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Abstract.3

Recently a reduced complexity model which simulates the process of delta4

formation on geological time scales has been proposed [Seybold et al., 2007].5

It includes subaerial and subaqueous growth in a three dimensional frame-6

work. In this paper we apply this model to the formation of a river domi-7

nated delta and compare the model dynamics with observations of the for-8

mation of the Balize Lobe of the Mississippi River Delta. We show that the9

dimensionless parameters of the model may be consistently rescaled to match10

the Balize lobe. This means that after rescaling, the subaerial geometry and11

time, the deposited (subaqueous) lobe volume, the sediment and water flows,12

the age, as well as the sediment capture ratio match the observed data. The13

model generates both subaerial and subaqueous channels and lateral levee14

formations as well as a profile morphology with steep drop offs and a flat delta15

surface which is similar to natural ones. Finally we use detrended fluctua-16

tion analysis to show that the modeled long-term dynamics of the delta for-17

mation process shows a complex temporal correlation structure. A charac-18

teristic timescale separates periods of consistent delta growth by gradual sed-19

iment deposition at the mouths of distributary channels from periods at which20

random large scale channel avulsions lead to rapid change and the forma-21

tion of new channels and subaqueous dominated deposition.22
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1. Introduction

How river deltas emerge and how they evolve are classic questions in geomorphology23

[Bates , 1953; Coleman and Gagliano, 1964; Wright and Coleman, 1973; Galloway , 1975;24

Orton and Reading , 1993]. Coastal deltas are morphologically very active geological sites25

where strong deposition caused by the high sediment supply from the river is competing26

with reworking wave and current action. The deposition of coarse sediment at the mouth27

of the delta is often accompanied by the formation of oil and coal reservoirs [Morgan,28

1977; Coleman, 1975; Coleman and Prior , 1980; Allen et al., 1981]. As a result, the29

first field studies investigating the geological structure of coastal deltas have been carried30

out at the beginning of the 20th century primarily by oil companies, for example in the31

Mississippi Delta [Fisk , 1947, 1952; Kolb and van Lopik , 1958; Coleman and Gagliano,32

1964, 1965]. Today the gulf of Mexico at the mouth of the Mississippi is one of the major33

offshore oil sites in the United States. The understanding of the facies, relationships and34

mechanisms responsible for the development and distribution of deltaic deposits therefore35

is essential for efficient exploration and oil extraction [Bates , 1953; Coleman and Prior ,36

1980]. Six major lobes of the Mississippi Delta have been identified and their age has been37

determined using radio carbon dating [Fisk and McFarlen Jr., 1955; McFarlen Jr., 1961;38

Saucier , 1963; Frazier , 1967; Törnqvist et al., 1996]. More recent studies have identified39

that beside the major lobes there are also three to six sub-lobes [Penland et al., 1987].40

The main lobes of the delta are shown in Fig.1.41

In recent years the study of changes in deltaic topography have come into focus due42

to coastal land loss related to the rising sea level combined with extreme weather events43
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causing significant damage. Coastal hazards have an immense economic impact as 25% of44

the world’s population live on deltaic coastlines and wetlands [Giosan and Bhattacharya,45

2005; Syvitski et al., 2005]. The subsidence of the deltaic deposits and the starvation of46

sediment supply to the deltaic plain due to channelization and damming upstream caused47

an increasing land loss in the Mississippi Delta during the last decades [Ericson et al.,48

2006]. To get a deeper understanding of the dynamic processes involved in delta formation,49

laboratory experiments have been set up in recent years in order to quantify sedimentation50

and erosion processes in a delta. Experiments have been carried out for instance in the51

”eXperimental EarthScape” (XES) facility of the St. Anthony Falls Laboratory with52

some success [Kim et al., 2006; Swenson et al., 2005; Paola et al., 2001; Sheets et al.,53

2002]. Other recent laboratory experiments have shown that the cohesion of the sediment54

transported by the stream is an essential factor in the formation of elongated birdfoot55

deltas such as the Mississippi. Due to the cohesion of the sediment, the channel beds56

are stabilized which leads to more distinct channel patterns and lower channel migration57

[Hoyal and Sheets , 2008]. In nature this channelization happens due to riparian vegetation58

which stabilizes the bed at the river banks and bars [Hoyal and Sheets , 2008].59

Although the techniques for topographic measurements and experimental setups have60

advanced considerably, computational modeling of deltas has proven to be very diffi-61

cult as the systems are highly complex and large time scales have to be taken into62

account. Physically-based models generally combine hydrodynamics derived from the63

Navier-Stokes equations with an empirical sediment transport law based on bottom shear64

stress and sediment continuity. This set of partial differential equations is then integrated65

using finite-element or finite-volume techniques. Fully three dimensional simulations with66
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hydrodynamic-topographic coupling have been carried out by Harris et al. [2005] using67

ECOM-SED and by Edmonds and Slingerland [2007, 2008] who applied the Delft-3D68

model to study the mechanics of river mouth bar formation. Although the models based69

on partial differential equations describe the details of the flow, numerical simulations70

of realistic river basins and delta formation over geological times are far beyond today’s71

computational power. Usually these models cover only small sections of some kilometers72

over several months or years.73

By contrast, our knowledge of the topography and channel dynamics is derived from dig-74

ital elevation model (DEM) data and sediment records covering scales of broadly 100−106
75

meters and 10−1−105 years. Process models are required that include the changing bound-76

ary conditions governing land-surface changes and mass fluxes over these scales. While77

for the very small and very large scale well developed models exist, the mesoscale is still78

not yet well understood [Wolinsky , 2009]. Thus the challenge of geomorphological mod-79

eling is to reduce the complexity of the microscopic physical equations without modifying80

the characteristic mesoscopic behavior of the system [Brasington and Richards , 2007;81

Coulthard , 2001]. During the last years “reduced complexity models” (RCMs) based on82

the idea of cellular automata [Wolfram, 2002] have proven to be very successful in model-83

ing the time evolution of geophysical processes e.g. [Brasington and Richards , 2007; Paola84

et al., 2001; Coulthard et al., 2007]. The motivation for this type of modeling is not to85

simulate the detailed evolution of a given river, but to identify the essential physics of the86

underlying processes [Murray , 2003]. The results of these simulations then can be com-87

pared and validated with appropriate coarse-grained field measurements and laboratory88

experiments. Recent advances in this field have sought to achieve these ends through the89
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development of novel first order cellular discretization methods efficiently describing the90

evolution of the topography combined with an increasing reliance on high quality topo-91

graphic data [Brasington and Richards, 2007; Divins and Metzger , 2006]. RCMs are based92

on simplified equations that still capture the essential morphodynamics of the landscape93

changing processes. These simplifications introduce a new set of problems as the model94

equations are often based on empirical descriptions instead of previously well-understood95

physical properties and variables. Additional complexity then emerges due to the fact96

that the nature of these new parameterizations may themselves be both scale and grid97

dependent and not easily transferable to real scales [Brasington and Richards, 2007; Mur-98

ray , 2003, 2007]. The work of Murray and Paola on braided river streams [Murray and99

Paola, 1994] is often considered as the seminal work in applying RCMs in geomorphology.100

Other more recent examples are CEASAR [Coulthard et al., 1998] and EROS [Davy and101

Crave, 2000] for river channel dynamics and alluvial sediment transport or LISFLOOD102

[van der Knijff and de Roo, 2008] for modeling flood plain dynamics. Reduced complex-103

ity models have also been applied to delta formation by [Sun et al., 2002]. This model is104

completely topography driven and does not account for subaqueous sediment transport at105

the delta front or backwater and overbank effects. Other models like the two dimensional106

DELTASIM [Hoogendoorn and Weltje, 2006] include subaqueous sedimentation, but lack107

the description of lateral sediment transport. A comparison and discussion of the different108

models and strategies can be found in Overeem et al. [2005].109

Based on RCM ideas [Seybold et al., 2007] presented a new model to simulate the time110

evolution and formation of river deltas. This model combines the simplicity of the cellular111

models with the essential hydrodynamic features necessary to reproduce realistic river112
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delta patterns, which cannot be obtained by classical topography driven flow equations113

such as Manning-Strickler. The model describes a subaerial and subaqueous growth of114

the deltaic deposits using a simple hydrodynamic routing with an explicit water surface115

coupled to the topography by erosion and deposition law. By modifying the erosion-116

deposition law, the model reproduces the formation of the Galloway [Galloway , 1975]117

end member delta types namely river-, wave- and tide-dominated. Furthermore several118

characteristics of the time behavior of real delta formation such as lobe switching could119

be observed [Seybold et al., 2007].120

In this paper we apply the model to the specific case of a river-dominated delta and121

focus on the specific static and dynamic features of this delta type. We compare the122

model dynamics with that of the Balize lobe of the Mississippi Delta and show that the123

model captures the key features of the delta formation process which is the self organized124

formation of subaerial and subaqueous natural levees. We investigate the simulated delta125

evolution and the internal behavior of the model by comparing the model parameters with126

measured data obtained for the Mississippi.127

Our aim is to show that the model is internally logical and gives physically meaningful128

results, that the dimensionless parameters may be rescaled consistently to fit observations,129

and that the model produces long-term simulated dynamics of the delta formation process130

with a complex temporal correlation structure.131

The paper is organized as follows: First we present a description of the model imple-132

mentation and the details of the model equations, followed by a section which summarizes133

the model parameters used for the simulation of the birdfoot delta lobe. The simulated134

delta dynamics and the consistency of the RCM equations is checked by comparing the135
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simulation results with data from the Mississippi. In the final section we investigate the136

simulated long-term dynamics of the delta growth.137

2. The Model

The landscape is discretized on a regular square grid with fixed spacing, where each node

is connected by bonds to its four closest neighbors. The elevation of the topography Hi

and the water surface Vi are defined on the nodes. On the bonds between two neighboring

nodes i and j, the hydraulic conductivity for the water flow from node i to node j is given

by

σij = cσ

{

Vi + Vj

2
−

Hi + Hj

2
if > 0

0 if ≤ 0.
(1)

The hydraulic conductivity can be interpreted as the average depth of the water in a

channel segment; if the channel is deep, more water can be transported than in a shallow

one. A sketch of a distributary channel segment is shown in figure Fig.2. The model

considers only surface water flow, thus the hydraulic conductivity is also set to zero if

the water level in the source node of the flow is below the surface. The water is routed

downhill due to a hydrostatic pressure gradient which induces a flow Iij between nodes i

and j as

Iij = σij(Vi − Vj). (2)

Note that this equation implies a nonlinear relation between the discharge Iij and the138

water level Vi as σij is itself a function of Vi, namely σij = σij(Vi, Vj).139

The change of the topography takes place on a much longer time scale than the hydro-

dynamic nature of the flow, which means that the water flux can be assumed to be in a

quasi steady state regime. The conservation of the water mass is given by the continuity
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of flows Iij entering and leaving node i,

∑

j

Iij = 0. (3)

where the sum runs over all neighbors connected to node i.140

The resulting system of equations (1)-(3) is solved using a relaxation method. Boundary141

conditions are needed to close the system. On the sea side Dirichlet boundary conditions142

are applied with a fixed water level, while inflow boundaries and no-flow lateral boundaries143

are applied on the land. Water and sediment are injected into the domain by defining144

inputs of water I0 and sediment J0 at an entrance inlet node (see Fig.3). The landscape145

is initialized with a given water level below the ground and runoff is produced when the146

water level exceeds the surface.147

The sedimentation-/erosion rate dSij is modeled by a phenomenological relation. We

use a simplified law with a common constant for erosion and deposition. In the case

of river-dominated deltas it is only dependent on the magnitude of the flow Iij . Thus

equation (5) of [Seybold et al., 2007] reduces to

dSij = c(I⋆ − |Iij|), (4)

where I⋆ is the threshold for the water flow which determines whether there is erosion or148

deposition between nodes i and j. If dSij > 0 we have deposition and if dSij < 0 we are in149

the erosive regime. The sedimentation rate dSij computed by (4) is a potential rate, the150

actual rate dS⋆
ij is limited by the supply of sediment through the sediment discharge Jij .151

Thus if dSij > Jij all sediment is deposited on the surface and Jij is set to zero. In the152

other cases Jij is reduced by the sedimentation rate or increased in the case of erosion,153

respectively.154
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We also introduce an erosion threshold for numerical stability reasons, so if the potential

rate dSij is smaller than a given value θ then we do not allow erosion locally in that time

step. This condition occurs very rarely in the simulation. As |Iij| −→ 0 we get the

deposition capacity

dSmax = cI⋆. (5)

In summary we have the following situation

dS⋆
ij =







dSij , J ′

ij = Jij − dSij if θ < dSij < Jij

Jij, J ′

ij = 0 if dSij > Jij

0 , J ′

ij = Jij if dSij < θ
(6)

where Jij are the sediment transport rates before and J ′

ij after the sedimentation step.155

The parameter c modulates how much sediment can be eroded or deposited. The fact156

that the parameter c is identical for erosion as well as deposition is a limitation of the157

model because it has to capture the effect of both processes. In the erosion mode, c158

represents the erodibility of the surface, sediment size, etc., while in the deposition mode,159

c primarily represents the settling velocity of the suspended particles and the trapping160

efficiency in a bond in relation to the flow. For simplicity the model does not distinguish161

bed and suspended load and also sediment grain size effects are not considered. The162

landscape is modified according to163

H ′

i = Hi +
∆t

2
dS⋆

ij (7)

H ′

j = Hj +
∆t

2
dS⋆

ij, (8)

where the sediment is deposited equally on both ends of the bond.164

The equations hold for both erosion and deposition and ensure sediment continuity165

(Exner’s equation) because the change of the landscape in ∆t is given by (H ′

i −Hi)/∆t =166

1/2dS⋆
ij where dS⋆

ij is exactly the change of the sediment flux through node i.167
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Subaqueous water currents tend to smooth out steep gradient changes. This is modeled

by a Laplacian filter which smears out hard edges and corners

H ′

i = (1 − ǫ)Hi +
ǫ

4

∑

N.N.

Hj, ifVi > Hi (9)

using the elevations of the nearest neighbors which are connected to Hi in the lattice grid.

The remaining sediment is advected by the water outflows

Jout
ij =

∑

k J in
ik

∑

k |I
out
ik |

Iij , (10)

where the upper sum runs over all inflowing sediment and the lower one over the water168

outflows. Note that at the boundary, sediment which is not deposited before reaching the169

boundary exits the domain together with the water flux. Iterating the equations (1)-(10)170

determines the time evolution of the system. The time step ∆t refers to the erosion-171

sedimentation process. Within this time step the water flow Iij is assumed to be in steady172

state.173

3. Simulation

The system was initialized on a 279 × 279 lattice with a parabolic valley where the174

main slope runs downhill along the diagonal of the lattice. Below the sea the landscape175

is flat with a constant slope s > 0. Furthermore we assume that the initial landscape has176

a disordered topography by adding small uniformly distributed noise to Hi (see Fig.3).177

The elevation change due to the noise is of the order of 1% compared to the total height178

difference between the highest and lowest point of the simulation domain. The initial179

water table at the bottom of the valley was set to δ = 0.0025 below the surface.180

The unitless parameters for the water and sediment flows were chosen to I0 = 1.7×10−4
181

and the sediment influx to s0 = 2.5 × 10−4. The constant cσ was chosen to be 8.5. The182
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constant c in the erosion law is given by c = 0.1. The erosion threshold was set to183

I⋆ = 4 × 10−6 and the maximal erosion rate was set to θ = −5 × 10−7 (note: erosion184

is negative in the model). Smoothing was applied every 24 hours with a smoothening185

factor ǫ = 1 × 10−4. These parameters are grid size dependant and were fine-tuned to186

simulate the appearance of river dominated deltas [Seybold et al., 2007]. Figures 4(a-f)187

show six snapshots of the time evolution in the simulation where we can see how the188

river penetrates into the sea mainly depositing its sediment along the channels forming189

the typical birdfoot shape. If the deposition in the main channel is too strong, the flow190

breaks through the channel banks and forms a new distributary channel.191

4. Interpretation of the model parameters

To compare the simulation of the model with an existing birdfoot delta we need to192

reinterpret and give dimensions to the model grid, parameters and variables with the193

observed delta size and water-sediment fluxes. We also need to verify whether the simple194

erosion- sedimentation law in the model Eq.(4) provides a meaningful process description.195

These are necessary tests to judge whether the model is internally consistent and provides196

physically correct behavior. For checking if the RCM model produces meaningful results197

we compare some easily accessible data like sediment and water fluxes and the surface198

pattern of a comparable delta with the simulation and rescale the simulation variables.199

After that the rescaled model allows us to compare other quantities from the simulation200

with the real case, e.g. the volume of the deposited sediment or the growth dynamics of201

the delta. These predictions are not trivial results of the rescaling process, because they202

strongly depend of the internal dynamics of the RCM model and not only on the input203

conditions. A similar surface pattern at a given timestep and correct scaled inflow/outflow204
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conditions for the sediment do not necessarily mean that the subaqueous deposits are205

comparable because sediment can enter and leave the domain and is redistributed by the206

erosion-/sedimentation rule. In this sense the comparison of the lobe deposits gives us207

the possibility to judge if the internal nonlinear dynamic is consistent with the processes208

in a real delta.209

We have chosen to perform the comparison on the Mississippi delta because it is the210

largest river-dominated delta for which we have good records of bathymetry, water and211

sediment discharge, and their change in time [Keown et al., 1986; Mossa, 1996; Corbett212

et al., 2006]. We proceed as follows: First we collect observations of water and sediment213

fluxes and estimate the volume of the Balize (birdfoot) Lobe of the Mississippi Delta.214

Second we rescale the horizontal and vertical resolution of the modeling grid, the time215

step and fluxes to match the observed data. Finally we interpret the form and parameters216

of the erosion-/sedimentation law in the model to show that the model equations are217

internally consistent.218

4.1. Water-sediment fluxes and lobe volume

The Mississippi River is the largest river on the North American continent, draining219

more than 3.2 million km2. Mean annual water inflow into the delta in the last century220

is estimated at about Q = 17000 m3/s with rather low interannual variability [Mossa,221

1996]. However, the sediment load delivered to the head of the delta at Tarbert Landing222

(31N,91.61W) has been much more variable, mostly affected by relatively recent human223

activities. Soil conservation, sediment trapping in reservoirs and levee construction since224

the 1950s have led to a reduction of the suspended sediment load from about 260 to 150225

Mt/yr [Keown et al., 1986; Corbett et al., 2006; Syvitski et al., 2005]. Human influence on226
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the geomorphological processes is clearly an uncertainty for the modeling because detailed227

data for the pre-settlement times is not available. Nevertheless the influence of dam-/228

and levee construction at the Mississippi in the last 50 years, could only have affected229

the last 5-10% of the total formation time of the Balize lobe. Since we are studying the230

development of the delta over time scales prior to human influence, we take the average231

annual sediment load into the delta to be Qs = 214Mt/yr.232

The width of the main river at Tarbert Landing at the top of the delta is about 1000233

m and it increases to about 1400m at the Head of Passes (29.15N,89.25W) where smaller234

channels spread onto the lobe and the continental shelf. There the bed sediment compo-235

sition has changed in response to the changing sediment load towards finer fractions. We236

take the data from earlier surveys which give the median diameter d50 = 0.17 mm with237

64% fine sand and 35% clay [Keown et al., 1986] and we assume a mean porosity n = 0.4238

(dry bulk density ρ = 1.6 t/m3) accounting for consolidation of the sediment as it was239

deposited.240

This study is concerned with the simulation of the formation of the most recent Missis-241

sippi Delta lobe, the Balize Lobe. From geological records it is known that the Balize Lobe242

has been formed in the last 800-1000 years [Draut et al., 2005; Saucier , 1994; Roberts ,243

1997]. We estimated the Lobe volume with two independent methods, namely from ob-244

servations of sediment inflow and directly from bathymetric data.245

The first method assumes that the incoming sediment flux is constant over the entire

period τ = 800 − 1000 years and equal to the long-term mean Qs = 214Mt/yr. When

we apply this flux and assume an average porosity of n = 0.4 we get a total volume of

10.7− 13.4× 1010 m3. The study of [Corbett et al., 2006] on the western flank of the Lobe
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has shown that approximately 40% of the delivered sediment is advected to distal regions

of the shelf by current-driven resuspension and mass movements. Considering an outflow

of 40% of the sediment for the Lobe area as a whole, we get an estimate of the total Lobe

volume

VQ = 6.4 − 8.0 × 1010m3 (11)

The second method uses the USGS Coastal Relief DEM [Divins and Metzger , 2006] with

a resolution of 3 arcsecs (cell size about 83-87 m) to determine the Lobe volume. First the

original coastline was reconstructed from geological records using interpolation techniques.

The continental shelf at the coast of southern Louisiana reaches about 50 − 60 km into

the ocean, where the depth is not more than 20− 50 m. Then it immediately drops down

to a depth of several hundred to more than one thousand meters. The bathymetry of

the coast-shelf transition before the formation of the Balize Lobe is obtained by using a

special interpolation technique which is explained as follows: Let H(x) be the elevation

of a point x in the Mississippi Region at present and H̃(x) be the landscape 1000 years

before. Outside of the deposition zone we assume that the topography did not change,

H̃(x) = H(x) ∀x /∈ D, (12)

where D denotes the deposition area of the Balize Lobe (see Fig5). The boundary of the

domain D is fixed by the course of the ancient coastline based on [Morgan, 1977; Saucier ,

1963] and the abyss on the sea side. The values inside the domain D are obtained by

minimizing the slope with the boundary condition H̃(∂D) = H(∂D) where ∂D denotes

the boundary of the domain D. Assuming a smooth decay below the shore line without

saddle points, a reasonable approximation of the topography in the area D is given by the
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Laplace equation

∇2H̃ = 0 H̃(∂D) = H(∂D). (13)

Beside a saddle point free interpolation which satisfies the boundary conditions, equation246

(13) minimizes sharp edges in the topography leading to a smooth transition between the247

fixed boundaries. Furthermore it minimizes the potential energy of the surface, which248

means that the sediment lies at its lowest possible elevation with respect to the given249

boundary conditions.250

For solving the equation numerically we used a successive overrelaxation scheme (SOR)

directly on the numerical data grid provided by the DEM to solve (13) for H̃. Convergence

was defined for a total residual of less than 10−15. The volume of the Lobe deposit is then

computed as the difference between the DEM of the Lobe surface and the interpolated

original surface which yields a total volume

VD = 8.7 − 9.3 × 1010 m3. (14)

A comparison of the two volumes in (11) and (11) confirms that the assumed long-term251

sediment supply Qs = 214Mt/yr and a retention fraction of 60-70% are good estimates252

during the Balize Lobe formation.253

4.2. Comparison of variables and parameters with the Balize Lobe

To rescale the variables and parameters of the model we ran a simulation with the model254

until a birdfoot delta was formed which visually compared well with the Balize Lobe of the255

Mississippi. The unitless horizontal resolution of the model was then isotropically rescaled256

by comparing the lattice spacing of the simulation grid with the real extent of the Balize257

Lobe. The simulation domain of 279×279 grid points corresponds to a square segment of258
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the Mississippi Delta of about 110 km × 110 km ± 10km. The river is running along the259

diagonal of the grid. The horizontal rescaled grid resolution is r = rx = ry = 380 ± 10m.260

The water inflow at the top of the delta I0 is rescaled to match the long-term mean261

annual discharge Q with the scaling constant cI = 1× 108 m3/s then applied to all water262

fluxes Iij . Note that the rescaling of the water flux is only necessary to obtain the correct263

units in Eq.(4) as the model assumes steady state for the water flow in each time step.264

Similarly the sediment input at the top of the delta s0 is rescaled to match the long-term265

mean annual sediment load Qs with the scaling constant cs = 1 × 104 m3/s then applied266

to all sediment fluxes Jij. The rescaled variables and parameters are summarized in Table267

1. We present ranges of the parameters which result from the uncertainties in the data.268

The rescaling factor for the elevation was obtained by comparing the highest and deepest269

points of the simulation domain with the DEM model. The slope of the simulation grid270

is given by the elevation difference between the upper left Ha and the lower right Hb271

corner divided by the length of the diagonal. Using the distance between the highest and272

lowest point of the simulation domain, d = 150 ± 5 km, Ha = 0.058 and Hb = −0.1, we273

obtain a slope of s = 0.8 − 1.4 × 10−6. To obtain a comparable slope from the DEM274

model, we used the highest and lowest point in the chosen segment of the map outside of275

the deltaic deposits which are zmax = +5 m (point (a) Fig.5) close to New Orleans and276

zmin = −60 ± 10 m (see point (b) in Fig.5) on the sea side at the downstream end of the277

Balize Lobe. This yields an average slope of the Mississippi sMiss = 3.3 − 5.3 × 10−4.278

As both slopes should be equal, all elevations of the simulation have to be rescaled by a279

factor of ch = 380 ± 10 m.280
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As a consistency check, the rescaled lengths obtained by surface pattern comparison281

can now be used to compare the amount of subaqueous deposits in the delta region. The282

topography of the simulation data which corresponds to today’s Balize Lobe is calculated283

by subtracting the final simulated delta from the initial configuration. Using the rescaled284

variables one obtains a total deposited volume of285

Vsim1 = 9.6 − 10.2 × 1010 m3 (15)

which is very close to the values obtained from the Mississippi measurements. The rescal-286

ing factor for the time step in the model ct comes from the age of the lobe τ . In the287

simulation a delta stage similar to today’s Balize Lobe was obtained after 27 million steps288

which then yields a time resolution scaling constant ct = 1050± 100 s. From the modeled289

sediment flux we can estimate the sediment supply to the delta by integrating the fluxes290

over the age of the Balize Lobe using the sediment flux scaling factor (Table 1).291

4.3. The erosion-sedimentation process

The erosion-sedimentation rule in Eq.(4) is the fundamental equation in the model which292

drives delta formation. It was motivated by the approach of Foster and Meyer [Foster293

and Meyer , 1972] who proposed that the erosion-/deposition rate should be proportional294

to the difference between the sediment transport capacity and the actual sediment load.295

The histogram of the flow current in Fig.6 shows that erosion will be the dominant296

process in the existing channels with a high flow rate, while deposition occurs over large297

areas of the forming lobe where Iij < I⋆ and I⋆ = 4 × 10−6 (I⋆′ = 400 m3/s). The298

parameter I⋆ is crucial for tuning the balance between these two processes. From Fig.6,299
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it is noteworthy that the histograms of the water Iij and the sediment Jij fluxes follow300

a power law over a wide range of scales. This is indicative of the complex structure of301

the developing delta. The probability distribution functions were obtained by integrating302

over time and space over the whole delta formation period. A similar behavior with fat303

tailed sediment flux distributions has been obtained by [Jerolmack and Paola, 2007] for304

avulsing rivers.305

The distribution of dS⋆
ij is shown in Fig.7. Over the entire simulation domain the306

frequency of deposition P (dS⋆ > 0) = 0.0533, was higher than that for erosion307

P (dS⋆ < 0) = 0.0071. This confirms that deposition is the dominant process in the308

model. Integrated over the entire simulation time of the delta, erosion and deposition309

is concentrated only in nodes with water flow, therefore P (dS⋆ = 0) = 0.9396 is high.310

These are the cells where no erosion or deposition is taking place, either on the land or311

in the stable parts of the newly formed delta. The peak on the deposition side in Fig.7312

corresponds to the deposition capacity dSmax = cI⋆ in Eq.(5). Note that the infrequent313

high rates of erosion dS < θ are not actually applied in the model.314

When comparing the simulated water and sediment fluxes with observations it is impor-315

tant to recall that the model cannot resolve subgrid variability. The distribution channels316

in the Mississippi Delta are often narrower than the grid resolution ∆x′ and are therefore317

more likely to have higher flow velocities and sediment transport. This phenomenon is318

common to all cellular river models [Passalacqua et al., 2006].319

The delta formation process by erosion and deposition can be divided into several stages320

where each one is dominated by different effects. The early stage of the delta formation321

process is dominated by subaqueous deposition of sediment along the coast and the accu-322
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mulation of a large amount of sediment on the continental shelf. Due to the high sediment323

supply by the river plume (Figs.4a and d) deposition also takes place far away from the324

river mouth leading to the accumulation of thick prodeltaic deposits which form the base325

of the future delta. Fig. 8 shows the spatial distribution of the erosion-deposition process326

at the delta mouth after 500 years of delta progradation: The sediment flow rate is marked327

by black contour lines and the applied sedimentation/erosion rate is given by the color328

range. Subaqueous mouth bars form in the model when the flow is diverging after the329

birdfoot lobe has prograded a certain distance into the sea, but not always they become330

aparent above the water level.331

When the stream enters into deep ambient water the current is immediately decelerated332

leading to high deposition rates and fast subaqueous delta growth along the coast. In our333

simulation this effect can be observed in the early delta formation stages (Figs.4a and334

b) when the river enters into the sea where the conductivity σij is much higher and the335

flow is distributed over a wider area. This leads to a decrease in the local water flow Iij336

resulting in an increasing deposition rate. As there is still a slope in the direction of the337

main flow, the lateral deposition rate is slightly higher forming subaqueous levees which338

confine the flow in the main channel direction. In general the morphodynamic feedback339

of the inflowing current leads to the formation of subaqueous landforms that create a340

confinement for the initial flow.341

The next phase is dominated by deposition in the channels and subaqueous sedimen-342

tation which leads to a more gradual transition from the river into the ocean. Channel343

deposition also limits the maximal distance a river channel segment can prograde before344

its slope becomes too shallow to transport sufficient sediment for further lobe growth.345
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Strong deposition at the end of the channel head leads to a splitting of the stream, and346

subsequent overbank avulsion which causes lateral growth of the lobe. For the formation347

of a birdfoot delta it is important how the bank deposits force the channels to maintain348

their particular course by depositing levees along the channel. The formation of natural349

levees is inherent in our model as can be seen in Fig.9. As the lateral current in the model350

is much slower than the current in the direction of the main slope these flows lead to the351

deposition of levees confining the flow in the main direction.352

When the stream approaches the shoreline and deposits more sediment on the channel353

bed this sedimentation eventually overtops the levees, and overbank flow, rapid bank354

and channel bed aggradation, ultimately induce the failure of the natural levee forming a355

new outflow channel for the stream with a steeper slope. This phenomenon was observed356

several times during the simulation (Fig.4e-f). In literature this shift in the main sediment357

transporting channel is often referred to as type III lobe switching [Coleman, 1975]. A358

cut through the delta lobe after 27 Mio simulations steps corresponding to about 800-359

1000 years is shown in Fig.(9). The subaerial part is quite flat and the channels are360

confined between natural levees Fig.(9)(b), then the lobe drops quite steeply. The cut361

is indicated with a red line in Fig.9(a). For comparison a cut through the Balize lobe362

of the Mississippi created from the bathymetry data Divins and Metzger [2006] is shown363

in Fig.10. The profile shows a morphology with steep drop-offs and a flat delta surface,364

similar to that in the simulation.365

5. Long-term temporal dynamics

The different phases of the delta cycle can be identified in the time series of the land

growth illustrated in Fig.11. There the change of the delta growth is plotted versus time.
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Formally the growth rate is defined as follows: Let N be all nodes on the lattice then the

land/water fraction at a time tk is defined by:

W (tk) =

∑N

n−1
Θ(Hi − Vi)

N
where Θ(x) =

{

0 if x < 0
1 if x ≥ 0

(16)

where N is the total number of all nodes in the lattice. Thus the growth rate is given by366

the difference W (tk) − W (tk−1).367

After a phase of constant growth, the stream breaks through the river banks and searches368

for a new path which is accompanied by high deposition and the formation of new subaerial369

delta parts corresponding to the peaks in Fig.11. When the shallow water behind the levee370

is filled up and the stream enters into deeper water the surface growth of the delta decreases371

tremendously. Subsequently the delta enters into a stage where a new subaqueous deposit372

is gradually built.373

Since the land formation process occurs in bursts, we investigate the possibility of374

temporal long range correlation of the delta growth. This can be characterized by the375

Hurst exponent H which was introduced by Hurst to describe the water level fluctuations376

of the Nile [Hurst et al., 1965]. As a method to quantify the long-range correlation377

properties in a non-stationary time series we use detrended fluctuation analysis (DFA)378

[Peng et al., 1994; Hu et al., 2001; Chen et al., 2002].379

Dentred fluctuation analysis is based on the computation of the scaling exponent H ′,

which is equivalent to the Hurst exponent, by means of a modified mean square analysis.

This method avoids the spurious long-range correlations due to non-stationary ties, by

first integrating the data of the time series

y(k) =
k

∑

i=1

[x(i) − M ] (17)
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where

M =
1

k

k
∑

i=1

x(i) (18)

is the average value of the series x(i) and k ranges between 1 and N . The time series x(i)

is the delta growth versus time during the formation of the birdfoot. Next, the time series

is mapped onto a self affine stochastic process by dividing the integrated time series into

K equally spaced intervals of length n. In each of these boxes a least square fit (in our

case linear) is performed on the data. The y-coordinate of the resulting curve segments in

box k then is called yn(t) where n denotes the length of the segment. In order to detrend

the time series y(t), the local trend yn(t) is subtracted in each of these boxes. Then the

root mean square (RMS) fluctuation is calculated as,

F (n) =

√

√

√

√

1

N

N
∑

t=1

(y(t) − yn(t))
2. (19)

Scaling is present if F (n) has a power law dependence on the size of the time window n,

F (n) ∝ nH′

forn → ∞, (20)

where H ′ ≈ H asymptotically. The exponent H is related to the “1/f” noise spectral

slope Df (fractal dimension) by

Df = 2H − 1. (21)

It can be shown that in case of no correlation, such as for example in a pure random walk,380

the exponent H is exactly 0.5. The range of the exponent for positively auto-correlated381

time series is H > 0.5. This means that if there is a trend to increase/decrease from382

time step ti−1 to ti there is a higher probability to follow the trend than in a completely383

random process. A Hurst exponent of H < 0.5 will exist for a time series with anti-384

persistent behavior (negative autocorrelation), which means that an increasing trend will385
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be followed more probably by a decrease and vice versa. This behavior is sometimes386

called “mean reversion”. To improve the statistics for the scaling exponent we have run 5387

different realizations of the birdfoot delta formation with the same parameters but different388

seeds for the random numbers of the initial surface. For each sample the DFA analysis was389

performed and the averaged result is plotted in Fig.11. Two different correlation regimes390

can be clearly distinguished. On short time scales the land formation process is highly391

correlated with exponent H = 1.2 which corresponds to the formation of a new outflow392

channel and strong land growth. On longer time windows the different cycles average out393

and yield a smaller exponent which was determined to be H = 0.7. We hypothesize that394

the stronger long-range correlations for shorter time scales is the result of the gradual lobe395

building phases at the mouths of the distributary channels, while at some temporal scale396

the random avulsion mechanisms lead to a breakdown of the correlation structure.397

6. Conclusions

Reduced complexity models have been shown to be a promising avenue in the geomor-398

phological modeling of fluvial processes, being numerically simpler and more suitable for399

long-term simulation than their detailed fully physically-based counterparts e.g., [Bras-400

ington and Richards , 2007; Crave and Davy , 2001; Paola et al., 2001; Murray and Paola,401

1994, 1997; Van De Wiel et al., 2007].402

Recent applications of reduced complexity models to delta formation [Sun et al., 2002;403

Seybold et al., 2007] have shown that these models can capture the essence of the delta404

formation mechanisms - the processes of transport, erosion and deposition of sediment by405

distributary channels. In this paper we go into more detail by applying one of these models406

[Seybold et al., 2007] to the simulation of a real river-dominated delta, the Mississippi.407
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The core of the model is the minimal hydrological model combined with an erosion-408

/deposition law which although simple produces a plausible distribution of actual sedi-409

mentation rates. These rates should in principle be verifiable by measurements of depo-410

sition rates in the delta from submarine cores. One of the main advancements of this411

model is that it generates subaerial and subaqueous channel and lateral levee formations412

and subaqueous profile morphology with steep drop-offs and flat delta surface which are413

similar to natural ones. In fact, the shape of the subaqueous part of the simulated delta414

compares very well with observations of the Mississippi delta derrived from bathymetric415

data, which suggests that the sediment transport and deposition of sediment are captured416

well by the model.417

The dimensionless parameters of the original model were rescaled to match the forma-418

tion of the most recent Balize lobe of the Mississippi. Lattice dimensions were determined419

by scaling the geometry of the delta. Water and sediment inflow were scaled by the ob-420

served mean annual water and sediment fluxes measured at the upstream end of the delta.421

The modeling time step was scaled by the estimated age of the delta lobe. Mass consis-422

tency was checked by comparing the simulated and observed delta volumes determined423

from bathymetric data. The result is that the original dimensionless model formulation424

is cast in dimensional terms, which allows for a better appreciation of the process rates425

and the possibility to examine the scale-dependence of parameters.426

The results also show that the simulated dynamics of the birdfoot delta growth have427

a characteristic timescale with a transition from a highly correlated regime for small428

timescales to a less correlated one at larger timescales. Delta growth in the model pro-429

gresses in bursts, where a characteristic timescale separates periods of consistent delta430
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growth by gradual sediment deposition at the mouths of distributary channels from peri-431

ods at which random large scale channel avulsions lead to rapid change and the formation432

of new channels and subaqueous dominated deposition. We cannot of course verify these433

simulated temporal dynamics with observations of the Mississippi delta surface, but they434

do appear intuitively correct.435

Future work, apart from collecting data to verify the modeled process rates and time re-436

constructions in the Mississippi, should be aimed at examining the resolution dependence437

of the model parameters, their generality for river-dominated deltas, and the sensitivity of438

the results to the parameter set. The erosion-deposition law, which in the current model439

is flow rate dependent and contains one parameter which represents both the erodibility440

of the surface as well as the trapping efficiency of fine material, may also be expanded441

by considering erosion and deposition separately, and adding information on grain size442

distributions and incipient motion thresholds.443
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Figure 1. Main lobes of the Mississippi; the current active Balize lobe is marked in cream; the

other lobes are Sale Cypremort (>4600 B.C., orange) Cocodrie (4600-3500 B.C,violett), Teche

(3500-2800 B.C,. darkgreen), St. Bernard (2800-1000 B.C., lightgreen), Lafourche (1000-300

B.C., lightblue) and the Plaquemine delta lobe (750-300 B.C., darkblue). Figure after [Coleman,

1975] and [Kolb and van Lopik , 1958].
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Figure 2. The figure shows a sketch of a cross section through a channel segment and how

the water level Vi and topography Hi are related to calculate the hydraulic conductivity. The

hydraulic conductivity can be interpreted as the average water depth on the channel segment be-

tween two neighboring nodes. The total channel width is variable and determined exclusively by

the flow conditions. Normally a channel is several cells wide and flow can be laterally exchanged

among the cells.
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Figure 3. Sketch of the initial and boundary conditions for the simulation with the river

delta model [Seybold et al., 2007]. Water and sediment currents are injected at the upper node

(inlet) and the water levels on the sea boundaries are kept constant (V0 = 0). The landscape is

initialized as an inclined plane with a superimposed disordered topography. The water surface

(light-gray) is parallel to the horizontal xy-plane.

D R A F T April 6, 2009, 10:56am D R A F T



SEYBOLD ET AL.: BIRDFOOT DELTA FORMATION X - 37

Figure 4. The time evolution of a birdfoot delta (from left to right and top to bottom). In

(a) the coastline of the delta after 50 years is drawn, and shows the initial stage of the delta

formation. Between 50 years and 100 years (b) the delta mainly deposits along the coast while

after 300 years(c) the main channel progrades into the sea depositing sediment mainly on its

levee sides. After 700 years the main channel splits into two distributaries (d), where the smaller

one becomes inactive after 1200 years (e). A new channel breaks through the sidewalls after

1500 years (f). The area of active sediment transport is marked in black. Here one can see how

sediment flux emerges in new channels that are abandoned later.
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Figure 5. The topography of the coast of southern Louisiana after cutting the Balize lobe.

The actual course of the coastline is marked with a black line and the boundary ∂D of the erased

area is marked with a dashed line. Within the erased region the elevation of the topography was

calculated by solving Laplace’s equation using Dirichlet boundary conditions with the values of

the present elevation on ∂D. The location of the two points which have been used for calculating

the average slope are marked with red where (a) has an elevation of about +5m and (b) around

-60m. Head of Passes is marked with a red cross, Tarbert Landing is outside of the map. The

right figures show the elevation of the topography before (top) and after (bottom) removing the

Balize Lobe
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Figure 6. Histogram of the magnitude of the water (a) and sediment flows (b) in the deltaic

plain integrated in space and time over the whole delta formation process. While the water flow

shows a power law decay close to one (solid line) for small flows, the exponent for very large flows

is 3.55 (dashed line) over almost 2 decades. The dotted vertical line corresponds to the current

I⋆ The distribution of sediment flows shows a power law tail with exponent γ = 1.0 over 4 orders

of magnitude. The solid black line shows a least square fit of the tail (dark gray circles) to data.
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Figure 7. Relative frequency of the magnitude of the actual applied sedimentation- erosion

rate dS⋆ averaged over time for the whole delta region. The maximal deposition is given by I⋆

and the sedimentation constant c dSmax = cI⋆. The strong peak at zero corresponds to the nodes

with no flow (dry land). The value of the lower cutoff θ around −0.025 is outside of the range of

the x-axis.
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Figure 8. The figure combines the two main aspects of the sedimentation and erosion process

in the delta, which are (a) the sediment supply by the river, given by the contour levels(black)

of the sediment flow and the erosion-sedimentation rate determined by the river current. The

actual applied deposition rate is marked with the color range. The subaqueous deposition and

the growth of the prodelta far beyond the actual mouth of the delta is clearly visible. Deltaic

deposits form a complex subaqueous landscape with levees and bars confining the flow in the

channel bed.
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Figure 9. Topography of the simulated delta lobe (Fig a) after 800 years, the contour lines of

the subaqueous deposits are marked with black. A cut through the delta lobe along the red line

is shown in figure (b). The inset zooms into the area close to the south flowing channels where

the levees can be clearly identified.
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Figure 10. Cross section through the Mississippi Balize Lobe. The cut is taken along the

red line in the inset. The image and the cross section are based on the 3 arc-second DEM data

of the coastal relief model Divins and Metzger [2006], where the land part does not resolve the

depth of single channels which are definitely deeper than 5m due to the fact that they are used

as shipping waterways.
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Figure 11. The inset shows the signal of the delta growth rate versus time while the main plot

is the corresponding DFA analysis averaged over 5 samples. The error bars of the sampling are

not shown in the plot as they are smaller than the plot symbols. The straight line are power law

fits of f ∼ ∆tα to the data with exponents α = 1.15 (solid line) and α = 0.70 (dashed line) The

plot shows clearly two regimes with different correlation exponents. For small time windows delta

growth is highly correlated while on longer time scales the effects of the deltaic cycles average

out. Note that the growth rate describes the change of the land-water surface fraction.
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Table 1. Rescaling of the dimensionless parameters in the model for the Mississippi birdfoot delta.

Model Rescaled variable Scaling constant
Horizontal scale ∆x = 1 gp ∆x′ = r · ∆x r = 370 − 390 m/gp

∆y = 1 gp ∆y′ = r · ∆y
Vertical scale Hi H ′

i = ch · Hi ch = 370 − 390 m
Vi V ′

i = ch · Vi

Time scale dt = 1 dt′ = ct · dt ct = 950 − 1150 s
Water flux I0 = 1.7 × 10−4 I ′

0 = cI · I0 cI = 1 × 108 m3/s
Iij I ′

ij = cI · Iij

I⋆ I⋆′ = cI · I
⋆

Sediment flux s0 = 2.5 × 10−4 s′0 = cs · s0 cs = 1 × 104 m3/s
Jij J ′

ij = cs · Jij

Erosion-deposition rate dSij dS ′

ij = ǫdSij ǫ =
r2ch

ct

= 4.8 − 6.6 × 104 m3/s

Erosion-deposition parameter c = 0.1 c′ =
ǫ

cI

c c′ = 4.8 − 6.6 × 10−5
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