7)

Figure 11. Framework of the conceptual model. (a) Schematic of the simplified three-cell scenario, in which hA = hB > hC. (b) Vertical concentration profile in Cell A 
for a negatively buoyant material with an R = 0.3. (c) Flow velocity profile from cell A to B. (d) Mass flux of material from cell A to B. (e–g) The same as above, but 
integrated over a lesser depth to correspond to the flux from cell A to C The ratio of the shaded areas in (g and d) is used to compute a corresponding θ via Equation 8.
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If we assume that the other terms in Equation  5 are approximately equal 
between cells B and C, we can rearrange this equation to solve for θ:

𝜃𝜃 ≈
ln (𝑞𝑞𝑠𝑠𝑠𝑠𝑠 ) − ln (𝑞𝑞𝑠𝑠𝑠𝑠𝑠)

ln (ℎ𝑠𝑠 )
 (8)

which we can compute numerically for a range of choices of R and hC. By 
construction, this model enforces two key features described in less rigorous 
terms in Section 2.3: first, for materials entirely concentrated at the water 
surface, the mass flux into cells B and C will be equal regardless of depth 
and the numerator will cancel out, leading to a θ = 0. This ensures that suffi-
ciently buoyant materials will not have any sensitivity to topographic steering 
at the bottom of the water column. Second, for materials uniformly distrib-
uted throughout the water column, the mass flux into each cell will be exactly 
proportional to their respective depth, leading to an equal numerator and 
denominator and θ = 1. This ensures that the routing of water is conservative.

Our conceptual model allows us to view the approximate correspondence 
between R and θ (Figure 12), shown here for three select values of hC ∈ [0.5, 
0.75, 0.95]. The model correctly reconstructs the intuitive process-level prin-
ciples motivating θ—namely that decreases in buoyancy (i.e., increases in R) 
correspond to increases in θ. Both the exponential and power-law choices for 
C(z) lead to a similar relationship between R and θ and largely overlap. Our 
three choices of hC lead to slight differences in the resulting R-to-θ curve, 
although these differences tend to be small within the window of θs consid-
ered here and grow larger for increases in θ. The fact that these curves depend 
on hC, which varies locally within the model domain, suggests that the accu-

racy of dorado/DeltaRCM's simplified physics also varies slightly within the domain—however, the differ-
ences between these curves are small enough that we do not view this as a significant error, particularly within 
the range of θs considered herein. The vast majority of adjacent cells within our model domain differ only slightly 
in their depth (i.e., hC ≈ hB), which means routing weights in these locations are already minimally dependent on 
θ. We expect topographic steering to matter most near channel margins, where the ratio of hC/hB tends to be the 
lowest, but is still virtually always ≥0.5. Reasonable global estimates of R for certain choices of θ are indicated in 
white circles (Figure 12), although it should be assumed that some variation exists around these values.

It follows from the relationship between R and θ (Figure 12) that the modeling results shown here all correspond 
to Rouse numbers R ≤ 0.5. If we assign material types to our simulations based on field estimates, our highest 
θ = 2 runs fall into the lower end of the R ≈ 0.3–0.8 range for fine sands in suspension, and our second-highest 
θ = 1.5 runs correspond to the R ≈ 0.1–0.2 range for flocculated mud (Lamb et  al., 2020). Water and other 
well-mixed materials in washload correspond to θ = 1 as expected (Figure S1 in Supporting Information S1). 
Microplastics can theoretically occupy anywhere in this range but have primarily been found to fall into surface 
load (θ ≈ 0) or washload, with “rising suspended load” (θ ≈ 0 − 0.5) being a relatively rare transitionary domain 
(Cowger et al., 2021; Lenaker et al., 2019). We note that θ ≥ 2 is a reasonable approximation for sand, which 
is a common assumption in DeltaRCM that is supported by this conceptual model. Finally, because θ = 0 is 
approached asymptotically and does not directly correspond to any one value of R, it is fair to assume that any 
sufficiently buoyant material (e.g., large wood and floating vegetation) can be modeled with this limiting case.

6. Discussion
6.1. Comparing the Wax and Atchafalaya

In general, our simulations showed much more variation in patterns of nourishment in the WLD (Figure 5) than 
the ATD (Figure 6). Because these two deltas are fed by nearly identical fluvial inputs, we hypothesize that these 
differences are largely the result of anthropogenic influence in the ATD. Significant amounts of dredging have 
created very different island and channel geometries in the ATD (Zhang et al., 2021), whereas the more shallow 
topographic gradients in WLD have been constructed almost entirely from natural processes (Paola et al., 2011). 

Figure 12. Estimated correspondence between the Rouse number, R, and 
dorado's θ parameter. Each curve corresponds to some choice of Rouse 
profile and depth ratio, with reasonable global estimates of R for select θs 
indicated with white circles.
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This allows for increased connectivity and island nourishment in the WLD, and more radially uniform nour-
ishment of the delta front by fluvial inputs. In the ATD, dredging in the dominant Southwest Pass appears to 
have preferentially diverted flows toward that distributary, particularly in sediment-like scenarios with θ ≥ 1 
(Figures 6c, 6f, 6i and 6l). Our findings suggest that natural land-building processes in the WLD are more opti-
mized for partitioning fluvial inputs evenly across the delta plain, resulting in more channel-island connectivity 
and increasing the land-building potential of each island.

6.2. The Role of Hydraulic Sorting

Our simulations clearly show that differences in local topographic steering can lead to a global reorganization 
of fluvial fluxes in river deltas. Even small changes to a local routing parameter θ led to emergent system-scale 
differences in patterns of nourishment and connectivity, as well as different sensitivities to changing environmen-
tal forcings. While this simplified framework leaves out a number of important physical processes that would 
influence transport, including deposition and entrainment in particular, it is clear from these simulations that 
vertical stratification combined with topographic steering on their own are sufficient to create large asymmetries 
in the partitioning of different kinds of materials, hydraulically segregating or sorting them into different regions 
of space.

In particular, the degree to which positively and negatively buoyant materials were sorted spatially can have 
important implications for the ecogeomorphic evolution of river deltas. Sediments and biotic materials (e.g., 
floating vegetation, seeds, and large wood) tend to concentrate in different portions of the water column (Figures 4 
and 12), so this process implies that each of these materials have different characteristic pathways of transport in 
deltaic systems, leading to discrepancies in their deposits. While our “passive” simulations do not model deposi-
tion, these findings suggest that biotic materials could deposit in islands much farther upstream due to increases 
in channel-island connectivity experienced by surface flows. These differences could be further exacerbated (or 
alleviated) by differential entrainment (e.g., Enders et al., 2019) or granular sorting processes (Slingerland, 1984). 
Hydraulic sorting can therefore reinforce spatial gradients within the system between locations of sediment depo-
sition, vegetation colonization, and fluxes of water, and these internal gradients drive deltaic processes like flow 
reorganization and island planform evolution.

In addition, because low-θ particle trajectories showed a greater sensitivity to changes in discharge and tides 
(Figures 8 and 9), these findings suggest a means by which external flows of energy into river deltas (from envi-
ronmental forcings) can reinforce internal spatial gradients inside the system between different fluvial inputs. 
While we do not assess the role of wind or waves in the present study, it seems likely that these additional forc-
ings would also most strongly influence the transport patterns of positively buoyant materials. Our findings also 
indicated that increases in connectivity associated with discharge and tides do not occur via the same pathways 
of transport (Figure 8a vs. Figure 9a), which would ultimately control the locations of deposits resulting from 
each forcing. These insights could have important implications for studies trying to assess the effects of external 
forcings on delta morphology (Galloway, 1975; Nienhuis et al., 2020).

All of this being said, one important caveat to note is that all nourishment estimates are normalized relative to the 
same total number of particles. However, different materials do not enter these deltas at the same rate—for exam-
ple, the mass influx of water is several orders of magnitude higher than that of sediment. It is therefore important 
to emphasize that all nourishment comparisons shown here are relative rather than absolute (Figures 7–9), and 
that the corresponding “particle mass” for one particular simulation does not necessarily equal that of another. 
For comparisons between runs of different discharge (Figure 8), one could argue that because the total mass 
inflow rate in the QH scenario is about four times that of the QL scenario, then it may be appropriate to scale the 
magnitude of nourishment proportionally. Here, we have presented the results without this scaling, as we prefer 
not to make any a priori assumptions about the incoming mass of material, but it is important to be clear that a 
location having a greater relative nourishment in the QL scenario does not mean it receives a greater total mass of 
material than in the QH case. We repeated the nourishment comparisons (Figure 8) with the nourishment of the 
QH case scaled to be four times that of QL and found that virtually all locations in the domain receive an equal or 
greater absolute nourishment in the QH case (Figure S2 in Supporting Information S1), which is unsurprising. 
However, there are a few small regions around Sherman Island at which we did observe a greater absolute nour-
ishment at low-discharge in select scenarios (Figure S2a in Supporting Information S1), with and without tides.
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6.3. The Accuracy of Water as a Proxy

We observed several noteworthy differences between the transport of water-like particles and that of nonwater-like 
particles. Our findings could have important implications for field and remote-sensing applications attempting 
to quantify the transport of nonwater materials. Very few regions in either delta were maximally nourished by a 
choice of θ = 1 (Figure 7), due to the propensity for other kinds of materials to concentrate in particular regions 
of the system. Similarly, bulk estimates of channel-island connectivity for nonwater materials were correlated 
with hydrological connectivity but often significantly different in magnitude (Figure 10). These findings suggest 
that future studies should be cautious when using water-based connectivity estimates as a proxy for other mate-
rials that are not neutrally buoyant or easily mixed by turbulence. Water-based measurements of partitioning and 
connectivity remain a good proxy for fine-grained material transported in washload, which aligns with obser-
vations from numerous studies (Allison et al., 2012; Sorourian et al., 2022), but may overestimate connectivity 
for suspended sand with concentrations highest near the bed (Mashriqui,  2003; Shaw et  al.,  2013) and floc-
culated mud (Lamb et al., 2020). Similarly, we should be cautious when using concentrations measured near 
the water surface as a proxy for the full water column, and be aware that such approaches may lead to a bias 
in depth-averaged estimates, which is in line with recommendations from prior studies (Cowger et  al., 2021; 
Lenaker et al., 2019). Because most of the fluvial sediment input in WLD is fine material transported in washload 
(Olliver & Edmonds, 2021), surface estimates are likely fairly representative of the rest of the water column (e.g., 
Jensen et al., 2019; Salter et al., 2022), but perhaps not representative for coarser sandy inputs. Our findings may 
provide a framework by which hydrological measurements can be translated to other materials (Figure 12). Water 
flow measurements could be used to constrain hydrodynamic models, which can then be used in conjunction with 
dorado to approximate hydraulic sorting processes for nonwater materials. This approach is applicable to any 
sort of suspended material, even if the hydrodynamic solution itself is depth-averaged.

6.4. Limitations

As with any reduced-complexity modeling approach, there are a number of limitations worth addressing. While 
dorado's underlying methodology is based on physics, it does not explicitly model many of the physical 
processes that would be present in more sophisticated full-physics advection-diffusion models, and our results 
therefore cannot account for the role of these additional processes on transport patterns. While this is undoubt-
edly a limitation of this analysis, we also view this as a strength because it allows us to more easily general-
ize across different materials and contexts. Aside from their reduced computational demand, one commonly 
regarded advantage of reduced-complexity models is their ability to reduce the number of complex lower-level 
processes being simulated—many of which may not be relevant to the emergent macroscopic phenomenon of 
interest—in order to isolate specific explanatory mechanisms for study (Murray, 2003, 2007). In this analysis, 
the phenomenological representation of hydraulic sorting built-in to the dorado framework allows us to study 
this mechanism in general across a wide range of possible materials, which would be very challenging if other 
material-specific transport processes were included.

Of the transport mechanisms neglected in our current analysis, we note two in particular that we expect to be 
important for additional study: (a) the role of deposition/reentrainment and (b) vertical flow structures neglected 
by depth-averaged models. Regarding the former, our passive particle routing cannot account for processes 
controlling deposition onto the bed, interception by vegetation, or the entrainment of material via erosion inside 
the domain. All of these processes would influence nourishment patterns because downstream locations cannot 
be nourished by material that has already been deposited upstream, and some regions may only be nourished by 
the internal reorganization of material. Prior studies have suggested potential mechanisms by which deposition 
can influence the phase lag of sediment transport with respect to tides that could influence partitioning between 
distributary channels (Wagner & Mohrig, 2019). Erosion inside the WLD is also known to be significant, both 
inside of distributary channels (Shaw & Mohrig, 2014; Whaling & Shaw, 2020) and on island platforms due 
to waves (Styles et al., 2021) or storms (Xing et al., 2017) but is not accounted for in our approach that only 
considers recent fluvial inputs. Future studies could use dorado or modifications thereof to investigate these 
processes, but they are not the focus of this study.

Regarding the latter, because the numerical solution from ANUGA is 2D, the model is unable to resolve the 
vertical component of hydrodynamics. This may be important near the channel-island interface, where recircu-
lations can lead to an ostensibly 3D flow structure that could impact the flux of materials leaving the channels 
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(Chowdhury et al., 2022; Proust & Nikora, 2020). While this is a limitation of our approach, fully 3D models are 
very computationally expensive and challenging to implement and calibrate, particularly in a tidal system with 
regular wetting and drying, and usually these efforts do not lead to noteworthy improvements in model accuracy 
(Bates, 2022). Future work is needed to ascertain the role of vertical circulation on sorting and to constrain the 
accuracy of the simplified approach used here.

In addition to model uncertainties, the Rouse-Vanoni theory underlying our conceptual model should also be 
understood as a fairly idealized model for vertical stratification. There is also an interesting trade off between the 
accuracy of the conceptual model's assumption of depth profile truncation and the importance of θ on particle 
routing. In locations where hC/hB ≈ 1, depth profile truncation is likely a poor assumption, as suspended material 
routed near the bed would simply bypass small changes in topography. However, these are also locations where 
θ does not have a significant influence on material routing, so the accuracy of this assumption is less important. 
In locations where hC/hB < 1, θ has a bigger impact on routing weights and the truncation assumption is more 
physically plausible. In a sense, this implies that the accuracy of the conceptual model is greater in the places 
where it is needed, and less accurate in places where topographic steering is already unimportant. However, more 
sophisticated theoretical approaches or field data could be used to better constrain the relationship between θ and 
real material properties.

6.5. Future Work

Insights from the present study could be useful to or improved upon by a number of future studies. Field-based, 
remote-sensing, and numerical modeling approaches could all be useful to constrain or validate the nourishment 
estimates provided here. Notably, the recent Delta-X field and remote-sensing campaign collected substantial 
amounts of data in the WLD and ATD that could be leveraged to build upon the findings of the present study 
(JPL, 2021), including in situ sediment concentrations and depth profiles, high-resolution hyperspectral and SAR 
imagery of the water surface (e.g., Jensen et al., 2019), and ample hydrological measurements to constrain water 
and sediment budgets in this landscape.

Our nourishment estimates can inform additional field research by suggesting locations where particular materi-
als might accumulate. In particular, our findings suggest that the shoreline-adjacent islands of the WLD, which 
have often been neglected in prior studies, may be underrated with regards to their significance (Figures  5 
and 10). Because dorado is open-source and can be used with any hydrodynamic model solution, a similar 
analysis could be repeated in other landscapes, for any fluvially transported material of interest. Due to the lack 
of a priori constraints on the kinds of materials that can be modeled using this framework, the implications of this 
study  could be far-reaching and interdisciplinary.

Future work should aim to improve our theoretical understanding of sorting processes, and their influence on 
spatial patterns of nourishment in deltas and elsewhere. In particular, material properties and environmental 
conditions could have a very different influence on entrainment sorting (Slingerland, 1984) than on hydraulic 
sorting, and it would be interesting to see how these two sorting processes act in tandem to distribute material 
throughout deltaic systems. Results from more sophisticated morphodynamic or 3D models could be compared 
to our estimates of nourishment to better tease apart which transport processes are most important for landscape 
change.

7. Conclusions
In the present study, we utilized a mixed Eulerian-Lagrangian modeling framework to quantify patterns 
of material nourishment and connectivity in the Wax Lake and Atchafalaya deltas in coastal Louisiana. Our 
reduced-complexity particle routing approach allowed us to single out the influence of vertical stratification and 
topographic steering on the transport of a variety of fluvially transported materials, including water, sediments, 
biotic materials, and plastics, to name a few. Several key conclusions of this analysis are summarized as follows:

•  Even small changes in local topographic steering, as controlled by dorado's θ parameter, led to emergent 
system-scale changes in patterns of fluvial nourishment, with greater channel-island connectivity for posi-
tively buoyant materials than negatively buoyant materials, hydraulically sorting them in space.
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•  Nourishment patterns of low-θ particles were observed to be more sensitive to changes in tidal and discharge 
conditions than high-θ particles, suggesting a means by which external flows of energy into river deltas can 
reinforce spatial gradients between different kinds of materials.

•  Differences in nourishment patterns between the WLD and ATD appear to be the result of anthropogenic 
dredging, suggesting that natural land building processes distribute materials more evenly across the delta 
plain.

•  We utilized Rouse-Vanoni theory to construct a conceptual model to bridge the gap between material proper-
ties and the reduced-complexity approach of dorado/DeltaRCM, and that correspondence can be used to 
inform future applications of either model.

•  We discussed how our nourishment and connectivity estimates tie together with prior research in these deltas 
and provide a means by which estimates of hydrological connectivity can be translated to other materials of 
interest.

•  Our study provides a new modeling framework for studying material transport that could be readily applied to 
other systems or other materials and used to inform future field studies.

Data Availability Statement
All hydrodynamic outputs, dorado simulation results, and codes needed to reproduce this analysis are available 
for download at https://doi.org/10.5281/zenodo.7187585. Current links for the run-scripts of the ANUGA model 
of the Wax Lake and Atchafalaya Delta system can be found at deltax.jpl.nasa.gov and the final versions will 
be accessible via the ORNL DAAC. The particle-tracking model dorado is fully open-source and has been 
archived at https://doi.org/10.5281/zenodo.6454729, and the most up-to-date version can be found on GitHub at 
https://github.com/passaH2O/dorado.
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