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Abstract

Wave-influenced deltas are the most abundant delta type and are also potentially the most at-risk to human-caused changes,

owing to the effects of wave-driven sediment transport processes and the short timescales on which they operate. Despite this,

the processes controlling wave-influenced growth are poorly understood, and the role of fine-grained cohesive sediment (mud) is

typically neglected. Here we simulate idealized river deltas in Delft3D across a range of conditions to interrogate how relative

wave-influence and fluvial sediment composition impact delta evolution on decadal-millennial timescales. Our simulations

capture the barrier-spit formation and accretion process characteristic of prograding wave-influenced deltas, such as those of

the Red (Vietnam), Sinu (Colombia), and Coco (Nicaragua) rivers. Barrier-spit accretion exhibits multi-decadal cyclicity driven

by subaqueous accumulation of fluvial sediment near river mouths. Using a range of metrics, we quantify how waves and mud

influence delta morphology and dynamics. Results show that waves stabilize and simplify channel networks, smooth shorelines,

increase shoreline reworking rates, reduce mud retention in the delta plain, and rework mouth bar sediments to form barrier-

spits. Higher fluvial mud concentrations produce simpler and more stable distributary networks, rougher shorelines, and limit

back-barrier lagoon preservation without altering shoreline reworking rates. Our findings reveal distinct controls on shoreline

change between river-dominated and wave-influenced deltas and demonstrate that mud plays a critical role in delta evolution,

even under strong wave influence. These insights could enhance paleoenvironmental reconstructions and inform predictions of

delta responses to climate and land-use changes.
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Key Points:9

• Barrier-spits are the primary constructional elements of wave-dominated deltas10

and leave distinct signatures (lagoons) on the delta plain.11

• Accretion of barrier-spits is a cyclical autogenic process controlled by accumula-12

tion of fluvial sediment near the delta front.13

• Mud exerts important controls barrier-spit accretion and distributary channel net-14

work morphodynamics, even in wave-dominated deltas.15
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Abstract16

Wave-influenced deltas are the most abundant delta type and are also potentially the17

most at-risk to human-caused changes, owing to the effects of wave-driven sediment trans-18

port processes and the short timescales on which they operate. Despite this, the processes19

controlling wave-influenced growth are poorly understood, and the role of fine-grained20

cohesive sediment (mud) is typically neglected. Here we simulate idealized river deltas21

in Delft3D across a range of conditions to interrogate how relative wave-influence and22

fluvial sediment composition impact delta evolution on decadal-millennial timescales. Our23

simulations capture the barrier-spit formation and accretion process characteristic of pro-24

grading wave-influenced deltas, such as those of the Red (Vietnam), Sinu (Colombia),25

and Coco (Nicaragua) rivers. Barrier-spit accretion exhibits multi-decadal cyclicity driven26

by subaqueous accumulation of fluvial sediment near river mouths. Using a range of met-27

rics, we quantify how waves and mud influence delta morphology and dynamics. Results28

show that waves stabilize and simplify channel networks, smooth shorelines, increase shore-29

line reworking rates, reduce mud retention in the delta plain, and rework mouth bar sed-30

iments to form barrier-spits. Higher fluvial mud concentrations produce simpler and more31

stable distributary networks, rougher shorelines, and limit back-barrier lagoon preser-32

vation without altering shoreline reworking rates. Our findings reveal distinct controls33

on shoreline change between river-dominated and wave-influenced deltas and demonstrate34

that mud plays a critical role in delta evolution, even under strong wave influence. These35

insights could enhance paleoenvironmental reconstructions and inform predictions of delta36

responses to climate and land-use changes.37

Plain Language Summary38

Humans have disrupted sediment delivery to river deltas globally, and deltas with39

strong wave climates (wave-influenced deltas) may be the most vulnerable to these dis-40

ruptions. However, wave-influenced deltas are poorly understood. To address this, we41

developed computer models of wave-influenced delta growth and used them to investi-42

gate how the processes involved in delta formation are affected by waves and by the type43

of sediment delivered by the river. Our models show that wave-influenced delta growth44

is fundamentally different from deltas with weak wave-climates; wave-influenced deltas45

are made up of shore-parallel sand bodies, which we call ”barrier-spits”. Each barrier-46

spit takes multiple decades to form, and they are added to the delta at regular intervals.47

Our models also show that mud affects the way in which deltas form, even when waves48

are large. Mud is deposited between barrier-spits, affecting delta deposits. Mud also im-49

pacts the way that river channels grow and move around the delta, where more mud leads50

to fewer and more stable channels. Overall, our models are useful for understanding how51

waves and mud impact the growth of river deltas, which may help us to predict how deltas52

will respond to changes in sediment delivery caused by humans.53

1 Introduction54

In the absence of tides, river deltas exhibit a spectrum of processes and forms thought55

to be the result of varying degrees of fluvial and wave influence. At one end of this spec-56

trum are fully “river-dominated” deltas with complex distributary networks and large,57

lobate shoreline protrusions (L. D. Wright, 1973; Galloway, 1975; Broaddus et al., 2022;58

?, ?). These systems grow through a combination of avulsion and mouth-bar driven bi-59

furcation, both of which can be driven by channel elongation and resultant reductions60

in local sediment transport capacity (Jerolmack & Swenson, 2007; Edmonds & Slinger-61

land, 2007, 2010; Fagherazzi et al., 2015). At the other end of this spectrum are “wave-62

dominated” deltas, which lack distributary networks and have smooth, cuspate shore-63

lines with limited protrusions (L. D. Wright, 1973; Galloway, 1975; Anthony, 2015; Broad-64

dus et al., 2022; Vulis et al., 2023). Wave-dominated deltas grow through onshore-directed65
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Figure 1. Examples of real-world wave-influenced deltas. Note the ubiquitous presence of

shore-parallel barriers and associated lagoons, which are unique to wave-influenced systems.

Other diagnostic features include simple distributary networks and smooth shorelines ranging

from lobate to cuspate.

wave-driven reworking of fluvial sediment deposited in the shoreface and through impound-66

ment of non-deltaic littoral sediment carried from updrift locations by longshore currents67

(Komar, 1973; L. D. Wright, 1973; Galloway, 1975; Dominguez, 1996; Ashton & Giosan,68

2011; Anthony, 2015).69

While the processes governing the evolution of the above-described end-members70

are well understood, intermediate, “wave-influenced” deltas have received considerably71

less attention, despite being the most abundant category of deltas (Nienhuis et al., 2020).72

These deltas have morphologies that vary between river and wave-dominance, but also73

include unique features such as barriers, spits and lagoons (Figure 1). Questions remain74

concerning the morphological transitions between river and wave-dominated deltas, and75

especially the role of mud. Do deltaic processes and morphology vary monotonically with76

wave-influence? And are the transitions gradual, or abrupt?77

Addressing these questions is of urgent importance, as the driving forces that con-78

trol delta morphology and dynamics are changing rapidly (Giosan et al., 2014; Tessler79

et al., 2015; Hoitink et al., 2020). Changes in land use and climate are affecting the vol-80

umes of water and sediment that reach deltas (Nienhuis et al., 2020; Tessler et al., 2018),81

while sea level rise and land subsidence threaten to drown existing delta deposits (J. P. Syvit-82

ski et al., 2009; Ericson et al., 2006; Ibáñez et al., 2014). Understanding how delta mor-83

phology and dynamics vary across a range of environmental forcing conditions is the first84

step toward predicting how deltas will respond to the plethora of anthropogenic pres-85

sures which they currently face.86

2 Background87

2.1 Physics-based modeling of wave influenced delta growth across scales88

Physics-based numerical models provide a promising path toward predicting how89

wave-influenced deltas will respond to change by facilitating investigation into the in-90

teractions between river flow, wave-action, and longshore currents which govern sediment91

transport across a range of scales. Models such as Delft3D and MIKE (coupled with spec-92

tral wave models) provide an avenue for exploring the development and modification of93

river mouth bars in the presence of waves on timescales relevant to engineering (years94

to decades). Nardin and Fagherazzi (2012) used an idealized Delft3D model of a river95

mouth to show that waves impact mouth bar development by enhancing bed shear stress,96

changing the direction of the river jet (in the case of non-frontal waves), and increasing97

jet spreading. They showed that bar morphology is modulated by these processes, and98

bar formation is inhibited in the presence of large waves that approach from high an-99

gles. Nardin et al. (2013) used a similar model to demonstrate that the jet spreading ef-100
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fect dominates over increased bed shear stress in the presence of small frontal waves, which101

actually increases the propensity of bars to form closer to the river mouth. They sug-102

gested that a non-monotonic relation exists between wave energy and mouth bar forma-103

tion; small waves enhance mouth bar formation over cases with no waves, while larger104

waves inhibit mouth bar formation. More recently Zăinescu et al. (2021) developed ide-105

alized river mouth models in MIKE21 FM to simulate interactions between longshore106

currents, mouth bars, and fluvial jets, finding that jet behavior and flow circulation pat-107

terns near the river mouth can be predicted by the momentum or discharge balances be-108

tween the fluvial jet and longshore currents. A detailed review of the controls on river109

mouth morphodynamics is presented in Fagherazzi et al. (2015).110

Physics-based numerical models are also capable of simulating the growth and evo-111

lution of wave-influenced river deltas over longer timescales (decades to centuries). His-112

torically, wave-dominated deltas have been simulated primarily using so called ”1-line”113

shoreline models (Komar, 1973; Ashton & Giosan, 2011; Gao et al., 2018). These mod-114

els work well to simulate shoreline evolution but cannot capture the transition to river115

dominance due to their inability to simulate mouth bars. In this transition, mouth bars116

are expected to appear as fluvial sediment supply outpaces potential longshore trans-117

port (Nienhuis et al., 2015). Geleynse et al. (2011) developed idealized delta-scale sim-118

ulations in Delft3D to show that waves act to limit sequestration of fine-grained sedi-119

ment on the delta plain, and reduce the number of active distributaries, leading to smoother120

(less rugose) delta shorelines. In a similar effort, Liu et al. (2020) showed that deltas sub-121

ject to wave-action produced shallower topset gradients and reduced distributary avul-122

sion frequency, leading to smoother shorelines. Willis et al. (2021, 2022) used the Chevron123

CompStrat model (which, similar to Delft3D and MIKE, is governed by the shallow wa-124

ter equations) to explore wave-influenced delta deposit stratigraphy under conditions of125

changing sea level. Their simulations develop morphologies that are remarkably simi-126

lar to real-world wave-influenced delta systems, including dual clinoform delta fronts with127

large subaqueous platforms. Sloan et al. (2024) used idealized Delft3D models to explore128

the conditions under which waves completely inhibit delta accretion. Recently, Zăinescu129

et al. (2024) used idealized delta-scale simulations in Delft3D to investigate morphody-130

namics in asymmetrical wave-influenced deltas. They found that increasing degrees of131

wave-influence lead to channel stabilization and a reduction in avulsion frequency com-132

pared to river-dominated deltas, paralleling results from Liu et al. (2020) and morpho-133

dynamic models (Swenson, 2005; Ratliff et al., 2018; Gao et al., 2018; Hu et al., 2022).134

They also demonstrate that the trade-off between trapping and bypassing of updrift sed-135

iment around the river mouth is highly sensitive to the relative strengths of fluvial and136

longshore sediment transport, and that this relationship determines the morphology of137

asymmetric wave-influenced deltas.138

These efforts collectively demonstrate the efficacy and utility of using physics-based139

numerical models to reproduce the dynamics and morphologic features common to wave-140

influenced deltas. Despite these advances, substantial knowledge gaps remain, partic-141

ularly on the role of mud and the morphologic transition from mouth bars to barrier-142

spits as the dominant delta constructional element.143

2.2 Barrier-spits144

Among the most characteristic features of wave-influenced and wave-dominated deltas145

are barriers and spits (Anthony, 2015). Both barriers and spits form through a combi-146

nation of cross-shore and longshore sediment transport processes, and differ primarily147

in that barriers are true islands while spits are connected to an adjacent landmass at one148

end. These features were historically associated with phases of delta abandonment, and149

their deposits interpreted to represent an allogenic response to changes in sedimentary150

(upstream) or marine (downstream) forcing. The best known example is the Chandeleur151

Islands of the Mississippi River delta, a set of barriers which formed by headland ero-152
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sion of delta lobes (Penland et al., 1988) or onshore transport of shelf deposits (Stapor153

& Stone, 2004) following abandonment during large scale avulsions. Another example154

is the visually striking system of paired spits that flank the Ebro River delta, which have155

been shown through historical reconstructions and numerical modeling to be a result of156

decreases in fluvial sediment flux following a river avulsion (Ibàñez et al., 1997; Nien-157

huis et al., 2017).158

More recently, a separate category of deltaic barriers and spits have been recog-159

nized which are genetically distinct from those formed as a result of marine transgres-160

sion or delta lobe abandonment. This category is associated with punctuated progra-161

dation in wave-influenced environments, and may be the most common genetic mode for162

these features on river deltas (Stutz & Pilkey, 2002; Bhattacharya & Giosan, 2003). Fur-163

thermore, progradational barrier-spit accretion may be the dominate process by which164

wave-influenced deltas build new land (Vespremeanu-Stroe & Preoteasa, 2015), as ev-165

idenced by the unique geometry and sedimentary character of their deposits. While river-166

dominated deltas have deposits characterized by systems of mouth bars, crevasses and167

abandoned distributary channels (Olariu & Bhattacharya, 2006; Edmonds & Slingerland,168

2010; Esposito et al., 2013; Willis et al., 2021; Nota et al., 2024), wave-influenced delta169

deposits are typically composed of series of regularly-spaced, elongate, shore-parallel sand170

bodies. These sand bodies may amalgamate to form ”beach-ridge plains”, or may be sep-171

arated by back-barrier deposits of fine-grained sediment, forming ”cheniers” (Otvos, 2000;172

Tamura, 2012).173

The mechanisms and sediment sources responsible for the formation of barrier-spits174

(and their subsequent incorporation into the delta plain) are thought to vary between175

symmetric and asymmetric wave-influenced deltas. Asymmetric deltas form under wave176

climates that exhibit a dominant angle of approach, setting up unidirectional longshore177

currents that impart distinct processes and sedimentary facies on the updrift and down-178

drift flanks of the delta (Bhattacharya & Giosan, 2003; Korus & Fielding, 2015; Vespremeanu-179

Stroe et al., 2016; Preoteasa et al., 2016). Barrier-spits can develop on the updrift flank180

and morphologically ”deflect” distributary outlets due to blocking of longshore currents181

by the fluvial jet (Todd, 1968; Komar, 1973; Nienhuis, Ashton, & Giosan, 2016; Gao et182

al., 2020). Barrier-spits can also develop on the downdrift flank of asymmetric deltas as183

a result of several different processes, including high wave approach angles that cause184

instabilities in the longshore transport field (Ashton & Giosan, 2011), or by gradual de-185

velopment of a subaqueous sediment platform followed by wave-driven onshore trans-186

port (Vespremeanu-Stroe & Preoteasa, 2015; Preoteasa et al., 2016; Zainescu et al., 2016).187

Barrier-spits and their associated deposits (beach-ridges / cheniers) are also preva-188

lent in symmetric wave-influenced deltas. The mechanisms involved in the formation and189

evolution of these features, however, as well as their overall role in the progradation of190

symmetric deltas, have received less attention than those on asymmetric systems, and191

are still poorly understood (Zainescu et al., 2016). One well studied example is the Red192

River Delta of Vietnam, where cyclical barrier-spit development is characterized by a multi-193

phase process consisting of subaqueous fluvial sediment accumulation, onshore transport194

due to wave asymmetry, and reworking by longshore currents (Van Maren, 2005; van Maren,195

2007). The process is similar to that described for the downdrift flank of the asymmet-196

ric Sfantu Gheorge lobe of the Danube delta (Vespremeanu-Stroe & Preoteasa, 2015; Preoteasa197

et al., 2016). A similar process is thought to describe the development of the Goro spit198

system in the Po River delta of Italy (Simeoni et al., 2007).199

Despite a likely similar origin of mouth bars (on river dominated deltas) and barrier-200

spits (on wave dominated deltas), they have historically been considered separately. Per-201

haps the conditions under which barrier-spit formation dominates over mouth bar ac-202

cretion would determine the resulting morphology, and thereby also affect beach ridge203

spacing, and the timescales of barrier-spit formation.204
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2.3 Role of fine-grained cohesive sediment205

There is also significant uncertainty surrounding the role of fluvial sediment com-206

position in the formation of wave-influenced deltas. Several studies have highlighted the207

crucial role of fine-grained cohesive sediment (mud) in shaping the morphology and dy-208

namics of river-dominated deltas. Higher proportions of mud in fluvial effluent reduces209

channel mobility, enhances the formation of levees, deepens channels and inhibits bifur-210

cations and avulsions, limiting the total number of active distributaries on a delta (Edmonds211

& Slingerland, 2010; Martin et al., 2009; Li et al., 2017). The effects of mud on the chan-212

nel network propagate to the overall shape of the delta and its shoreline; fluvial sediment213

flux is distributed less evenly across the delta shoreline, leading to enhanced growth of214

local shoreline protrusions and producing more elongate delta plains with rougher shore-215

lines (Geleynse et al., 2011; Caldwell & Edmonds, 2014).216

By contrast, the role of fine-grained cohesive sediment (mud) in wave-influenced217

delta evolution has received significantly less attention and is commonly ignored in nu-218

merical modeling efforts due to long settling timescales and the high degree of turbulence219

associated with surf-zone environments (Geleynse et al., 2011; Nardin et al., 2013; Nien-220

huis, Ashton, Nardin, et al., 2016; Broaddus et al., 2022; Sloan et al., 2024; Zăinescu et221

al., 2024). However, large portions of the delta front can be sheltered from wave action222

by barriers and spits, permitting deposition of fine-grained sediment in these locations223

(Rodriguez et al., 2000; Bhattacharya & Giosan, 2003; Stutz & Pilkey, 2002; Van Maren,224

2005). Both channel geometry and network dynamics are strongly dependent on the char-225

acter of fluvial sediment (Orton & Reading, 1993; Hoyal & Sheets, 2009; Martin et al.,226

2009; Edmonds & Slingerland, 2010; Caldwell & Edmonds, 2014). Furthermore, phase227

differences between periods of peak discharge and significant wave events are common228

in deltas with large drainage basins (Anthony, 2015), which could allow fluvial mud to229

be incorporated in the shoreface regardless of the long-term average wave conditions.230

To address the knowledge gaps outlined above we developed physics-based numer-231

ical simulations capable of resolving the complex interactions between fluvial and wave232

processes that control morphodynamics in wave-influenced deltas. Our simulations re-233

produce emergent features considered to be characteristic of wave-influenced deltas, such234

as mouth bars, barriers, and spits (which we refer to collectively as barrier-spits), at the235

timescales on which deltas grow and evolve. They differ from previous efforts (Geleynse236

et al., 2011; Liu et al., 2020; Willis et al., 2021; Sloan et al., 2024; Zăinescu et al., 2024)237

by focusing on the role of mud. We characterize the barrier-spit accretion process and238

its temporal characteristics using quantitative frequency analysis. We present metrics239

to quantify delta morphology and dynamics and show how the processes controlling delta240

evolution vary with wave-influence and the proportion of cohesive sediment in fluvial ef-241

fluent. Finally, we discuss the implications of our findings for management actions, pa-242

leoenvironmental interpretation, and general knowledge of wave-influenced delta mor-243

phodynamics.244

3 Methods245

3.1 Model Setup246

Delft3D is a hydro-morphodynamic modeling package capable of simulating fluid247

flow (Reynolds-averaged Navier-Stokes equations), wave action (SWAN model), sediment248

transport, and morphological change. It has been validated for a wide range of hydro-249

dynamic conditions and has been shown to be capable of simulating idealized delta de-250

velopment (Storms et al., 2007; Edmonds & Slingerland, 2010; Geleynse et al., 2011; Burpee251

et al., 2015; Caldwell & Edmonds, 2014; Rossi et al., 2016; Liu et al., 2020; Broaddus252

et al., 2022; Xu & Plink-Björklund, 2023; Anderson et al., 2023; Nota et al., 2024; Sloan253

et al., 2024; Zăinescu et al., 2024), as well as the morphodynamics at wave-influenced254
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river mouths (Edmonds & Slingerland, 2007; Nardin & Fagherazzi, 2012; Nardin et al.,255

2013; Nienhuis, Ashton, & Giosan, 2016; Gao et al., 2018; Zăinescu et al., 2021).256

Using Delft3D we set up an idealized model of river delta growth and evolution in257

the presence of waves. For simplicity we ignore the effects of tides, wind, density gra-258

dients, Coriolis forces, and other factors that may impact delta morphodynamics. The259

flow equations are solved on a rectilinear grid of 25 m square cells covering an area of260

189 km2 (21 km in the cross-shore direction, 9 km in the long shore direction) (Figure261

2a). Initial bed levels in all simulations consist of a river with a trapezoidal geometry262

(width = 300 m, depth = 3 m) that cuts through a bluff-backed beach (bluff height =263

10 m, bluff width = 500 m, beach height = 2 m, beach width = 500 m) and terminates264

into a sloping basin (Figure 2b). The basin slope follows an equilibrium shoreface pro-265

file for 200 µm sand (Equation 1), as defined by Dean (1991).266

z(x) = ax2/3 (1)

where z is the water depth (m), x is the distance from shore (m), and a is a grain size267

dependent parameter whose value is 0.1 for 200 µm sand. Figure 2b shows the initial bathymetry268

in the region around the river mouth.269

We add random perturbations to the initial bed levels to simulate natural variabil-270

ity, which are drawn from a uniform distribution bounded by -0.01 and 0.01 m. To en-271

able faster progradation and maintain the shallow water assumption, we limit initial depth272

to 10 m below sea level (which is beyond the inner depth of closure for the largest mod-273

eled waves, as defined by Hallermeier, 1981). The model results are insensitive to the bluff274

and beach dimensions, as well as the depth cutoff for the initial bathymetry.275

Wave computations are solved on a separate grid covering an area of 572 km2 (52276

km in the longshore direction, 11 km in the cross-shore direction) (Figure 2a). Grid cell277

dimensions vary in the wave domain to speed up computations; areas overlapping the278

flow domain have a resolution of 50 x 50 m, while areas outside the flow domain have279

cells that are 400 m in the longshore direction and 50 m in the cross-shore direction. Ini-280

tial bathymetry in the wave domain is identical to that of the flow domain, albeit ex-281

panded to fit the enlarged grid dimensions.282

All simulations use a computational time step (∆t) of 15 seconds to obey numer-283

ical stability criteria. Flow and wave computations are fully coupled (bed levels, water284

levels, velocities) with a coupling interval (CI) of 30 minutes. We apply a morpholog-285

ical scaling factor (morfac) of 180 to speed up computations, assuming that bed relax-286

ation is negligible at the modeled timescales. Each simulation is computed for 12 hours287

prior to the implementation of morphological changes. We assessed the sensitivity of our288

results to these choices, performing simulations with ∆t as small as 5 seconds, CI as small289

as 5 minutes, and morfac as small as 45. We also tested our models sensitivity to the grain290

size and initial bed thickness of non-cohesive sediment. While these simulations indeed291

exhibit differences in details, the emergent processes and morphological trends discussed292

in this work do not change.293

We model two sediment fractions, one non-cohesive (sand) and one with cohesion294

(mud). The sand fraction has a median grain size of 200 µm, a specific density of 2650295

kg m−3, and an initial bed thickness of 10 m that is constant throughout the domain.296

The mud fraction has a settling velocity of 0.00025 m s−1, and critical shear stresses for297

erosion (τ ce) and deposition (τ cd) of 0.1 and 1000 N m−2, respectively. Setting τ ce<<τ cd298

ensures constant mud deposition such that equilibrium depth is set by erosive shear stresses,299

rather than being dependent on initial sediment thickness (Edmonds & Slingerland, 2010).300

We chose a relatively low value for τ ce to facilitate mud erosion and to avoid over rep-301

resenting the importance of cohesive sediment in delta dynamics.302

The models initialize with no mud in the bed, a choice which notionally reflects the303

paucity of mud in wave-influenced nearshore settings prior to the introduction of fluvial304
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Figure 2. Model setup including domain and boundary locations (a), initial bathymetry (b),

wave directional distribution (c), discharge curve (d) and simulation ensemble (e).

–8–



manuscript submitted to JGR: Earth Surface

effluent. Non-cohesive sediment transport is computed using the Soulsby-Van Rijn re-305

lation as implemented in Delft3D, which requires the user to specify the calibration fac-306

tor for sediment transport (1), the diameter ratio between 90th percentile and median307

grain sizes (1.5), and the roughness height used to compute the drag coefficient (0.006).308

We use the values recommended by Soulsby (1997). This formula predicts bed and sus-309

pended load transport based on the combined shear stress due to current velocity and310

root mean squared wave orbital velocity (neglecting transport by depth varying currents311

and wave asymmetry). Its simplicity makes it well suited to 2DH simulations of coastal312

morphodynamics. Cohesive sediment transport is computed using the well-known Partheniades-313

Krone relation. Each of these transport relations is described in detail in the Delft3D-314

FLOW User Manual.315

Boundaries are placed along the North, East, and West edges of the wave domain,316

and impart significant wave heights that vary between runs but are constant for a given317

run. Wave direction changes at each coupling timestep, and for each simulation the se-318

quence of wave directions are randomly drawn from a predefined wave energy density319

spectrum (which is constant across runs). The distribution of wave energy is such that320

90% of the waves come from -30 and 30 degrees relative to shore normal, while 10% come321

from -45 and 45 degrees relative to shore normal (Figure 2c). Previous work has demon-322

strated that the most important spectral parameters in determining delta morphology323

are directional (a)symmetry and the fraction of waves that approach from high, unsta-324

ble angles (45 degrees or greater) (Ashton & Giosan, 2011; Ratliff et al., 2018; Hu et al.,325

2022). We chose this spectrum for simplicity and to facilitate future comparison with326

one-line delta evolution models, in which it is commonly used.327

Water and sediment enter the domain through a discharge boundary condition lo-328

cated at the upstream limit of the inflow channel (Figure 2a). We specify the cohesive329

sediment concentration at the inflow boundary (which varies between simulations but330

is constant throughout a given simulation) while allowing the non-cohesive sediment con-331

centration to vary with the hydrodynamics (equilibrium concentration), which maintains332

a constant bed level and ensures stability. We specify a constant water level boundary333

along the Northern edge of the domain, and apply Neumann boundaries along the East-334

ern and Western edges to allow water and sediment to enter and exit freely. Turbulence335

closure in the x and y directions is achieved through subgrid horizontal large eddy sim-336

ulations, using the default options suggested by Deltares (Delft3D-FLOW User Manual).337

In order to represent the discharge variability inherent to most river systems, we338

defined the inflow hydrograph as an asymmetric quasi-square wave that oscillates be-339

tween high (1000 m3 s−1) and low (100 m3 s−1) discharge values. For each oscillation340

period, the low and high flow duration is 160 and 70 minutes respectively, with a 10 minute341

“ramp” between low and high flows (Figure 2d). While most idealized delta modeling342

studies are performed with a constant discharge boundary condition, accurately repre-343

senting the dynamics at work in wave-influenced deltas requires variable discharge, due344

to the higher recurrence intervals of significant wave events relative to significant discharge345

events. We also tested other wave forms and shapes for the hydrograph (sawtooth, sine346

wave, repeating beta distribution) and found that, for a given ratio of high to low flow347

duration, the morphology and processes that emerge are more or less constant.348

We apply a spatially constant horizontal eddy viscosity (Ev) and horizontal eddy349

diffusivity (Ed) of 1 m2 s−1, and set the factor for erosion of adjacent dry cells (Θsd) to350

0.5. We tested the model’s sensitivity to these choices, varying Ev and Ed from 0.0001351

to 1 m2 s−1and varying Θsd from 0.1 to 0.9. We found that varying these parameters352

did not significantly affect the morphological trends or emergent process described.353

We apply a spatially constant Chezy roughness (C) value of 65 m1/2 s−1 to our sim-354

ulations, and tested values ranging from 45-75 m1/2 s−1. Changes to C impact jet spread-355

ing rates and longshore transport, and as a result impact the morphology of our simu-356
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lations. In general, increasing C (lowering roughness) decreases jet spreading and increases357

longshore transport rates. Decreased jet spreading leads to more sediment being trans-358

ported further from the river mouth, causing mouth bars to form less frequently, decreas-359

ing the number of outlets and deepening channels. Increased longshore transport rates360

lead to reduced delta progradation rates and smoother shorelines, which leads to lower361

values of the delta shape and shoreline roughness metrics. The opposite is true for de-362

creases in C. We chose a value of 65 m1/2 s−1 for our simulations because it is the de-363

fault in Delft3D, produces realistic delta morphologies, and leads to emergent longshore364

transport rates similar to those predicted by empirical estimates (see section 3.3).365

αbn is a multiplicative factor applied to account for the effects of transverse bed366

slopes on sediment transport rates. Baar et al. (2019) demonstrated the importance of367

this parameter in controlling channel aspect ratios and total transport rates. Small val-368

ues of αbn favor channel deepening, narrowing, generally low transport rates, and accom-369

panying lack of channel mobility. High values lead to increased transport rates, and shal-370

low, wide channels that are highly mobile. We chose a value of 3 because it balances these371

effects to produce realistic channel aspect ratios and dynamics, with transport rates that372

fall within the range observed in rivers with similar discharge. This value is within the373

range suggested by both Deltares and Baar et al. (2019).374

3.2 Simulated Parameter Space375

To assess the roles of waves and fluvial sediment composition in controlling delta376

morphology and dynamics, we designed a suite of 25 simulations that vary the mud con-377

centration and wave amplitudes at their respective boundaries while holding all other378

model parameters constant.379

We vary mud concentration (Cmud) across two orders of magnitude, from 0.01 to380

1 kg m−3. We chose this quantity (rather than a non-dimensional descriptor, such as sand381

to mud ratio) because it is a measurable quantity in natural river systems, providing a382

basis for comparison between our simulations and reality.383

To quantify differences in the degree of wave influence, we follow the sediment flux384

balance approach of Nienhuis et al. (2015) to define the wave dominance ratio (W ) (equa-385

tion 2) – the inverse of the river-dominance ratio (R) in Nienhuis et al. (2015). In essence,386

this approach defines a given delta’s degree of “wave-influence” based on the river’s abil-387

ity to supply sediment, and the given wave climate’s ability to transport sediment along-388

shore. This approach follows decades of work which collectively suggests that river delta389

formation and morphology depends on the fundamental balance between constructive390

(fluvial) and destructive (wave, tidal) forcings (L. D. Wright, 1973; Galloway, 1975; Ko-391

mar, 1973; J. P. M. Syvitski & Saito, 2007; Caldwell et al., 2019).392

Fluvial sediment flux (Qriver) is defined as the average non-cohesive sediment (sand)393

transport rate at the apex of a delta system (kg s−1). Here we consider only the flux of394

sand to keep the role of mud isolated to a separate parameter and measure the time av-395

eraged sand flux values directly from simulation outputs.396

For each simulation we estimate the maximum potential longshore transport rate397

(Qwave) (kg s−1) based on the method of Nienhuis et al. (2015). This method convolves398

the angular distribution of wave energy (equation 3) with an empirical estimate of long-399

shore transport as a function of deep-water wave properties (equation 4) (P.D. Komar,400

1998; Ashton & Murray, 2006) to yield a distribution of potential longshore transport401

rates as a function of shoreline orientation (equation 5) (see Nienhuis et al. (2015) for402

more details).403

W =
Qwave

Qriver
(2)
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E(ϕ0) =
H

12/5
s (ϕ0) · T 1/5(ϕ0)∑

ϕ0

H12/5
s (ϕ0) · T 1/5(ϕ0)

(3)

Qs = K · ρs · (1− p) ·H12/5
s · T 1/5 · cos6/5(ϕ0 − θ) · sin(ϕ0 − θ) (4)

Qs,net(θ) = E(ϕ0) ∗Qs(ϕ0 − θ) (5)

where E(ϕ0) is the wave energy probability distribution for all possible deep water wave404

approach angles (ϕ0). Hs is the significant wave height (m), T is the wave period (s),405

θ is a possible local shoreline orientation, ρs is the density of sediment (2650 kg m−3),406

ρ is dry bed porosity (0.4), and K is an empirical constant equal to 0.06 m3/5 s−6/5 (Nienhuis407

et al., 2015).408

We sum the maximum values for transport along the left and right delta flanks as409

our estimate for Qwave, showing that a delta will continue growing its shoreline orien-410

tation until both flanks are at equilibrium with the rate of fluvial sediment delivery, or411

transport is maximized.412

We hold the directional distribution of wave energy constant between simulations,413

varying Hs between 0.1 and 3 m, resulting in W values ranging from 0.005 to 1. We limit414

our investigation to this range of W values to focus on the transition from river to wave-415

dominance.416

Figure 2e shows the locations of each simulation in the parameter space explored417

here (the basis for the contour plots in Figure 6). Each simulation is labeled with a let-418

ter, corresponding to the RunID listed in Table 1.419

3.3 Validation – Longshore Transport Comparison420

To assess our simulations’ ability to correctly resolve the emergent dynamics of long-421

shore sediment transport we compared the longshore transport fields produced by our422

simulations with empirical predictions of longshore transport based on the prescribed423

deep-water wave climates.424

For a given timestep in a simulation we measured the longshore transport values425

by integrating then averaging sediment transport rates over shore-normal cross-sections426

that are manually defined at 6 locations (3 for each flank) along the active delta shore-427

line away from the river mouth (an interactive MATLAB code facilitates this process)428

(Figure 3a). Cross-sections had to be manually defined at each time step because the429

delta progrades through time, and because the output fields of Delft3D do not enable430

separation of currents or transport into fluvial versus wave-driven components. Although431

the cross sections are defined somewhat arbitrarily, having 6 for each timestep ensures432

we capture the variability inherent to a longshore transport field. Aggregating values from433

all cross-sections over the final 33% of the simulation period gives a distribution of single-434

flank longshore transport rates for a given simulation (Figure 3b). We use the 90th per-435

centile value from this distribution (multiplied by a factor of two to represent the total436

littoral transport to the left and right of the river mouth) for comparison with an em-437

pirical estimate based on the above-described method of Nienhuis et al. (2015).438

The comparison between predicted (empirical) and observed (modeled) longshore439

transport rates is shown in Figure 3c. The comparison includes simulations with inter-440

mediate fluvial mud concentration (Cmud = 0.1 kg m−3) and Hs > 1 m. Note that this441

comparison considers only sand transport, which is the basis for most empirically-derived442

longshore transport relations (including the one used here).443
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Table 1. List of simulations used in contour plots. Run ID corresponds to the letters used

in Figure 2e to denote positions in parameter space. Cmud = mud concentration (kg m−3), Hs

= significant wave height (m), W = wave dominance ratio, Pc = channel persistence (%), Dsl

= fractional shoreline change (%), Lf = lagoon fraction (%), Nout = number of outlets, R∗ =

shoreline roughness, Mf = delta plain mud fraction (%).

RunID Cmud Hs W Pc Dsl Lf Nout R∗ Mf

A 1 0.1 1e-2 28.8 18.7 0.1 3 77 37.5
B 1 0.5 4e-2 36.7 26.5 0 2.2 53 36.7
C 1 1 1e-1 50.2 29 0.1 1.1 15 25.1
D 1 2 6e-1 72.6 47.4 1.3 1 4 20.8
E 1 3 1 75 57.1 1.7 1 4 19.1
F 0.3 0.1 1e-2 19 13.4 0.2 4.1 32 19.3
G 0.3 0.5 4e-2 21.6 17.8 0.1 1.8 28 14.6
H 0.3 1 2e-1 53.9 29.9 0.8 1.7 12 11
I 0.3 2 5e-1 63.1 47.8 3.7 1.2 4 9.3
J 0.3 3 1 67.1 55.8 1.8 1.7 4 8.5
K 0.1 0.1 6e-3 19.5 13.9 0 5.5 23 7.2
L 0.1 0.5 3e-2 26.6 18.9 0.1 2.6 20 6
M 0.1 1 1e-1 33.9 30.3 0.5 2 19 4.4
N 0.1 2 4e-1 51.8 54.9 6.1 2 5 3.4
O 0.1 3 1 61.1 56.8 2 1.7 4 3.4
P 0.03 0.1 7e-3 18 12.4 0 6.6 20 2.6
Q 0.03 0.5 2e-2 17.5 22.2 0 5.7 18 2.2
R 0.03 1 1e-1 24.5 31.6 0.1 3.5 14 1.9
S 0.03 2 5e-1 50.3 51.9 3.2 1.9 5 1.3
T 0.03 3 1 54.1 56.3 2.3 1.9 4 1.1
U 0.01 0.1 5e-3 14.1 11.4 0 6.8 20 0.8
V 0.01 0.5 3e-2 13.2 21 0 5.1 11 0.7
W 0.01 1 1e-1 14.3 39.6 0.1 3.7 10 0.6
X 0.01 2 5e-1 32.6 49.1 3.7 2 5 0.5
Y 0.01 3 1 44 56.8 2.9 1.9 4 0.4
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Figure 3. Comparison between empirically predicted and emergent longshore transport rates.

(a) One time step of an example simulation showing bed levels (upper) and the sediment trans-

port field (lower) at the same scale and resolution; red lines show the location of 6 example cross

sections along which longshore transport is measured. This process is repeated for each low-flow

time step over the final 33% of the simulation period. (b) Histogram showing the distribution

of all measured longshore transport values for a single example simulation (note that these are

values for a single flank). The 90th percentile value is multiplied by a factor of 2 to reflect trans-

port on both flanks and used for comparison with empirical prediction for a given simulation. (c)

Comparison between the measured longshore transport rates and empirically predicted maximum

potential longshore transport rates for simulations with Cmud = 0.1 kg m−3 and Hs ≥ 1 m. Each

dot reflects these values for a given simulation.

3.4 Validation – Delta Shape Dynamics444

To assess our simulations’ ability to correctly resolve the delta-scale process inter-445

actions inherent to wave-influenced delta growth, we tracked the shape (ratio of max-446

imum deposit length to maximum deposit width) of wave-influenced simulations through447

time. Previous work based on one-line models and observations of beach ridge orienta-448

tions suggests that deltas exhibiting strong wave-influence or wave-dominance (in sym-449

metrical wave climates) quickly obtain an equilibrium ratio of length to width and main-450

tain this ratio throughout their growth (Komar, 1973; L. D. Wright, 1973; Ashton & Giosan,451

2011). This fundamental characteristic of wave-influenced delta evolution reflects the in-452

teraction between fluvial and longshore transport process: fluvial sediment delivered to453

the shoreface causes seaward deflection of the shoreline, increasing the local wave approach454

angle and consequently the local longshore transport rate (which decreases toward the455

flanks as the delta flattens). When the fluvial sediment delivery rate matches the rate456

of longshore sediment transport away from the river mouth, an equilibrium shape is achieved,457

and further delta growth proceeds isometrically.458

In our models, strongly wave-influenced simulations demonstrate exactly this pro-459

cess (Figure 4). All simulations with W > 0.5 eventually obtain an equilibrium shape,460

and simulations with more wave-influence achieve their equilibrium shape faster than those461

with less. Furthermore, simulations with greater wave-influence have equilibrium shapes462

that are flatter than those with less, paralleling observations of real-world wave-influenced463

deltas (Nienhuis et al., 2015). These observations build confidence in the ability of our464

simulations to resolve the delta-scale process interactions that control the evolution of465

wave-influenced deltas.466
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Figure 4. Evolution of delta shape through time. This plot includes simulations with 3 differ-

ent mud concentrations (Cmud = 0.01, 0.1, 1 kg m−3) and three different wave influences (W =

0.1, 0.5, 1) for nine total simulations. Note that simulations with W < 0.5 never reach an equi-

librium shape, continuing a trend of elongation throughout the simulation period. By contrast,

simulations with W = 1 obtain an equilibrium shape almost immediately.
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3.5 Metrics467

To quantify the morphology and dynamics of our simulations we developed MAT-468

LAB routines for automated extraction of various components of the delta system. Shore-469

lines are defined using the opening angle method of Shaw et al. (2008) which permits470

objective definition of shorelines past openings, such as channels or inlets. Delta plains471

are defined as areas seaward of the initial shoreline and landward of the shoreline at a472

given timestep. Channelized areas are defined by thresholding maps of flow depth (thresh-473

old = 0.1 m) and velocity (threshold = 0.25 m s−1) on the delta plain. We define lagoons474

as areas on the delta plain with depth greater than 0.5 m that are not part of the chan-475

nel network. We quantify delta plain mud content (mud fraction, Mf ) by the volume frac-476

tion of mud in delta deposits.477

From our discretized representations of delta morphological attributes, we designed478

a suite of metrics that quantify their trends and dynamics through time. All time-dependent479

metrics are averaged over the final 50% of each run (90 flood cycles). The number of out-480

lets (Nout) is defined as the number of contiguous overlapping regions of channelized ar-481

eas and the shoreline. Shoreline roughness (R∗) is defined as the ratio between shore-482

line length and the length of the convex hull enclosing the delta plain. Lagoon area frac-483

tion (Lf ) is defined as the ratio between total lagoon area and delta plain area. For each484

delta, these metrics are computed at the end of each flood cycle to characterize morpho-485

logical tendencies for each. We quantify channel persistence (Pc) as the fraction of time486

a cell spent classified as channelized. We quantify the shoreline fractional change (Dsl)487

as the ratio of total length of new shoreline and length of the initial shoreline after each488

flood cycle.489

4 Results490

4.1 Controls of Mud and Waves on Gross Delta Morphology and Dy-491

namics492

Our simulations evolve through the same processes observed in natural delta sys-493

tems and produce morphologies that strongly resemble real-world deltas across the spec-494

trum of relative wave-influence (Figures 1 & 5). In the following sections we explore how495

these simulations vary with W and Cmud, in terms of the morphometrics defined in Sec-496

tion 3.5.497

4.1.1 Distributary Channel Networks498

Our simulations show that the number of distributary channel outlets decreases mono-499

tonically with increasing mud concentration (Figure 6a), and simulations with Cmud =500

1 kg m−3 have on average half as many outlets as those with Cmud = 0.01 kg m−3 for501

all values of W . Interestingly, we note that the proportion of cohesive sediment impacts502

the number of outlets even at high wave-influence.503

Our simulations also show a monotonic decrease in the number of distributary out-504

lets with increasing wave-influence, contrasting with previous work that suggests an in-505

crease in the propensity for mouth bars to form in the presence of small, short period506

waves (Nardin et al., 2013). At high wave-influence, channel networks are limited to one507

or two outlets throughout the lifespan of an evolving delta (Figure 6a).508

Channel persistence increases monotonically with both mud concentration and wave-509

influence, demonstrating on average a two-fold increase across the simulated range of Cmud510

and a three-fold increase across the simulated range of W . Even at high wave-influence511

(W > 1) the stabilizing effect of mud is apparent, and the most persistent channels are512

observed in simulations with the highest mud concentration and wave-influence (Figure513
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Figure 5. Simulated morphologies across a range of wave-influence and fluvial sediment

compositions. Note the differences in channel networks and shorelines between simulations of

different forcing, and the similarities with natural delta systems, in particular the presence of

barrier-spits and lagoons in the most wave-influenced simulations

6b). These results demonstrate the important role of cohesive sediment in delta dynam-514

ics, even in the presence of large waves.515

4.1.2 Delta shorelines516

In river-dominated deltas, the shoreline morphology and dynamics are closely linked517

to those of the distributary channel network, with the creation of shoreline protuberances518

primarily driven by fluvial sediment deposition at channel mouths (W. Kim et al., 2006;519

Geleynse et al., 2012; Straub et al., 2015). The roughness of these shorelines is largely520

dependent on the length of distributary progradation, which in turn is influenced by flu-521

vial sediment properties, particularly the concentration of cohesive sediments. This re-522

lationship is evident in our river-dominated simulations (W < 0.1), where we observe523

the highest shoreline roughness in scenarios with the greatest concentrations of cohesive524

sediment (Figure 6c).525

As wave-influence increases, however, the role of cohesive sediment in determin-526

ing shoreline roughness diminishes. At high wave influence (W > 0.5), fluvial sediment527

composition no longer significantly impacts shoreline roughness; the smoothest shore-528

lines are found in simulations with the highest W values, regardless of sediment prop-529

erties (Figure 6c). Several processes likely contribute to this shift. Beyond the well-known530

diffusional effect of low-angle waves and the role of longshore transport in smoothing shore-531

lines (Swenson, 2005; Jerolmack & Swenson, 2007; Seybold et al., 2007), low-angle waves532

also act to dampen channel progradation, thereby reducing the length of deltaic protru-533

sions near distributary outlets (Ashton & Giosan, 2011; Ratliff et al., 2018). Further-534

more, our simulations show that waves limit the number of distributary outlets (Figure535

6a) and stabilize channels (Figure 6b), limiting the number of new shoreline protrusions536

that are created.537
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Figure 6. Contour plots for a variety of morphometrics across the simulated parameter space

of wave dominance ratio and cohesive sediment concentration. White crosses denote positions

of simulations (see Figure 2e for run IDs at each position). Numbers indicate metric value along

a given contour line. Note the diagonal-directed gradients in the plots for number of outlets (a)

and channel persistence (b), indicating dependence on both wave-influence and fluvial sediment

composition. By contrast, shoreline roughness (c) shows a dependence transition at a wave-

dominance ratio between 0.1-0.5, while shoreline fractional difference (d) is not overly sensitive

to the cohesive sediment concentration. Lagoon area fraction (e) is maximized for W = 0.5 and

Cmud = 0.1. Delta plain mud fraction (f) varies with W , but is more strongly dependent on Cmud
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To determine which of these processes (wave-driven shoreline diffusion or progra-538

dation dampening and increased avulsion timescale) exerts a dominant role on shoreline539

morphology and dynamics, we compared the time-averaged fractional shoreline change540

between flood cycles across simulations (Figure 6d). Ignoring the effects of wave-driven541

shoreline diffusion, one would expect a decrease in the rates of shoreline change with in-542

creasing wave-influence, due to the progradation dampening and increased avulsion time543

scales associated with larger wave influence. Interestingly, our simulations show the op-544

posite effect: fractional shoreline change increases monotonically with wave-influence (Fig-545

ure 6d), demonstrating the dominance of shoreline diffusion over network suppression546

in wave-influenced delta shoreline dynamics.547

These observations collectively indicate that the primary controls on local shore-548

line change (and consequently roughness) in deltas vary with wave-influence: in river-549

dominated deltas, local shoreline progradation depends on proximity to sediment sources550

(distributary outlets) and consequently on sediment composition. By contrast, shore-551

line change in wave-dominated deltas depends primarily on local shoreline geometry (specif-552

ically curvature) and how that geometry interacts with longshore transport and wave-553

driven erosion – which are independent of fluvial sediment properties.554

4.1.3 Lagoons and Delta plains555

Our simulations show that both waves and fluvial sediment composition play im-556

portant roles in the sedimentary and environmental character of delta plains. Lagoons557

are common features on wave-influenced deltas (Figure 1); in our simulations they ini-558

tially form in back-barrier settings and are incorporated into the delta plain during barrier-559

spit accretion (Figure 7, see section 4.2 for a more detailed discussion). For 0.1 < W < 0.7,560

lagoon area fraction increases with wave influence (Figure 6e). As W approaches 1, there561

is an inflection point in this relationship, and lagoons become less prevalent with increas-562

ing W (Figure 6e).563

Lagoon area fraction also exhibits a non-monotonic relationship with fluvial sed-564

iment composition; lagoons are most abundant in wave-influenced deltas with interme-565

diate sediment composition (Figure 6e).566

Finally, we quantified the abundance of mud in delta plain deposits to assess the567

importance of cohesive sediments from a sediment budget perspective. Unsurprisingly,568

delta plain mud fraction increases with increasing cohesive sediment concentration in the569

river, and decreases with increasing wave influence (Figure 6f). For the highest inflow570

concentrations, mud fraction in the delta plain decreases by a factor of 2 as W increases571

from 0.01 to 1. This decrease likely reflects transport of cohesive sediment to prodelta572

or offshore regions due to wave-enhanced shear stress near distributary outlets. This is573

augmented by the reduction in channel network complexity, since most of the delta plain574

mud is distributed within channels and associated levee deposits. However, despite this575

decrease, mud still constitutes a significant portion of the delta plain deposits in strongly576

wave-influenced simulations (15% in simulation E).577

4.2 Barrier-Spit Accretion and the Growth of Wave-influenced Deltas578

4.2.1 Qualitative Description579

Our models demonstrate the essential processes by which wave-influenced deltas580

grow, which are distinct from those associated with the growth of river-dominated deltas.581

In simulations with limited wave influence, delta progradation is dominated by deposi-582

tion of mouth bars and levees (see Movies S1-S4) in a fashion considered typical of river-583

dominated deltas (Edmonds & Slingerland, 2010). In more strongly wave-influenced sim-584

ulations, however, deltas grow through a distinct multi-phase process involving jet de-585
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flection and wave-driven reworking of fluvial sediment that is initially deposited in the586

shoreface (Figure 7), which we refer to as the “barrier-spit accretion process”.587

The process begins with deflection of the fluvial jet, either by locally high wave ap-588

proach angles or by incipient mouth bar deposition (Figure 7a). Fluvial sediment is ini-589

tially deposited on the landward side of the jet centerline as a set of scattered nearshore590

bars or incipient mouth bars (Figure 7a). Note that these bars do not emerge above wa-591

ter level at this stage, instead constructing a subaqueous platform of sediment. Over time,592

these bars amalgamate with each other and with levee deposits and coalesce through con-593

tinued fluvial deposition and shoreward-directed reworking by waves until their eleva-594

tion is high enough to inhibit through-flow (Figure 7b-d). Following initial emergence,595

continued fluvial deposition and sculpting by longshore currents leads to elongation of596

the barrier-spit and rotation to a shore-parallel orientation (Figure 7d-e). Continued elon-597

gation of the barrier-spit by longshore currents eventually welds it to the existing shore-598

line at its distal tip (Figure 7f), closing the associated back-barrier lagoon. This entire599

process repeats itself throughout the growth of the delta, creating multiple generations600

of barrier-spits that amalgamate to form the delta plain.601

4.2.2 Temporal Characteristics602

Despite widespread recognition as a key formative mechanism in wave-influenced603

deltas, several questions remain regarding the barrier-spit accretion process. These in-604

clude the temporal characteristics of the process (time to emergence, time between events,605

cyclicity), and controls on spacing between successive generations of barrier-spits. To ad-606

dress these questions, we generated a long-running simulation with high temporal out-607

put resolution that facilitates quantitative frequency analysis. The simulation param-608

eters match those of the ensemble simulation with the highest propensity for forming la-609

goons (run N).610

It is impossible to objectively define barrier-spit extents in our simulations due to611

spatial and topographic overlap with adjacent areas of the delta plain. To circumvent612

this issue, we instead define a metric that tracks the evolution of the subaqueous plat-613

form near the delta front, noting that the growth and decay of this platform reflects the614

gradual accumulation of fluvial sediment followed by subsequent emergence of that sed-615

iment as subaerial barrier-spits (Figure 7). At the end of each flood cycle, we compute616

the ”fill fraction” (F ), which is defined as the volume of subaqueous sediment deposits617

normalized by the volume of accommodation space in the same area prior to delta growth.618

The area over which F is computed changes as the delta advances. This area is bounded619

by the front third of the delta shoreline and extends 2.5 km offshore (more details in the620

supporting information). Normalizing by the initial accommodation volume minimizes621

sensitivity to the specific area boundaries over time. Growth in F reflects subaqueous622

sediment deposition, while decreases in F indicate sediment emergence above sea level623

and incorporation into the delta plain.624

A time series of F throughout delta growth (Ft) shows a distinct oscillatory be-625

havior against a background of gradual increase and eventual flattening (Figure 8a). The626

gradual increase is attributed to increases in total depth as the delta progrades into the627

basin, which eventually ceases once the delta front is located entirely within the flat por-628

tion of the basin. The oscillations are best characterized as ”ramp-cliff” structures, where629

periods of relatively slow growth in F are followed by rapid decreases back to a back-630

ground value. These oscillations reflect gradual buildup of subaqueous sediment deposited631

near the mouth followed by rapid reductions in F as the sediment coalesces (due to on-632

shore transport as a result of wave asymmetry) and the barrier-spit emerges above sea-633

level.634
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Figure 7. Example from a wave-dominated simulation demonstrating the processes by which

wave-influenced deltas grow. Green arrows, circle highlight features of interest. Panels show the

time evolution of bed level (filled contours at 0.5 m intervals), current velocity fields (yellow vec-

tors) and wave forces (red vectors) during one cycle of shoreface fluvial deposition (a-c) barrier

development (c-e) and accretion (e-f). At least two generations of older barrier-spits are visible

here, highlighting the cyclical nature of this process.
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Figure 8. Cyclicity in the barrier-spit accretion process for a simulation with parameters

matching run N. (a) Raw time series of the fill fraction (Ft) at the delta front, defined as the

ratio of subaqueous sediment deposit volume to available accommodation space. (b) Difference

time series of F (∆Ft) used for wavelet analysis. (c) Local wavelet power spectrum (scalogram)

showing the frequency distribution of signal variance over time. Gray areas indicate the cone

of influence, where edge effects make power estimates unreliable. Thick black contours high-

light regions where spectral power significantly exceeds the 90% confidence level against white

noise, based on Torrence and Compo (1998). (d) Global wavelet spectrum, summing the power

in (c) across time. Green and red lines in (d) represent the mean and 90% confidence spectra

for white noise with identical signal length and degrees of freedom. Note the spike in spectral

power around a period of 2800 minutes (∼15 flood cycles), exceeding the 90% confidence level.

Vertical red lines in (a) and (b) indicate the formation times (”birthdays”) of lagoons – discussed

in section 5.2
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To test whether barrier-spit accretion is a cyclical (rather than random) process,635

we analyze the frequency content of the F difference series (∆Ft = Ft−Ft−1) (Figure636

8b) using a wavelet transform. As a spectral analysis tool, wavelets provide several ad-637

vantages over the more commonly used Fourier transform, including better time-frequency638

localization and handling of non-stationary signals, reduced edge-effects, and improved639

detection of transients (Kumar & Foufoula-Georgiou, 1997). We operate on ∆Ft (rather640

than Ft) because we are interested in the time between barrier-spit emergence events,641

which are characterized by rapid reductions in F , manifesting as large negative spikes642

in ∆Ft. Operating on the difference series has the added benefit of reducing the spec-643

tral power at low frequencies associated with non-stationarity that can obfuscate features644

of interest at higher frequencies.645

Figure 8c and 8d show the local and global wavelet spectra (respectively) of the646

∆Ft computed using the Morlet wavelet (wavenumber = 6). The local wavelet spectrum647

(LWS, also known as the scalogram) shows the distribution of variance in the ∆Ft time648

series in the time and frequency domains. The global wavelet spectrum (GWS) is sim-649

ply the time-sum of the LWS, and shows how signal variance is distributed in the fre-650

quency domain for the entire signal. Both the LWS and the GWS show a concentration651

of spectral power at an approximate scale of 2800 minutes (bright yellow regions in Fig-652

ure 8c, large spike in Figure 8d), suggesting a periodic component in the ∆Ft time se-653

ries at these scales.654

We test the significance of peaks in the LWS and GWS against a background spec-655

trum for a white-noise process with identical signal length and degrees of freedom to ∆Ft656

(Torrence & Compo, 1998) at an 90% confidence level. Several regions of the LWS ex-657

hibit spectral power surpassing this threshold (black contours in Figure 8c), and there658

is a statistically significant peak in the GWS at periods of approximately 2800 minutes659

(peak in Figure 8d). Although the spectra show additional peaks at lower frequencies660

(longer wavelengths) these are not considered significant against the assumed background661

spectra.662

Analysis of the global wavelet spectra demonstrates that oscillations in F are in-663

deed cyclical, with a periodicity equivalent to approximately 15 flood cycles. Depend-664

ing on assumptions regarding recurrence intervals for geomorphically-significant flood665

events, these oscillations would have periods ranging from decades to centuries in real-666

world delta systems – similar to estimates from field examples such as the Danube, the667

Red and the Po river deltas (Vespremeanu-Stroe & Preoteasa, 2015; Preoteasa et al., 2016;668

Van Maren, 2005; Simeoni et al., 2007). This analysis suggests that barrier-spit accre-669

tion is a cyclical (rather than stochastic) autogenic process, which is driven by accumu-670

lation of nearshore subaqueous sediment, rather than being initiated by individual flood671

events. Simulations conducted during model development further support this finding;672

even with constant fluvial discharge, these simulations reproduce the delta growth pro-673

cesses described here (see Movie S5).674

5 Discussion675

5.1 Barrier-spit accretion process676

Our simulations capture the transitions between river-dominated and wave-dominated677

delta growth processes and are able to reproduce the barrier-spit accretion process that678

has been documented in several natural wave-influenced delta systems (Bhattacharya679

& Giosan, 2003). Examples include the Tiber delta (Bellotti et al., 1995; Milli et al., 2013),680

the Vasishta lobe of the Godavari delta (Rao et al., 2005), the Rosetta lobe of the Nile681

delta (Sestini, 1989), the Sfantu Gheorge lobe of the Danube delta (Dan et al., 2011; Preoteasa682

et al., 2016), and the Ba Lat lobe of the Red River delta (Van Maren, 2005), among oth-683

ers.684
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Interestingly, barrier-spits emerge in the simulations in spite of relatively crude (or685

completely absent) parameterizations of processes that are considered important in their686

evolution, such as swash, overwash, and eolian transport. While these processes are cer-687

tainly important for the longer-term evolution of these features (particularly in supply-688

limited environments, such as eroding headlands), their emergence in our simulations shows689

that the dominant factors controlling barrier-spit accretion in prograding deltas are the690

relative strengths of fluvial, longshore, and cross-shore sediment transport.691

It has been suggested that the onset of barrier-spit growth in prograding deltas may692

be initiated by periods of rapid sediment delivery to the shoreface, such as during large693

river floods (Anthony, 2015; Bhattacharya and Giosan, 2003). However, recent work has694

demonstrated that spit emergence in both fluvial and non-fluvial settings may be pre-695

ceded by a prolonged period of subaqueous nearshore sediment accumulation that con-696

structs a platform onto which the spit can prograde (Preoteasa et al., 2016; van Kouwen697

et al., 2023). Futhermore, several case studies suggest that barrier-spit emergence in deltas698

exhibits some level of cyclicity (evidenced by abundant, regularly spaced inactive bar-699

riers preserved on the delta plain), with estimated recurrence intervals ranging from 10’s700

to 100’s of years – which is longer than typical recurrence intervals for bankfull floods701

(Van Maren, 2005; Vespremeanu-Stroe & Preoteasa, 2015; Preoteasa et al., 2016).702

The time series and frequency analysis of fill fraction clearly show that there is a703

periodic component to barrier-spit accretion on timescales of about 15 floods, far exceed-704

ing the frequency of ”bankfull” discharge events. This emergent cyclicity suggests that705

the role of gradual sediment buildup in the subaqueous portions of the delta front may706

be more important in determining when barrier-spits form than periods of pulsed sed-707

iment supply, though this likely depends on system-specific variables in real-world deltas.708

5.2 Lagoon optimization, birthdays and life expectancy709

Our analysis shows that intermediate fluvial mud concentrations (Cmud = 0.1)710

optimize the conditions for barrier growth and lagoon formation, with lagoon area frac-711

tion decreasing for Cmud < 0.1 and Cmud > 0.1. We attribute this to different pro-712

cesses; at high fluvial mud concentrations, back-barrier deposition of fine-grained sed-713

iments “erases” lagoons as quickly as they form. At low mud concentrations, channels714

are less stable and change positions frequently, limiting sediment supply to (and conse-715

quently size of) individual barrier features. Our simulations also show that lagoon area716

fraction is optimized for W = 0.5, and decreases with increasing or decreasing W . We717

attribute this to the mechanisms involved in lagoon formation; barrier-spits (and con-718

sequently lagoons) only form in settings with significant wave influence, but large waves719

favor the accretion of sediment directly onto the existing shoreline due to strong onshore-720

directed transport.721

Barrier-spits are common features in real-world wave-influenced deltas, but not all722

systems preserve lagoons on the delta plain. Likewise, our simulations indicate that even723

under ”optimal” conditions, not every barrier-spit leads to the formation of a lagoon that724

is ultimately preserved. In Figure 8b, the ”birthdays” of lagoons that persist until the725

end of the simulation are shown, overlaid on the time series of ∆Ff (see the supporting726

information for details on how lagoon birthdays are calculated). This simulation uses727

parameters that optimize the conditions for lagoon preservation. Lagoon birthdays are728

typically preceded by significant negative spikes in ∆Ff , associated with the emergence729

of subaqueous sediment as barrier-spits develop. However, not every negative spike in730

∆Ff results in a lagoon, and several barrier-spit emergence events—particularly later731

in the simulation—do not correspond with lagoon preservation.732

This analysis, though somewhat ad-hoc, highlights the complexity of the barrier-733

spit accretion process and the factors that determine whether or not a lagoon becomes734

incorporated into the delta plain. Even in our simplified models, we speculate that mul-735

–23–



manuscript submitted to JGR: Earth Surface

tiple factors may control the preservation of individual lagoons, including the lagoon’s736

initial geometry (namely width), the shoreline’s initial orientation and bathymetry, and737

the balance between longshore and cross-shore sediment transport during evolution of738

the enclosing barrier-spit. Furthermore, lagoon preservation in real-world delta systems739

also depends on processes which are not represented in the model, including overwash740

and eolian transport. The interplay of these dynamic and time-varying factors suggests741

that predicting whether an individual lagoon will be preserved on the delta plain may742

be impossible.743

Nevertheless, our simulations show that, at a broad scale, the proportion of the delta744

plain covered by lagoons is influenced by both the characteristics of fluvial sediment and745

the balance between fluvial and longshore sediment transport. Lagoon preservation tends746

to be maximized under intermediate conditions of fluvial mud concentration and rela-747

tive wave influence. This finding is significant for paleoenvironmental interpretation, as748

the presence of abundant back-barrier lagoonal deposits may indicate a specific set of749

environmental conditions.750

5.3 Role of mud in wave-influenced delta morphodynamics751

Our simulations show that mud plays important roles in delta evolution, even in752

wave-dominated environments. In river-dominated deltas, higher mud concentrations in753

fluvial effluent are thought to enhance the stability of distributary channels and inhibit754

the bifurcation process, resulting in a decrease in the overall number of outlets and an755

increase in the persistence of individual distributaries (Hoyal & Sheets, 2009; Martin et756

al., 2009; Edmonds & Slingerland, 2010; Caldwell & Edmonds, 2014; Straub et al., 2015;757

Liang et al., 2015). Waves are also thought to decrease the number of channel outlets758

(by inhibiting bifurcation) (J. P. M. Syvitski & Saito, 2007; Jerolmack & Swenson, 2007;759

Geleynse et al., 2011; Nardin & Fagherazzi, 2012; Nardin et al., 2013; Anthony, 2015;760

Gao et al., 2018), and have stabilizing effects on distributary channels (Swenson, 2005;761

Ratliff et al., 2018; Gao et al., 2018; Liu et al., 2020; Hu et al., 2022; Zăinescu et al., 2024).762

Our simulations not only confirm these previous results, but show the effects of mud and763

waves in simplifying and stabilizing distributary networks actually work in concert: the764

simplest networks and most stable channels are found in simulations where W and Cmud765

are both maximized.766

By controlling network morphology and dynamics, fluvial sediment composition767

controls how sediment is distributed at the shoreline. However, despite this, shoreline768

geometry (as quantified by rugosity) in wave-dominated deltas does not depend on flu-769

vial sediment composition. This highlights the dominance of wave-driven processes (ero-770

sion and longshore transport) over fluvial processes (bifurcation, levee progradation and771

avulsion) in controlling the shoreline dynamics of these systems.772

Mud also affects the barrier-spit accretion process by preferentially filling back-barrier773

lagoons and inhibiting their preservation as open water on the delta plain, impacting the774

character of delta deposits. Anthony (2015) highlighted a knowledge gap concerning the775

controls on beach-ridge spacing in wave-influenced deltas, suggesting sediment supply776

as a possible controlling variable. Our simulations suggest that the abundance of mud777

in fluvial effluent may explain the distinction between deltas with systems of welded beach778

ridges (and the occasional lagoon) and deltas where beach ridges are interspersed with779

fine-grained back-barrier deposits.780

Finally, there are several other ways in which mud could influence the growth of781

wave-influenced deltas beyond those modeled and described here. Mud can settle in the782

subaqueous platform or prodelta of wave-influenced systems as a result of density cur-783

rents or during periods of relative wave quiescence (Steel et al., 2024), facilitating progra-784

dation and helping to stave off delta autoretreat (M. Kim et al., 2024). In very large delta785

systems, mud can be transported by longshore currents to areas with less wave energy,786
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wherein it may be the dominant constructional material, such as the downdrift flanks787

of the Mekong and Amazon deltas (Anthony, 2015).788

5.4 Limitations789

It is important to note that our simulations are a highly schematized and simpli-790

fied representation of reality, and as such ignore several processes common to wave-influenced791

deltas. For instance, phase differences between periods of high river discharge and in-792

tense wave-action are the norm in strongly wave-influenced systems, and may significantly793

impact the barrier formation and accretion process. Strong, onshore directed wind fields794

are also common in wave-dominated delta systems, creating important features such as795

coastal dunes and potentially contributing to barrier rollover and accretion. Ignoring these796

important processes may lead to our simulations overestimating the prevalence of lagoons797

on the delta plain, especially in environments dominated by sand. Still, our models are798

among the first to recreate the processes by which symmetrical wave-influenced systems799

grow and evolve, and are useful for assessing how those processes vary in response to wave800

forcing and fluvial sediment composition.801

6 Conclusions802

Our study offers new insights into the complex roles of wave-influence and fine-grained803

cohesive sediment on the morphodynamics of river deltas. By leveraging physics-based804

numerical models, we have elucidated key processes and morphological characteristics805

that differentiate wave-influenced deltas from their river-dominated counterparts. Waves806

influence delta morphology through processes such as jet deflection, barrier formation,807

and longshore sediment transport. Wave-driven reworking of fluvial sediments results808

in distinctive features relative to river-dominated deltas: shorelines are smoother and re-809

worked more frequently, channel networks exhibit limited complexity and are more per-810

sistent, and deltas grow through a cyclical process of barrier-spit formation and accre-811

tion, producing delta plains with sedimentary facies that are distinct from their river-812

dominated counterparts. These processes and features parallel those observed in natu-813

ral deltas, such as the Red, Sinu, and Coco river deltas, among others.814

Our results highlight the important role of cohesive sediment in the accretion of815

wave-influenced deltas. Mud affects network properties and in turn affects how sediment816

is distributed at the delta shoreline. Mud is preserved on the delta plain in levees and817

behind barrier-spits, and thus is an important component in the mass balance of these818

systems. Finally, mud also affects the barrier-spit accretion process, and determines barrier-819

spit spacing for a given degree of wave-influence. These results have implications for delta820

sediment budgets and resultant management actions, as well as for sedimentary facies821

models in wave-influenced deltas and resultant paleoenvironmental interpretations.822

Finally, our simulations show that deltas near the transition of fluvial and wave-823

dominance may be particularly sensitive to changes in sedimentary or hydrodynamic forc-824

ing conditions, as the dominant processes controlling local shoreline variability and the825

creation of new land change near W = 1. Furthermore, the creation and preservation826

of back-barrier lagoons is optimized within a narrow range of W and Cmud values, and827

an abundance of these features or their deposits in a natural delta system may be in-828

dicative of a specific set of formative conditions.829
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lation input files and MATLAB code used to process and analyze simulation outputs are833
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Wave-influenced deltas grow through cyclical accretion1

of barrier-spits2
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Key Points:9

• Barrier-spits are the primary constructional elements of wave-dominated deltas10

and leave distinct signatures (lagoons) on the delta plain.11

• Accretion of barrier-spits is a cyclical autogenic process controlled by accumula-12

tion of fluvial sediment near the delta front.13

• Mud exerts important controls barrier-spit accretion and distributary channel net-14

work morphodynamics, even in wave-dominated deltas.15
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Abstract16

Wave-influenced deltas are the most abundant delta type and are also potentially the17

most at-risk to human-caused changes, owing to the effects of wave-driven sediment trans-18

port processes and the short timescales on which they operate. Despite this, the processes19

controlling wave-influenced growth are poorly understood, and the role of fine-grained20

cohesive sediment (mud) is typically neglected. Here we simulate idealized river deltas21

in Delft3D across a range of conditions to interrogate how relative wave-influence and22

fluvial sediment composition impact delta evolution on decadal-millennial timescales. Our23

simulations capture the barrier-spit formation and accretion process characteristic of pro-24

grading wave-influenced deltas, such as those of the Red (Vietnam), Sinu (Colombia),25

and Coco (Nicaragua) rivers. Barrier-spit accretion exhibits multi-decadal cyclicity driven26

by subaqueous accumulation of fluvial sediment near river mouths. Using a range of met-27

rics, we quantify how waves and mud influence delta morphology and dynamics. Results28

show that waves stabilize and simplify channel networks, smooth shorelines, increase shore-29

line reworking rates, reduce mud retention in the delta plain, and rework mouth bar sed-30

iments to form barrier-spits. Higher fluvial mud concentrations produce simpler and more31

stable distributary networks, rougher shorelines, and limit back-barrier lagoon preser-32

vation without altering shoreline reworking rates. Our findings reveal distinct controls33

on shoreline change between river-dominated and wave-influenced deltas and demonstrate34

that mud plays a critical role in delta evolution, even under strong wave influence. These35

insights could enhance paleoenvironmental reconstructions and inform predictions of delta36

responses to climate and land-use changes.37

Plain Language Summary38

Humans have disrupted sediment delivery to river deltas globally, and deltas with39

strong wave climates (wave-influenced deltas) may be the most vulnerable to these dis-40

ruptions. However, wave-influenced deltas are poorly understood. To address this, we41

developed computer models of wave-influenced delta growth and used them to investi-42

gate how the processes involved in delta formation are affected by waves and by the type43

of sediment delivered by the river. Our models show that wave-influenced delta growth44

is fundamentally different from deltas with weak wave-climates; wave-influenced deltas45

are made up of shore-parallel sand bodies, which we call ”barrier-spits”. Each barrier-46

spit takes multiple decades to form, and they are added to the delta at regular intervals.47

Our models also show that mud affects the way in which deltas form, even when waves48

are large. Mud is deposited between barrier-spits, affecting delta deposits. Mud also im-49

pacts the way that river channels grow and move around the delta, where more mud leads50

to fewer and more stable channels. Overall, our models are useful for understanding how51

waves and mud impact the growth of river deltas, which may help us to predict how deltas52

will respond to changes in sediment delivery caused by humans.53

1 Introduction54

In the absence of tides, river deltas exhibit a spectrum of processes and forms thought55

to be the result of varying degrees of fluvial and wave influence. At one end of this spec-56

trum are fully “river-dominated” deltas with complex distributary networks and large,57

lobate shoreline protrusions (L. D. Wright, 1973; Galloway, 1975; Broaddus et al., 2022;58

?, ?). These systems grow through a combination of avulsion and mouth-bar driven bi-59

furcation, both of which can be driven by channel elongation and resultant reductions60

in local sediment transport capacity (Jerolmack & Swenson, 2007; Edmonds & Slinger-61

land, 2007, 2010; Fagherazzi et al., 2015). At the other end of this spectrum are “wave-62

dominated” deltas, which lack distributary networks and have smooth, cuspate shore-63

lines with limited protrusions (L. D. Wright, 1973; Galloway, 1975; Anthony, 2015; Broad-64

dus et al., 2022; Vulis et al., 2023). Wave-dominated deltas grow through onshore-directed65
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Figure 1. Examples of real-world wave-influenced deltas. Note the ubiquitous presence of

shore-parallel barriers and associated lagoons, which are unique to wave-influenced systems.

Other diagnostic features include simple distributary networks and smooth shorelines ranging

from lobate to cuspate.

wave-driven reworking of fluvial sediment deposited in the shoreface and through impound-66

ment of non-deltaic littoral sediment carried from updrift locations by longshore currents67

(Komar, 1973; L. D. Wright, 1973; Galloway, 1975; Dominguez, 1996; Ashton & Giosan,68

2011; Anthony, 2015).69

While the processes governing the evolution of the above-described end-members70

are well understood, intermediate, “wave-influenced” deltas have received considerably71

less attention, despite being the most abundant category of deltas (Nienhuis et al., 2020).72

These deltas have morphologies that vary between river and wave-dominance, but also73

include unique features such as barriers, spits and lagoons (Figure 1). Questions remain74

concerning the morphological transitions between river and wave-dominated deltas, and75

especially the role of mud. Do deltaic processes and morphology vary monotonically with76

wave-influence? And are the transitions gradual, or abrupt?77

Addressing these questions is of urgent importance, as the driving forces that con-78

trol delta morphology and dynamics are changing rapidly (Giosan et al., 2014; Tessler79

et al., 2015; Hoitink et al., 2020). Changes in land use and climate are affecting the vol-80

umes of water and sediment that reach deltas (Nienhuis et al., 2020; Tessler et al., 2018),81

while sea level rise and land subsidence threaten to drown existing delta deposits (J. P. Syvit-82

ski et al., 2009; Ericson et al., 2006; Ibáñez et al., 2014). Understanding how delta mor-83

phology and dynamics vary across a range of environmental forcing conditions is the first84

step toward predicting how deltas will respond to the plethora of anthropogenic pres-85

sures which they currently face.86

2 Background87

2.1 Physics-based modeling of wave influenced delta growth across scales88

Physics-based numerical models provide a promising path toward predicting how89

wave-influenced deltas will respond to change by facilitating investigation into the in-90

teractions between river flow, wave-action, and longshore currents which govern sediment91

transport across a range of scales. Models such as Delft3D and MIKE (coupled with spec-92

tral wave models) provide an avenue for exploring the development and modification of93

river mouth bars in the presence of waves on timescales relevant to engineering (years94

to decades). Nardin and Fagherazzi (2012) used an idealized Delft3D model of a river95

mouth to show that waves impact mouth bar development by enhancing bed shear stress,96

changing the direction of the river jet (in the case of non-frontal waves), and increasing97

jet spreading. They showed that bar morphology is modulated by these processes, and98

bar formation is inhibited in the presence of large waves that approach from high an-99

gles. Nardin et al. (2013) used a similar model to demonstrate that the jet spreading ef-100
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fect dominates over increased bed shear stress in the presence of small frontal waves, which101

actually increases the propensity of bars to form closer to the river mouth. They sug-102

gested that a non-monotonic relation exists between wave energy and mouth bar forma-103

tion; small waves enhance mouth bar formation over cases with no waves, while larger104

waves inhibit mouth bar formation. More recently Zăinescu et al. (2021) developed ide-105

alized river mouth models in MIKE21 FM to simulate interactions between longshore106

currents, mouth bars, and fluvial jets, finding that jet behavior and flow circulation pat-107

terns near the river mouth can be predicted by the momentum or discharge balances be-108

tween the fluvial jet and longshore currents. A detailed review of the controls on river109

mouth morphodynamics is presented in Fagherazzi et al. (2015).110

Physics-based numerical models are also capable of simulating the growth and evo-111

lution of wave-influenced river deltas over longer timescales (decades to centuries). His-112

torically, wave-dominated deltas have been simulated primarily using so called ”1-line”113

shoreline models (Komar, 1973; Ashton & Giosan, 2011; Gao et al., 2018). These mod-114

els work well to simulate shoreline evolution but cannot capture the transition to river115

dominance due to their inability to simulate mouth bars. In this transition, mouth bars116

are expected to appear as fluvial sediment supply outpaces potential longshore trans-117

port (Nienhuis et al., 2015). Geleynse et al. (2011) developed idealized delta-scale sim-118

ulations in Delft3D to show that waves act to limit sequestration of fine-grained sedi-119

ment on the delta plain, and reduce the number of active distributaries, leading to smoother120

(less rugose) delta shorelines. In a similar effort, Liu et al. (2020) showed that deltas sub-121

ject to wave-action produced shallower topset gradients and reduced distributary avul-122

sion frequency, leading to smoother shorelines. Willis et al. (2021, 2022) used the Chevron123

CompStrat model (which, similar to Delft3D and MIKE, is governed by the shallow wa-124

ter equations) to explore wave-influenced delta deposit stratigraphy under conditions of125

changing sea level. Their simulations develop morphologies that are remarkably simi-126

lar to real-world wave-influenced delta systems, including dual clinoform delta fronts with127

large subaqueous platforms. Sloan et al. (2024) used idealized Delft3D models to explore128

the conditions under which waves completely inhibit delta accretion. Recently, Zăinescu129

et al. (2024) used idealized delta-scale simulations in Delft3D to investigate morphody-130

namics in asymmetrical wave-influenced deltas. They found that increasing degrees of131

wave-influence lead to channel stabilization and a reduction in avulsion frequency com-132

pared to river-dominated deltas, paralleling results from Liu et al. (2020) and morpho-133

dynamic models (Swenson, 2005; Ratliff et al., 2018; Gao et al., 2018; Hu et al., 2022).134

They also demonstrate that the trade-off between trapping and bypassing of updrift sed-135

iment around the river mouth is highly sensitive to the relative strengths of fluvial and136

longshore sediment transport, and that this relationship determines the morphology of137

asymmetric wave-influenced deltas.138

These efforts collectively demonstrate the efficacy and utility of using physics-based139

numerical models to reproduce the dynamics and morphologic features common to wave-140

influenced deltas. Despite these advances, substantial knowledge gaps remain, partic-141

ularly on the role of mud and the morphologic transition from mouth bars to barrier-142

spits as the dominant delta constructional element.143

2.2 Barrier-spits144

Among the most characteristic features of wave-influenced and wave-dominated deltas145

are barriers and spits (Anthony, 2015). Both barriers and spits form through a combi-146

nation of cross-shore and longshore sediment transport processes, and differ primarily147

in that barriers are true islands while spits are connected to an adjacent landmass at one148

end. These features were historically associated with phases of delta abandonment, and149

their deposits interpreted to represent an allogenic response to changes in sedimentary150

(upstream) or marine (downstream) forcing. The best known example is the Chandeleur151

Islands of the Mississippi River delta, a set of barriers which formed by headland ero-152
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sion of delta lobes (Penland et al., 1988) or onshore transport of shelf deposits (Stapor153

& Stone, 2004) following abandonment during large scale avulsions. Another example154

is the visually striking system of paired spits that flank the Ebro River delta, which have155

been shown through historical reconstructions and numerical modeling to be a result of156

decreases in fluvial sediment flux following a river avulsion (Ibàñez et al., 1997; Nien-157

huis et al., 2017).158

More recently, a separate category of deltaic barriers and spits have been recog-159

nized which are genetically distinct from those formed as a result of marine transgres-160

sion or delta lobe abandonment. This category is associated with punctuated progra-161

dation in wave-influenced environments, and may be the most common genetic mode for162

these features on river deltas (Stutz & Pilkey, 2002; Bhattacharya & Giosan, 2003). Fur-163

thermore, progradational barrier-spit accretion may be the dominate process by which164

wave-influenced deltas build new land (Vespremeanu-Stroe & Preoteasa, 2015), as ev-165

idenced by the unique geometry and sedimentary character of their deposits. While river-166

dominated deltas have deposits characterized by systems of mouth bars, crevasses and167

abandoned distributary channels (Olariu & Bhattacharya, 2006; Edmonds & Slingerland,168

2010; Esposito et al., 2013; Willis et al., 2021; Nota et al., 2024), wave-influenced delta169

deposits are typically composed of series of regularly-spaced, elongate, shore-parallel sand170

bodies. These sand bodies may amalgamate to form ”beach-ridge plains”, or may be sep-171

arated by back-barrier deposits of fine-grained sediment, forming ”cheniers” (Otvos, 2000;172

Tamura, 2012).173

The mechanisms and sediment sources responsible for the formation of barrier-spits174

(and their subsequent incorporation into the delta plain) are thought to vary between175

symmetric and asymmetric wave-influenced deltas. Asymmetric deltas form under wave176

climates that exhibit a dominant angle of approach, setting up unidirectional longshore177

currents that impart distinct processes and sedimentary facies on the updrift and down-178

drift flanks of the delta (Bhattacharya & Giosan, 2003; Korus & Fielding, 2015; Vespremeanu-179

Stroe et al., 2016; Preoteasa et al., 2016). Barrier-spits can develop on the updrift flank180

and morphologically ”deflect” distributary outlets due to blocking of longshore currents181

by the fluvial jet (Todd, 1968; Komar, 1973; Nienhuis, Ashton, & Giosan, 2016; Gao et182

al., 2020). Barrier-spits can also develop on the downdrift flank of asymmetric deltas as183

a result of several different processes, including high wave approach angles that cause184

instabilities in the longshore transport field (Ashton & Giosan, 2011), or by gradual de-185

velopment of a subaqueous sediment platform followed by wave-driven onshore trans-186

port (Vespremeanu-Stroe & Preoteasa, 2015; Preoteasa et al., 2016; Zainescu et al., 2016).187

Barrier-spits and their associated deposits (beach-ridges / cheniers) are also preva-188

lent in symmetric wave-influenced deltas. The mechanisms involved in the formation and189

evolution of these features, however, as well as their overall role in the progradation of190

symmetric deltas, have received less attention than those on asymmetric systems, and191

are still poorly understood (Zainescu et al., 2016). One well studied example is the Red192

River Delta of Vietnam, where cyclical barrier-spit development is characterized by a multi-193

phase process consisting of subaqueous fluvial sediment accumulation, onshore transport194

due to wave asymmetry, and reworking by longshore currents (Van Maren, 2005; van Maren,195

2007). The process is similar to that described for the downdrift flank of the asymmet-196

ric Sfantu Gheorge lobe of the Danube delta (Vespremeanu-Stroe & Preoteasa, 2015; Preoteasa197

et al., 2016). A similar process is thought to describe the development of the Goro spit198

system in the Po River delta of Italy (Simeoni et al., 2007).199

Despite a likely similar origin of mouth bars (on river dominated deltas) and barrier-200

spits (on wave dominated deltas), they have historically been considered separately. Per-201

haps the conditions under which barrier-spit formation dominates over mouth bar ac-202

cretion would determine the resulting morphology, and thereby also affect beach ridge203

spacing, and the timescales of barrier-spit formation.204
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2.3 Role of fine-grained cohesive sediment205

There is also significant uncertainty surrounding the role of fluvial sediment com-206

position in the formation of wave-influenced deltas. Several studies have highlighted the207

crucial role of fine-grained cohesive sediment (mud) in shaping the morphology and dy-208

namics of river-dominated deltas. Higher proportions of mud in fluvial effluent reduces209

channel mobility, enhances the formation of levees, deepens channels and inhibits bifur-210

cations and avulsions, limiting the total number of active distributaries on a delta (Edmonds211

& Slingerland, 2010; Martin et al., 2009; Li et al., 2017). The effects of mud on the chan-212

nel network propagate to the overall shape of the delta and its shoreline; fluvial sediment213

flux is distributed less evenly across the delta shoreline, leading to enhanced growth of214

local shoreline protrusions and producing more elongate delta plains with rougher shore-215

lines (Geleynse et al., 2011; Caldwell & Edmonds, 2014).216

By contrast, the role of fine-grained cohesive sediment (mud) in wave-influenced217

delta evolution has received significantly less attention and is commonly ignored in nu-218

merical modeling efforts due to long settling timescales and the high degree of turbulence219

associated with surf-zone environments (Geleynse et al., 2011; Nardin et al., 2013; Nien-220

huis, Ashton, Nardin, et al., 2016; Broaddus et al., 2022; Sloan et al., 2024; Zăinescu et221

al., 2024). However, large portions of the delta front can be sheltered from wave action222

by barriers and spits, permitting deposition of fine-grained sediment in these locations223

(Rodriguez et al., 2000; Bhattacharya & Giosan, 2003; Stutz & Pilkey, 2002; Van Maren,224

2005). Both channel geometry and network dynamics are strongly dependent on the char-225

acter of fluvial sediment (Orton & Reading, 1993; Hoyal & Sheets, 2009; Martin et al.,226

2009; Edmonds & Slingerland, 2010; Caldwell & Edmonds, 2014). Furthermore, phase227

differences between periods of peak discharge and significant wave events are common228

in deltas with large drainage basins (Anthony, 2015), which could allow fluvial mud to229

be incorporated in the shoreface regardless of the long-term average wave conditions.230

To address the knowledge gaps outlined above we developed physics-based numer-231

ical simulations capable of resolving the complex interactions between fluvial and wave232

processes that control morphodynamics in wave-influenced deltas. Our simulations re-233

produce emergent features considered to be characteristic of wave-influenced deltas, such234

as mouth bars, barriers, and spits (which we refer to collectively as barrier-spits), at the235

timescales on which deltas grow and evolve. They differ from previous efforts (Geleynse236

et al., 2011; Liu et al., 2020; Willis et al., 2021; Sloan et al., 2024; Zăinescu et al., 2024)237

by focusing on the role of mud. We characterize the barrier-spit accretion process and238

its temporal characteristics using quantitative frequency analysis. We present metrics239

to quantify delta morphology and dynamics and show how the processes controlling delta240

evolution vary with wave-influence and the proportion of cohesive sediment in fluvial ef-241

fluent. Finally, we discuss the implications of our findings for management actions, pa-242

leoenvironmental interpretation, and general knowledge of wave-influenced delta mor-243

phodynamics.244

3 Methods245

3.1 Model Setup246

Delft3D is a hydro-morphodynamic modeling package capable of simulating fluid247

flow (Reynolds-averaged Navier-Stokes equations), wave action (SWAN model), sediment248

transport, and morphological change. It has been validated for a wide range of hydro-249

dynamic conditions and has been shown to be capable of simulating idealized delta de-250

velopment (Storms et al., 2007; Edmonds & Slingerland, 2010; Geleynse et al., 2011; Burpee251

et al., 2015; Caldwell & Edmonds, 2014; Rossi et al., 2016; Liu et al., 2020; Broaddus252

et al., 2022; Xu & Plink-Björklund, 2023; Anderson et al., 2023; Nota et al., 2024; Sloan253

et al., 2024; Zăinescu et al., 2024), as well as the morphodynamics at wave-influenced254
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river mouths (Edmonds & Slingerland, 2007; Nardin & Fagherazzi, 2012; Nardin et al.,255

2013; Nienhuis, Ashton, & Giosan, 2016; Gao et al., 2018; Zăinescu et al., 2021).256

Using Delft3D we set up an idealized model of river delta growth and evolution in257

the presence of waves. For simplicity we ignore the effects of tides, wind, density gra-258

dients, Coriolis forces, and other factors that may impact delta morphodynamics. The259

flow equations are solved on a rectilinear grid of 25 m square cells covering an area of260

189 km2 (21 km in the cross-shore direction, 9 km in the long shore direction) (Figure261

2a). Initial bed levels in all simulations consist of a river with a trapezoidal geometry262

(width = 300 m, depth = 3 m) that cuts through a bluff-backed beach (bluff height =263

10 m, bluff width = 500 m, beach height = 2 m, beach width = 500 m) and terminates264

into a sloping basin (Figure 2b). The basin slope follows an equilibrium shoreface pro-265

file for 200 µm sand (Equation 1), as defined by Dean (1991).266

z(x) = ax2/3 (1)

where z is the water depth (m), x is the distance from shore (m), and a is a grain size267

dependent parameter whose value is 0.1 for 200 µm sand. Figure 2b shows the initial bathymetry268

in the region around the river mouth.269

We add random perturbations to the initial bed levels to simulate natural variabil-270

ity, which are drawn from a uniform distribution bounded by -0.01 and 0.01 m. To en-271

able faster progradation and maintain the shallow water assumption, we limit initial depth272

to 10 m below sea level (which is beyond the inner depth of closure for the largest mod-273

eled waves, as defined by Hallermeier, 1981). The model results are insensitive to the bluff274

and beach dimensions, as well as the depth cutoff for the initial bathymetry.275

Wave computations are solved on a separate grid covering an area of 572 km2 (52276

km in the longshore direction, 11 km in the cross-shore direction) (Figure 2a). Grid cell277

dimensions vary in the wave domain to speed up computations; areas overlapping the278

flow domain have a resolution of 50 x 50 m, while areas outside the flow domain have279

cells that are 400 m in the longshore direction and 50 m in the cross-shore direction. Ini-280

tial bathymetry in the wave domain is identical to that of the flow domain, albeit ex-281

panded to fit the enlarged grid dimensions.282

All simulations use a computational time step (∆t) of 15 seconds to obey numer-283

ical stability criteria. Flow and wave computations are fully coupled (bed levels, water284

levels, velocities) with a coupling interval (CI) of 30 minutes. We apply a morpholog-285

ical scaling factor (morfac) of 180 to speed up computations, assuming that bed relax-286

ation is negligible at the modeled timescales. Each simulation is computed for 12 hours287

prior to the implementation of morphological changes. We assessed the sensitivity of our288

results to these choices, performing simulations with ∆t as small as 5 seconds, CI as small289

as 5 minutes, and morfac as small as 45. We also tested our models sensitivity to the grain290

size and initial bed thickness of non-cohesive sediment. While these simulations indeed291

exhibit differences in details, the emergent processes and morphological trends discussed292

in this work do not change.293

We model two sediment fractions, one non-cohesive (sand) and one with cohesion294

(mud). The sand fraction has a median grain size of 200 µm, a specific density of 2650295

kg m−3, and an initial bed thickness of 10 m that is constant throughout the domain.296

The mud fraction has a settling velocity of 0.00025 m s−1, and critical shear stresses for297

erosion (τ ce) and deposition (τ cd) of 0.1 and 1000 N m−2, respectively. Setting τ ce<<τ cd298

ensures constant mud deposition such that equilibrium depth is set by erosive shear stresses,299

rather than being dependent on initial sediment thickness (Edmonds & Slingerland, 2010).300

We chose a relatively low value for τ ce to facilitate mud erosion and to avoid over rep-301

resenting the importance of cohesive sediment in delta dynamics.302

The models initialize with no mud in the bed, a choice which notionally reflects the303

paucity of mud in wave-influenced nearshore settings prior to the introduction of fluvial304
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Figure 2. Model setup including domain and boundary locations (a), initial bathymetry (b),

wave directional distribution (c), discharge curve (d) and simulation ensemble (e).
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effluent. Non-cohesive sediment transport is computed using the Soulsby-Van Rijn re-305

lation as implemented in Delft3D, which requires the user to specify the calibration fac-306

tor for sediment transport (1), the diameter ratio between 90th percentile and median307

grain sizes (1.5), and the roughness height used to compute the drag coefficient (0.006).308

We use the values recommended by Soulsby (1997). This formula predicts bed and sus-309

pended load transport based on the combined shear stress due to current velocity and310

root mean squared wave orbital velocity (neglecting transport by depth varying currents311

and wave asymmetry). Its simplicity makes it well suited to 2DH simulations of coastal312

morphodynamics. Cohesive sediment transport is computed using the well-known Partheniades-313

Krone relation. Each of these transport relations is described in detail in the Delft3D-314

FLOW User Manual.315

Boundaries are placed along the North, East, and West edges of the wave domain,316

and impart significant wave heights that vary between runs but are constant for a given317

run. Wave direction changes at each coupling timestep, and for each simulation the se-318

quence of wave directions are randomly drawn from a predefined wave energy density319

spectrum (which is constant across runs). The distribution of wave energy is such that320

90% of the waves come from -30 and 30 degrees relative to shore normal, while 10% come321

from -45 and 45 degrees relative to shore normal (Figure 2c). Previous work has demon-322

strated that the most important spectral parameters in determining delta morphology323

are directional (a)symmetry and the fraction of waves that approach from high, unsta-324

ble angles (45 degrees or greater) (Ashton & Giosan, 2011; Ratliff et al., 2018; Hu et al.,325

2022). We chose this spectrum for simplicity and to facilitate future comparison with326

one-line delta evolution models, in which it is commonly used.327

Water and sediment enter the domain through a discharge boundary condition lo-328

cated at the upstream limit of the inflow channel (Figure 2a). We specify the cohesive329

sediment concentration at the inflow boundary (which varies between simulations but330

is constant throughout a given simulation) while allowing the non-cohesive sediment con-331

centration to vary with the hydrodynamics (equilibrium concentration), which maintains332

a constant bed level and ensures stability. We specify a constant water level boundary333

along the Northern edge of the domain, and apply Neumann boundaries along the East-334

ern and Western edges to allow water and sediment to enter and exit freely. Turbulence335

closure in the x and y directions is achieved through subgrid horizontal large eddy sim-336

ulations, using the default options suggested by Deltares (Delft3D-FLOW User Manual).337

In order to represent the discharge variability inherent to most river systems, we338

defined the inflow hydrograph as an asymmetric quasi-square wave that oscillates be-339

tween high (1000 m3 s−1) and low (100 m3 s−1) discharge values. For each oscillation340

period, the low and high flow duration is 160 and 70 minutes respectively, with a 10 minute341

“ramp” between low and high flows (Figure 2d). While most idealized delta modeling342

studies are performed with a constant discharge boundary condition, accurately repre-343

senting the dynamics at work in wave-influenced deltas requires variable discharge, due344

to the higher recurrence intervals of significant wave events relative to significant discharge345

events. We also tested other wave forms and shapes for the hydrograph (sawtooth, sine346

wave, repeating beta distribution) and found that, for a given ratio of high to low flow347

duration, the morphology and processes that emerge are more or less constant.348

We apply a spatially constant horizontal eddy viscosity (Ev) and horizontal eddy349

diffusivity (Ed) of 1 m2 s−1, and set the factor for erosion of adjacent dry cells (Θsd) to350

0.5. We tested the model’s sensitivity to these choices, varying Ev and Ed from 0.0001351

to 1 m2 s−1and varying Θsd from 0.1 to 0.9. We found that varying these parameters352

did not significantly affect the morphological trends or emergent process described.353

We apply a spatially constant Chezy roughness (C) value of 65 m1/2 s−1 to our sim-354

ulations, and tested values ranging from 45-75 m1/2 s−1. Changes to C impact jet spread-355

ing rates and longshore transport, and as a result impact the morphology of our simu-356
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lations. In general, increasing C (lowering roughness) decreases jet spreading and increases357

longshore transport rates. Decreased jet spreading leads to more sediment being trans-358

ported further from the river mouth, causing mouth bars to form less frequently, decreas-359

ing the number of outlets and deepening channels. Increased longshore transport rates360

lead to reduced delta progradation rates and smoother shorelines, which leads to lower361

values of the delta shape and shoreline roughness metrics. The opposite is true for de-362

creases in C. We chose a value of 65 m1/2 s−1 for our simulations because it is the de-363

fault in Delft3D, produces realistic delta morphologies, and leads to emergent longshore364

transport rates similar to those predicted by empirical estimates (see section 3.3).365

αbn is a multiplicative factor applied to account for the effects of transverse bed366

slopes on sediment transport rates. Baar et al. (2019) demonstrated the importance of367

this parameter in controlling channel aspect ratios and total transport rates. Small val-368

ues of αbn favor channel deepening, narrowing, generally low transport rates, and accom-369

panying lack of channel mobility. High values lead to increased transport rates, and shal-370

low, wide channels that are highly mobile. We chose a value of 3 because it balances these371

effects to produce realistic channel aspect ratios and dynamics, with transport rates that372

fall within the range observed in rivers with similar discharge. This value is within the373

range suggested by both Deltares and Baar et al. (2019).374

3.2 Simulated Parameter Space375

To assess the roles of waves and fluvial sediment composition in controlling delta376

morphology and dynamics, we designed a suite of 25 simulations that vary the mud con-377

centration and wave amplitudes at their respective boundaries while holding all other378

model parameters constant.379

We vary mud concentration (Cmud) across two orders of magnitude, from 0.01 to380

1 kg m−3. We chose this quantity (rather than a non-dimensional descriptor, such as sand381

to mud ratio) because it is a measurable quantity in natural river systems, providing a382

basis for comparison between our simulations and reality.383

To quantify differences in the degree of wave influence, we follow the sediment flux384

balance approach of Nienhuis et al. (2015) to define the wave dominance ratio (W ) (equa-385

tion 2) – the inverse of the river-dominance ratio (R) in Nienhuis et al. (2015). In essence,386

this approach defines a given delta’s degree of “wave-influence” based on the river’s abil-387

ity to supply sediment, and the given wave climate’s ability to transport sediment along-388

shore. This approach follows decades of work which collectively suggests that river delta389

formation and morphology depends on the fundamental balance between constructive390

(fluvial) and destructive (wave, tidal) forcings (L. D. Wright, 1973; Galloway, 1975; Ko-391

mar, 1973; J. P. M. Syvitski & Saito, 2007; Caldwell et al., 2019).392

Fluvial sediment flux (Qriver) is defined as the average non-cohesive sediment (sand)393

transport rate at the apex of a delta system (kg s−1). Here we consider only the flux of394

sand to keep the role of mud isolated to a separate parameter and measure the time av-395

eraged sand flux values directly from simulation outputs.396

For each simulation we estimate the maximum potential longshore transport rate397

(Qwave) (kg s−1) based on the method of Nienhuis et al. (2015). This method convolves398

the angular distribution of wave energy (equation 3) with an empirical estimate of long-399

shore transport as a function of deep-water wave properties (equation 4) (P.D. Komar,400

1998; Ashton & Murray, 2006) to yield a distribution of potential longshore transport401

rates as a function of shoreline orientation (equation 5) (see Nienhuis et al. (2015) for402

more details).403

W =
Qwave

Qriver
(2)
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E(ϕ0) =
H

12/5
s (ϕ0) · T 1/5(ϕ0)∑

ϕ0

H12/5
s (ϕ0) · T 1/5(ϕ0)

(3)

Qs = K · ρs · (1− p) ·H12/5
s · T 1/5 · cos6/5(ϕ0 − θ) · sin(ϕ0 − θ) (4)

Qs,net(θ) = E(ϕ0) ∗Qs(ϕ0 − θ) (5)

where E(ϕ0) is the wave energy probability distribution for all possible deep water wave404

approach angles (ϕ0). Hs is the significant wave height (m), T is the wave period (s),405

θ is a possible local shoreline orientation, ρs is the density of sediment (2650 kg m−3),406

ρ is dry bed porosity (0.4), and K is an empirical constant equal to 0.06 m3/5 s−6/5 (Nienhuis407

et al., 2015).408

We sum the maximum values for transport along the left and right delta flanks as409

our estimate for Qwave, showing that a delta will continue growing its shoreline orien-410

tation until both flanks are at equilibrium with the rate of fluvial sediment delivery, or411

transport is maximized.412

We hold the directional distribution of wave energy constant between simulations,413

varying Hs between 0.1 and 3 m, resulting in W values ranging from 0.005 to 1. We limit414

our investigation to this range of W values to focus on the transition from river to wave-415

dominance.416

Figure 2e shows the locations of each simulation in the parameter space explored417

here (the basis for the contour plots in Figure 6). Each simulation is labeled with a let-418

ter, corresponding to the RunID listed in Table 1.419

3.3 Validation – Longshore Transport Comparison420

To assess our simulations’ ability to correctly resolve the emergent dynamics of long-421

shore sediment transport we compared the longshore transport fields produced by our422

simulations with empirical predictions of longshore transport based on the prescribed423

deep-water wave climates.424

For a given timestep in a simulation we measured the longshore transport values425

by integrating then averaging sediment transport rates over shore-normal cross-sections426

that are manually defined at 6 locations (3 for each flank) along the active delta shore-427

line away from the river mouth (an interactive MATLAB code facilitates this process)428

(Figure 3a). Cross-sections had to be manually defined at each time step because the429

delta progrades through time, and because the output fields of Delft3D do not enable430

separation of currents or transport into fluvial versus wave-driven components. Although431

the cross sections are defined somewhat arbitrarily, having 6 for each timestep ensures432

we capture the variability inherent to a longshore transport field. Aggregating values from433

all cross-sections over the final 33% of the simulation period gives a distribution of single-434

flank longshore transport rates for a given simulation (Figure 3b). We use the 90th per-435

centile value from this distribution (multiplied by a factor of two to represent the total436

littoral transport to the left and right of the river mouth) for comparison with an em-437

pirical estimate based on the above-described method of Nienhuis et al. (2015).438

The comparison between predicted (empirical) and observed (modeled) longshore439

transport rates is shown in Figure 3c. The comparison includes simulations with inter-440

mediate fluvial mud concentration (Cmud = 0.1 kg m−3) and Hs > 1 m. Note that this441

comparison considers only sand transport, which is the basis for most empirically-derived442

longshore transport relations (including the one used here).443
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Table 1. List of simulations used in contour plots. Run ID corresponds to the letters used

in Figure 2e to denote positions in parameter space. Cmud = mud concentration (kg m−3), Hs

= significant wave height (m), W = wave dominance ratio, Pc = channel persistence (%), Dsl

= fractional shoreline change (%), Lf = lagoon fraction (%), Nout = number of outlets, R∗ =

shoreline roughness, Mf = delta plain mud fraction (%).

RunID Cmud Hs W Pc Dsl Lf Nout R∗ Mf

A 1 0.1 1e-2 28.8 18.7 0.1 3 77 37.5
B 1 0.5 4e-2 36.7 26.5 0 2.2 53 36.7
C 1 1 1e-1 50.2 29 0.1 1.1 15 25.1
D 1 2 6e-1 72.6 47.4 1.3 1 4 20.8
E 1 3 1 75 57.1 1.7 1 4 19.1
F 0.3 0.1 1e-2 19 13.4 0.2 4.1 32 19.3
G 0.3 0.5 4e-2 21.6 17.8 0.1 1.8 28 14.6
H 0.3 1 2e-1 53.9 29.9 0.8 1.7 12 11
I 0.3 2 5e-1 63.1 47.8 3.7 1.2 4 9.3
J 0.3 3 1 67.1 55.8 1.8 1.7 4 8.5
K 0.1 0.1 6e-3 19.5 13.9 0 5.5 23 7.2
L 0.1 0.5 3e-2 26.6 18.9 0.1 2.6 20 6
M 0.1 1 1e-1 33.9 30.3 0.5 2 19 4.4
N 0.1 2 4e-1 51.8 54.9 6.1 2 5 3.4
O 0.1 3 1 61.1 56.8 2 1.7 4 3.4
P 0.03 0.1 7e-3 18 12.4 0 6.6 20 2.6
Q 0.03 0.5 2e-2 17.5 22.2 0 5.7 18 2.2
R 0.03 1 1e-1 24.5 31.6 0.1 3.5 14 1.9
S 0.03 2 5e-1 50.3 51.9 3.2 1.9 5 1.3
T 0.03 3 1 54.1 56.3 2.3 1.9 4 1.1
U 0.01 0.1 5e-3 14.1 11.4 0 6.8 20 0.8
V 0.01 0.5 3e-2 13.2 21 0 5.1 11 0.7
W 0.01 1 1e-1 14.3 39.6 0.1 3.7 10 0.6
X 0.01 2 5e-1 32.6 49.1 3.7 2 5 0.5
Y 0.01 3 1 44 56.8 2.9 1.9 4 0.4
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Figure 3. Comparison between empirically predicted and emergent longshore transport rates.

(a) One time step of an example simulation showing bed levels (upper) and the sediment trans-

port field (lower) at the same scale and resolution; red lines show the location of 6 example cross

sections along which longshore transport is measured. This process is repeated for each low-flow

time step over the final 33% of the simulation period. (b) Histogram showing the distribution

of all measured longshore transport values for a single example simulation (note that these are

values for a single flank). The 90th percentile value is multiplied by a factor of 2 to reflect trans-

port on both flanks and used for comparison with empirical prediction for a given simulation. (c)

Comparison between the measured longshore transport rates and empirically predicted maximum

potential longshore transport rates for simulations with Cmud = 0.1 kg m−3 and Hs ≥ 1 m. Each

dot reflects these values for a given simulation.

3.4 Validation – Delta Shape Dynamics444

To assess our simulations’ ability to correctly resolve the delta-scale process inter-445

actions inherent to wave-influenced delta growth, we tracked the shape (ratio of max-446

imum deposit length to maximum deposit width) of wave-influenced simulations through447

time. Previous work based on one-line models and observations of beach ridge orienta-448

tions suggests that deltas exhibiting strong wave-influence or wave-dominance (in sym-449

metrical wave climates) quickly obtain an equilibrium ratio of length to width and main-450

tain this ratio throughout their growth (Komar, 1973; L. D. Wright, 1973; Ashton & Giosan,451

2011). This fundamental characteristic of wave-influenced delta evolution reflects the in-452

teraction between fluvial and longshore transport process: fluvial sediment delivered to453

the shoreface causes seaward deflection of the shoreline, increasing the local wave approach454

angle and consequently the local longshore transport rate (which decreases toward the455

flanks as the delta flattens). When the fluvial sediment delivery rate matches the rate456

of longshore sediment transport away from the river mouth, an equilibrium shape is achieved,457

and further delta growth proceeds isometrically.458

In our models, strongly wave-influenced simulations demonstrate exactly this pro-459

cess (Figure 4). All simulations with W > 0.5 eventually obtain an equilibrium shape,460

and simulations with more wave-influence achieve their equilibrium shape faster than those461

with less. Furthermore, simulations with greater wave-influence have equilibrium shapes462

that are flatter than those with less, paralleling observations of real-world wave-influenced463

deltas (Nienhuis et al., 2015). These observations build confidence in the ability of our464

simulations to resolve the delta-scale process interactions that control the evolution of465

wave-influenced deltas.466
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Figure 4. Evolution of delta shape through time. This plot includes simulations with 3 differ-

ent mud concentrations (Cmud = 0.01, 0.1, 1 kg m−3) and three different wave influences (W =

0.1, 0.5, 1) for nine total simulations. Note that simulations with W < 0.5 never reach an equi-

librium shape, continuing a trend of elongation throughout the simulation period. By contrast,

simulations with W = 1 obtain an equilibrium shape almost immediately.
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3.5 Metrics467

To quantify the morphology and dynamics of our simulations we developed MAT-468

LAB routines for automated extraction of various components of the delta system. Shore-469

lines are defined using the opening angle method of Shaw et al. (2008) which permits470

objective definition of shorelines past openings, such as channels or inlets. Delta plains471

are defined as areas seaward of the initial shoreline and landward of the shoreline at a472

given timestep. Channelized areas are defined by thresholding maps of flow depth (thresh-473

old = 0.1 m) and velocity (threshold = 0.25 m s−1) on the delta plain. We define lagoons474

as areas on the delta plain with depth greater than 0.5 m that are not part of the chan-475

nel network. We quantify delta plain mud content (mud fraction, Mf ) by the volume frac-476

tion of mud in delta deposits.477

From our discretized representations of delta morphological attributes, we designed478

a suite of metrics that quantify their trends and dynamics through time. All time-dependent479

metrics are averaged over the final 50% of each run (90 flood cycles). The number of out-480

lets (Nout) is defined as the number of contiguous overlapping regions of channelized ar-481

eas and the shoreline. Shoreline roughness (R∗) is defined as the ratio between shore-482

line length and the length of the convex hull enclosing the delta plain. Lagoon area frac-483

tion (Lf ) is defined as the ratio between total lagoon area and delta plain area. For each484

delta, these metrics are computed at the end of each flood cycle to characterize morpho-485

logical tendencies for each. We quantify channel persistence (Pc) as the fraction of time486

a cell spent classified as channelized. We quantify the shoreline fractional change (Dsl)487

as the ratio of total length of new shoreline and length of the initial shoreline after each488

flood cycle.489

4 Results490

4.1 Controls of Mud and Waves on Gross Delta Morphology and Dy-491

namics492

Our simulations evolve through the same processes observed in natural delta sys-493

tems and produce morphologies that strongly resemble real-world deltas across the spec-494

trum of relative wave-influence (Figures 1 & 5). In the following sections we explore how495

these simulations vary with W and Cmud, in terms of the morphometrics defined in Sec-496

tion 3.5.497

4.1.1 Distributary Channel Networks498

Our simulations show that the number of distributary channel outlets decreases mono-499

tonically with increasing mud concentration (Figure 6a), and simulations with Cmud =500

1 kg m−3 have on average half as many outlets as those with Cmud = 0.01 kg m−3 for501

all values of W . Interestingly, we note that the proportion of cohesive sediment impacts502

the number of outlets even at high wave-influence.503

Our simulations also show a monotonic decrease in the number of distributary out-504

lets with increasing wave-influence, contrasting with previous work that suggests an in-505

crease in the propensity for mouth bars to form in the presence of small, short period506

waves (Nardin et al., 2013). At high wave-influence, channel networks are limited to one507

or two outlets throughout the lifespan of an evolving delta (Figure 6a).508

Channel persistence increases monotonically with both mud concentration and wave-509

influence, demonstrating on average a two-fold increase across the simulated range of Cmud510

and a three-fold increase across the simulated range of W . Even at high wave-influence511

(W > 1) the stabilizing effect of mud is apparent, and the most persistent channels are512

observed in simulations with the highest mud concentration and wave-influence (Figure513
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Figure 5. Simulated morphologies across a range of wave-influence and fluvial sediment

compositions. Note the differences in channel networks and shorelines between simulations of

different forcing, and the similarities with natural delta systems, in particular the presence of

barrier-spits and lagoons in the most wave-influenced simulations

6b). These results demonstrate the important role of cohesive sediment in delta dynam-514

ics, even in the presence of large waves.515

4.1.2 Delta shorelines516

In river-dominated deltas, the shoreline morphology and dynamics are closely linked517

to those of the distributary channel network, with the creation of shoreline protuberances518

primarily driven by fluvial sediment deposition at channel mouths (W. Kim et al., 2006;519

Geleynse et al., 2012; Straub et al., 2015). The roughness of these shorelines is largely520

dependent on the length of distributary progradation, which in turn is influenced by flu-521

vial sediment properties, particularly the concentration of cohesive sediments. This re-522

lationship is evident in our river-dominated simulations (W < 0.1), where we observe523

the highest shoreline roughness in scenarios with the greatest concentrations of cohesive524

sediment (Figure 6c).525

As wave-influence increases, however, the role of cohesive sediment in determin-526

ing shoreline roughness diminishes. At high wave influence (W > 0.5), fluvial sediment527

composition no longer significantly impacts shoreline roughness; the smoothest shore-528

lines are found in simulations with the highest W values, regardless of sediment prop-529

erties (Figure 6c). Several processes likely contribute to this shift. Beyond the well-known530

diffusional effect of low-angle waves and the role of longshore transport in smoothing shore-531

lines (Swenson, 2005; Jerolmack & Swenson, 2007; Seybold et al., 2007), low-angle waves532

also act to dampen channel progradation, thereby reducing the length of deltaic protru-533

sions near distributary outlets (Ashton & Giosan, 2011; Ratliff et al., 2018). Further-534

more, our simulations show that waves limit the number of distributary outlets (Figure535

6a) and stabilize channels (Figure 6b), limiting the number of new shoreline protrusions536

that are created.537
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Figure 6. Contour plots for a variety of morphometrics across the simulated parameter space

of wave dominance ratio and cohesive sediment concentration. White crosses denote positions

of simulations (see Figure 2e for run IDs at each position). Numbers indicate metric value along

a given contour line. Note the diagonal-directed gradients in the plots for number of outlets (a)

and channel persistence (b), indicating dependence on both wave-influence and fluvial sediment

composition. By contrast, shoreline roughness (c) shows a dependence transition at a wave-

dominance ratio between 0.1-0.5, while shoreline fractional difference (d) is not overly sensitive

to the cohesive sediment concentration. Lagoon area fraction (e) is maximized for W = 0.5 and

Cmud = 0.1. Delta plain mud fraction (f) varies with W , but is more strongly dependent on Cmud
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To determine which of these processes (wave-driven shoreline diffusion or progra-538

dation dampening and increased avulsion timescale) exerts a dominant role on shoreline539

morphology and dynamics, we compared the time-averaged fractional shoreline change540

between flood cycles across simulations (Figure 6d). Ignoring the effects of wave-driven541

shoreline diffusion, one would expect a decrease in the rates of shoreline change with in-542

creasing wave-influence, due to the progradation dampening and increased avulsion time543

scales associated with larger wave influence. Interestingly, our simulations show the op-544

posite effect: fractional shoreline change increases monotonically with wave-influence (Fig-545

ure 6d), demonstrating the dominance of shoreline diffusion over network suppression546

in wave-influenced delta shoreline dynamics.547

These observations collectively indicate that the primary controls on local shore-548

line change (and consequently roughness) in deltas vary with wave-influence: in river-549

dominated deltas, local shoreline progradation depends on proximity to sediment sources550

(distributary outlets) and consequently on sediment composition. By contrast, shore-551

line change in wave-dominated deltas depends primarily on local shoreline geometry (specif-552

ically curvature) and how that geometry interacts with longshore transport and wave-553

driven erosion – which are independent of fluvial sediment properties.554

4.1.3 Lagoons and Delta plains555

Our simulations show that both waves and fluvial sediment composition play im-556

portant roles in the sedimentary and environmental character of delta plains. Lagoons557

are common features on wave-influenced deltas (Figure 1); in our simulations they ini-558

tially form in back-barrier settings and are incorporated into the delta plain during barrier-559

spit accretion (Figure 7, see section 4.2 for a more detailed discussion). For 0.1 < W < 0.7,560

lagoon area fraction increases with wave influence (Figure 6e). As W approaches 1, there561

is an inflection point in this relationship, and lagoons become less prevalent with increas-562

ing W (Figure 6e).563

Lagoon area fraction also exhibits a non-monotonic relationship with fluvial sed-564

iment composition; lagoons are most abundant in wave-influenced deltas with interme-565

diate sediment composition (Figure 6e).566

Finally, we quantified the abundance of mud in delta plain deposits to assess the567

importance of cohesive sediments from a sediment budget perspective. Unsurprisingly,568

delta plain mud fraction increases with increasing cohesive sediment concentration in the569

river, and decreases with increasing wave influence (Figure 6f). For the highest inflow570

concentrations, mud fraction in the delta plain decreases by a factor of 2 as W increases571

from 0.01 to 1. This decrease likely reflects transport of cohesive sediment to prodelta572

or offshore regions due to wave-enhanced shear stress near distributary outlets. This is573

augmented by the reduction in channel network complexity, since most of the delta plain574

mud is distributed within channels and associated levee deposits. However, despite this575

decrease, mud still constitutes a significant portion of the delta plain deposits in strongly576

wave-influenced simulations (15% in simulation E).577

4.2 Barrier-Spit Accretion and the Growth of Wave-influenced Deltas578

4.2.1 Qualitative Description579

Our models demonstrate the essential processes by which wave-influenced deltas580

grow, which are distinct from those associated with the growth of river-dominated deltas.581

In simulations with limited wave influence, delta progradation is dominated by deposi-582

tion of mouth bars and levees (see Movies S1-S4) in a fashion considered typical of river-583

dominated deltas (Edmonds & Slingerland, 2010). In more strongly wave-influenced sim-584

ulations, however, deltas grow through a distinct multi-phase process involving jet de-585
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flection and wave-driven reworking of fluvial sediment that is initially deposited in the586

shoreface (Figure 7), which we refer to as the “barrier-spit accretion process”.587

The process begins with deflection of the fluvial jet, either by locally high wave ap-588

proach angles or by incipient mouth bar deposition (Figure 7a). Fluvial sediment is ini-589

tially deposited on the landward side of the jet centerline as a set of scattered nearshore590

bars or incipient mouth bars (Figure 7a). Note that these bars do not emerge above wa-591

ter level at this stage, instead constructing a subaqueous platform of sediment. Over time,592

these bars amalgamate with each other and with levee deposits and coalesce through con-593

tinued fluvial deposition and shoreward-directed reworking by waves until their eleva-594

tion is high enough to inhibit through-flow (Figure 7b-d). Following initial emergence,595

continued fluvial deposition and sculpting by longshore currents leads to elongation of596

the barrier-spit and rotation to a shore-parallel orientation (Figure 7d-e). Continued elon-597

gation of the barrier-spit by longshore currents eventually welds it to the existing shore-598

line at its distal tip (Figure 7f), closing the associated back-barrier lagoon. This entire599

process repeats itself throughout the growth of the delta, creating multiple generations600

of barrier-spits that amalgamate to form the delta plain.601

4.2.2 Temporal Characteristics602

Despite widespread recognition as a key formative mechanism in wave-influenced603

deltas, several questions remain regarding the barrier-spit accretion process. These in-604

clude the temporal characteristics of the process (time to emergence, time between events,605

cyclicity), and controls on spacing between successive generations of barrier-spits. To ad-606

dress these questions, we generated a long-running simulation with high temporal out-607

put resolution that facilitates quantitative frequency analysis. The simulation param-608

eters match those of the ensemble simulation with the highest propensity for forming la-609

goons (run N).610

It is impossible to objectively define barrier-spit extents in our simulations due to611

spatial and topographic overlap with adjacent areas of the delta plain. To circumvent612

this issue, we instead define a metric that tracks the evolution of the subaqueous plat-613

form near the delta front, noting that the growth and decay of this platform reflects the614

gradual accumulation of fluvial sediment followed by subsequent emergence of that sed-615

iment as subaerial barrier-spits (Figure 7). At the end of each flood cycle, we compute616

the ”fill fraction” (F ), which is defined as the volume of subaqueous sediment deposits617

normalized by the volume of accommodation space in the same area prior to delta growth.618

The area over which F is computed changes as the delta advances. This area is bounded619

by the front third of the delta shoreline and extends 2.5 km offshore (more details in the620

supporting information). Normalizing by the initial accommodation volume minimizes621

sensitivity to the specific area boundaries over time. Growth in F reflects subaqueous622

sediment deposition, while decreases in F indicate sediment emergence above sea level623

and incorporation into the delta plain.624

A time series of F throughout delta growth (Ft) shows a distinct oscillatory be-625

havior against a background of gradual increase and eventual flattening (Figure 8a). The626

gradual increase is attributed to increases in total depth as the delta progrades into the627

basin, which eventually ceases once the delta front is located entirely within the flat por-628

tion of the basin. The oscillations are best characterized as ”ramp-cliff” structures, where629

periods of relatively slow growth in F are followed by rapid decreases back to a back-630

ground value. These oscillations reflect gradual buildup of subaqueous sediment deposited631

near the mouth followed by rapid reductions in F as the sediment coalesces (due to on-632

shore transport as a result of wave asymmetry) and the barrier-spit emerges above sea-633

level.634
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Figure 7. Example from a wave-dominated simulation demonstrating the processes by which

wave-influenced deltas grow. Green arrows, circle highlight features of interest. Panels show the

time evolution of bed level (filled contours at 0.5 m intervals), current velocity fields (yellow vec-

tors) and wave forces (red vectors) during one cycle of shoreface fluvial deposition (a-c) barrier

development (c-e) and accretion (e-f). At least two generations of older barrier-spits are visible

here, highlighting the cyclical nature of this process.
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Figure 8. Cyclicity in the barrier-spit accretion process for a simulation with parameters

matching run N. (a) Raw time series of the fill fraction (Ft) at the delta front, defined as the

ratio of subaqueous sediment deposit volume to available accommodation space. (b) Difference

time series of F (∆Ft) used for wavelet analysis. (c) Local wavelet power spectrum (scalogram)

showing the frequency distribution of signal variance over time. Gray areas indicate the cone

of influence, where edge effects make power estimates unreliable. Thick black contours high-

light regions where spectral power significantly exceeds the 90% confidence level against white

noise, based on Torrence and Compo (1998). (d) Global wavelet spectrum, summing the power

in (c) across time. Green and red lines in (d) represent the mean and 90% confidence spectra

for white noise with identical signal length and degrees of freedom. Note the spike in spectral

power around a period of 2800 minutes (∼15 flood cycles), exceeding the 90% confidence level.

Vertical red lines in (a) and (b) indicate the formation times (”birthdays”) of lagoons – discussed

in section 5.2
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To test whether barrier-spit accretion is a cyclical (rather than random) process,635

we analyze the frequency content of the F difference series (∆Ft = Ft−Ft−1) (Figure636

8b) using a wavelet transform. As a spectral analysis tool, wavelets provide several ad-637

vantages over the more commonly used Fourier transform, including better time-frequency638

localization and handling of non-stationary signals, reduced edge-effects, and improved639

detection of transients (Kumar & Foufoula-Georgiou, 1997). We operate on ∆Ft (rather640

than Ft) because we are interested in the time between barrier-spit emergence events,641

which are characterized by rapid reductions in F , manifesting as large negative spikes642

in ∆Ft. Operating on the difference series has the added benefit of reducing the spec-643

tral power at low frequencies associated with non-stationarity that can obfuscate features644

of interest at higher frequencies.645

Figure 8c and 8d show the local and global wavelet spectra (respectively) of the646

∆Ft computed using the Morlet wavelet (wavenumber = 6). The local wavelet spectrum647

(LWS, also known as the scalogram) shows the distribution of variance in the ∆Ft time648

series in the time and frequency domains. The global wavelet spectrum (GWS) is sim-649

ply the time-sum of the LWS, and shows how signal variance is distributed in the fre-650

quency domain for the entire signal. Both the LWS and the GWS show a concentration651

of spectral power at an approximate scale of 2800 minutes (bright yellow regions in Fig-652

ure 8c, large spike in Figure 8d), suggesting a periodic component in the ∆Ft time se-653

ries at these scales.654

We test the significance of peaks in the LWS and GWS against a background spec-655

trum for a white-noise process with identical signal length and degrees of freedom to ∆Ft656

(Torrence & Compo, 1998) at an 90% confidence level. Several regions of the LWS ex-657

hibit spectral power surpassing this threshold (black contours in Figure 8c), and there658

is a statistically significant peak in the GWS at periods of approximately 2800 minutes659

(peak in Figure 8d). Although the spectra show additional peaks at lower frequencies660

(longer wavelengths) these are not considered significant against the assumed background661

spectra.662

Analysis of the global wavelet spectra demonstrates that oscillations in F are in-663

deed cyclical, with a periodicity equivalent to approximately 15 flood cycles. Depend-664

ing on assumptions regarding recurrence intervals for geomorphically-significant flood665

events, these oscillations would have periods ranging from decades to centuries in real-666

world delta systems – similar to estimates from field examples such as the Danube, the667

Red and the Po river deltas (Vespremeanu-Stroe & Preoteasa, 2015; Preoteasa et al., 2016;668

Van Maren, 2005; Simeoni et al., 2007). This analysis suggests that barrier-spit accre-669

tion is a cyclical (rather than stochastic) autogenic process, which is driven by accumu-670

lation of nearshore subaqueous sediment, rather than being initiated by individual flood671

events. Simulations conducted during model development further support this finding;672

even with constant fluvial discharge, these simulations reproduce the delta growth pro-673

cesses described here (see Movie S5).674

5 Discussion675

5.1 Barrier-spit accretion process676

Our simulations capture the transitions between river-dominated and wave-dominated677

delta growth processes and are able to reproduce the barrier-spit accretion process that678

has been documented in several natural wave-influenced delta systems (Bhattacharya679

& Giosan, 2003). Examples include the Tiber delta (Bellotti et al., 1995; Milli et al., 2013),680

the Vasishta lobe of the Godavari delta (Rao et al., 2005), the Rosetta lobe of the Nile681

delta (Sestini, 1989), the Sfantu Gheorge lobe of the Danube delta (Dan et al., 2011; Preoteasa682

et al., 2016), and the Ba Lat lobe of the Red River delta (Van Maren, 2005), among oth-683

ers.684
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Interestingly, barrier-spits emerge in the simulations in spite of relatively crude (or685

completely absent) parameterizations of processes that are considered important in their686

evolution, such as swash, overwash, and eolian transport. While these processes are cer-687

tainly important for the longer-term evolution of these features (particularly in supply-688

limited environments, such as eroding headlands), their emergence in our simulations shows689

that the dominant factors controlling barrier-spit accretion in prograding deltas are the690

relative strengths of fluvial, longshore, and cross-shore sediment transport.691

It has been suggested that the onset of barrier-spit growth in prograding deltas may692

be initiated by periods of rapid sediment delivery to the shoreface, such as during large693

river floods (Anthony, 2015; Bhattacharya and Giosan, 2003). However, recent work has694

demonstrated that spit emergence in both fluvial and non-fluvial settings may be pre-695

ceded by a prolonged period of subaqueous nearshore sediment accumulation that con-696

structs a platform onto which the spit can prograde (Preoteasa et al., 2016; van Kouwen697

et al., 2023). Futhermore, several case studies suggest that barrier-spit emergence in deltas698

exhibits some level of cyclicity (evidenced by abundant, regularly spaced inactive bar-699

riers preserved on the delta plain), with estimated recurrence intervals ranging from 10’s700

to 100’s of years – which is longer than typical recurrence intervals for bankfull floods701

(Van Maren, 2005; Vespremeanu-Stroe & Preoteasa, 2015; Preoteasa et al., 2016).702

The time series and frequency analysis of fill fraction clearly show that there is a703

periodic component to barrier-spit accretion on timescales of about 15 floods, far exceed-704

ing the frequency of ”bankfull” discharge events. This emergent cyclicity suggests that705

the role of gradual sediment buildup in the subaqueous portions of the delta front may706

be more important in determining when barrier-spits form than periods of pulsed sed-707

iment supply, though this likely depends on system-specific variables in real-world deltas.708

5.2 Lagoon optimization, birthdays and life expectancy709

Our analysis shows that intermediate fluvial mud concentrations (Cmud = 0.1)710

optimize the conditions for barrier growth and lagoon formation, with lagoon area frac-711

tion decreasing for Cmud < 0.1 and Cmud > 0.1. We attribute this to different pro-712

cesses; at high fluvial mud concentrations, back-barrier deposition of fine-grained sed-713

iments “erases” lagoons as quickly as they form. At low mud concentrations, channels714

are less stable and change positions frequently, limiting sediment supply to (and conse-715

quently size of) individual barrier features. Our simulations also show that lagoon area716

fraction is optimized for W = 0.5, and decreases with increasing or decreasing W . We717

attribute this to the mechanisms involved in lagoon formation; barrier-spits (and con-718

sequently lagoons) only form in settings with significant wave influence, but large waves719

favor the accretion of sediment directly onto the existing shoreline due to strong onshore-720

directed transport.721

Barrier-spits are common features in real-world wave-influenced deltas, but not all722

systems preserve lagoons on the delta plain. Likewise, our simulations indicate that even723

under ”optimal” conditions, not every barrier-spit leads to the formation of a lagoon that724

is ultimately preserved. In Figure 8b, the ”birthdays” of lagoons that persist until the725

end of the simulation are shown, overlaid on the time series of ∆Ff (see the supporting726

information for details on how lagoon birthdays are calculated). This simulation uses727

parameters that optimize the conditions for lagoon preservation. Lagoon birthdays are728

typically preceded by significant negative spikes in ∆Ff , associated with the emergence729

of subaqueous sediment as barrier-spits develop. However, not every negative spike in730

∆Ff results in a lagoon, and several barrier-spit emergence events—particularly later731

in the simulation—do not correspond with lagoon preservation.732

This analysis, though somewhat ad-hoc, highlights the complexity of the barrier-733

spit accretion process and the factors that determine whether or not a lagoon becomes734

incorporated into the delta plain. Even in our simplified models, we speculate that mul-735
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tiple factors may control the preservation of individual lagoons, including the lagoon’s736

initial geometry (namely width), the shoreline’s initial orientation and bathymetry, and737

the balance between longshore and cross-shore sediment transport during evolution of738

the enclosing barrier-spit. Furthermore, lagoon preservation in real-world delta systems739

also depends on processes which are not represented in the model, including overwash740

and eolian transport. The interplay of these dynamic and time-varying factors suggests741

that predicting whether an individual lagoon will be preserved on the delta plain may742

be impossible.743

Nevertheless, our simulations show that, at a broad scale, the proportion of the delta744

plain covered by lagoons is influenced by both the characteristics of fluvial sediment and745

the balance between fluvial and longshore sediment transport. Lagoon preservation tends746

to be maximized under intermediate conditions of fluvial mud concentration and rela-747

tive wave influence. This finding is significant for paleoenvironmental interpretation, as748

the presence of abundant back-barrier lagoonal deposits may indicate a specific set of749

environmental conditions.750

5.3 Role of mud in wave-influenced delta morphodynamics751

Our simulations show that mud plays important roles in delta evolution, even in752

wave-dominated environments. In river-dominated deltas, higher mud concentrations in753

fluvial effluent are thought to enhance the stability of distributary channels and inhibit754

the bifurcation process, resulting in a decrease in the overall number of outlets and an755

increase in the persistence of individual distributaries (Hoyal & Sheets, 2009; Martin et756

al., 2009; Edmonds & Slingerland, 2010; Caldwell & Edmonds, 2014; Straub et al., 2015;757

Liang et al., 2015). Waves are also thought to decrease the number of channel outlets758

(by inhibiting bifurcation) (J. P. M. Syvitski & Saito, 2007; Jerolmack & Swenson, 2007;759

Geleynse et al., 2011; Nardin & Fagherazzi, 2012; Nardin et al., 2013; Anthony, 2015;760

Gao et al., 2018), and have stabilizing effects on distributary channels (Swenson, 2005;761

Ratliff et al., 2018; Gao et al., 2018; Liu et al., 2020; Hu et al., 2022; Zăinescu et al., 2024).762

Our simulations not only confirm these previous results, but show the effects of mud and763

waves in simplifying and stabilizing distributary networks actually work in concert: the764

simplest networks and most stable channels are found in simulations where W and Cmud765

are both maximized.766

By controlling network morphology and dynamics, fluvial sediment composition767

controls how sediment is distributed at the shoreline. However, despite this, shoreline768

geometry (as quantified by rugosity) in wave-dominated deltas does not depend on flu-769

vial sediment composition. This highlights the dominance of wave-driven processes (ero-770

sion and longshore transport) over fluvial processes (bifurcation, levee progradation and771

avulsion) in controlling the shoreline dynamics of these systems.772

Mud also affects the barrier-spit accretion process by preferentially filling back-barrier773

lagoons and inhibiting their preservation as open water on the delta plain, impacting the774

character of delta deposits. Anthony (2015) highlighted a knowledge gap concerning the775

controls on beach-ridge spacing in wave-influenced deltas, suggesting sediment supply776

as a possible controlling variable. Our simulations suggest that the abundance of mud777

in fluvial effluent may explain the distinction between deltas with systems of welded beach778

ridges (and the occasional lagoon) and deltas where beach ridges are interspersed with779

fine-grained back-barrier deposits.780

Finally, there are several other ways in which mud could influence the growth of781

wave-influenced deltas beyond those modeled and described here. Mud can settle in the782

subaqueous platform or prodelta of wave-influenced systems as a result of density cur-783

rents or during periods of relative wave quiescence (Steel et al., 2024), facilitating progra-784

dation and helping to stave off delta autoretreat (M. Kim et al., 2024). In very large delta785

systems, mud can be transported by longshore currents to areas with less wave energy,786
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wherein it may be the dominant constructional material, such as the downdrift flanks787

of the Mekong and Amazon deltas (Anthony, 2015).788

5.4 Limitations789

It is important to note that our simulations are a highly schematized and simpli-790

fied representation of reality, and as such ignore several processes common to wave-influenced791

deltas. For instance, phase differences between periods of high river discharge and in-792

tense wave-action are the norm in strongly wave-influenced systems, and may significantly793

impact the barrier formation and accretion process. Strong, onshore directed wind fields794

are also common in wave-dominated delta systems, creating important features such as795

coastal dunes and potentially contributing to barrier rollover and accretion. Ignoring these796

important processes may lead to our simulations overestimating the prevalence of lagoons797

on the delta plain, especially in environments dominated by sand. Still, our models are798

among the first to recreate the processes by which symmetrical wave-influenced systems799

grow and evolve, and are useful for assessing how those processes vary in response to wave800

forcing and fluvial sediment composition.801

6 Conclusions802

Our study offers new insights into the complex roles of wave-influence and fine-grained803

cohesive sediment on the morphodynamics of river deltas. By leveraging physics-based804

numerical models, we have elucidated key processes and morphological characteristics805

that differentiate wave-influenced deltas from their river-dominated counterparts. Waves806

influence delta morphology through processes such as jet deflection, barrier formation,807

and longshore sediment transport. Wave-driven reworking of fluvial sediments results808

in distinctive features relative to river-dominated deltas: shorelines are smoother and re-809

worked more frequently, channel networks exhibit limited complexity and are more per-810

sistent, and deltas grow through a cyclical process of barrier-spit formation and accre-811

tion, producing delta plains with sedimentary facies that are distinct from their river-812

dominated counterparts. These processes and features parallel those observed in natu-813

ral deltas, such as the Red, Sinu, and Coco river deltas, among others.814

Our results highlight the important role of cohesive sediment in the accretion of815

wave-influenced deltas. Mud affects network properties and in turn affects how sediment816

is distributed at the delta shoreline. Mud is preserved on the delta plain in levees and817

behind barrier-spits, and thus is an important component in the mass balance of these818

systems. Finally, mud also affects the barrier-spit accretion process, and determines barrier-819

spit spacing for a given degree of wave-influence. These results have implications for delta820

sediment budgets and resultant management actions, as well as for sedimentary facies821

models in wave-influenced deltas and resultant paleoenvironmental interpretations.822

Finally, our simulations show that deltas near the transition of fluvial and wave-823

dominance may be particularly sensitive to changes in sedimentary or hydrodynamic forc-824

ing conditions, as the dominant processes controlling local shoreline variability and the825

creation of new land change near W = 1. Furthermore, the creation and preservation826

of back-barrier lagoons is optimized within a narrow range of W and Cmud values, and827

an abundance of these features or their deposits in a natural delta system may be in-828

dicative of a specific set of formative conditions.829
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lation input files and MATLAB code used to process and analyze simulation outputs are833
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Introduction This document includes information detailing how fill fraction and la-

goon birthdays are measured and computed. These descriptions are accompanied by

schematics. Finally, we include captions for movies that demonstrate the growth of river-

dominated and wave-dominated end-member simulations.
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Text S1. Measurement of fill fraction To analyze the temporal characteristics of the

barrier-spit accretion process, we define a time varying metric measuring the fraction of

initially available accommodation space that is occupied by subaqueous sediment deposits

in areas near the delta front, which we refer to as the fill fraction (F ).

The first step is defining the delta front – the area over which to measure F (”area of

interest” in Figure S1a). The area of interest (AOI) is defined separately for each time

step of the simulation because the delta progrades through time. We define the AOI as

a contiguous region bounded by a 2.5 km shoreline buffer. The AOI does not extend

indefinitely along the delta flanks; rather, the lower bounds of the AOI are located 1/3 of

the distance between the most basinward point of the shoreline and the initial shoreline

(0.33*Ld, where Ld is the maximum length of the delta). These lower bounds are oriented

perpendicular to the shoreline.

Within the AOI, we define the F as the volume of subaqueous sediment deposits (Vss)

divided by the volume of initially available accomodation space (Vacc) in the same region.

We exclude from this calculation regions where sediment accumulation is less than 0.5

meters to avoid spurious changes in F as a result of the constantly changing AOI. Figure

S1b shows how these volumes are defined for an example cross-section.

Text S2. Computation of lagoon birthdays To facilitate temporal comparison be-

tween the barrier-spit accretion process and lagoon preservation on the delta plain, we

compute the periods of lagoon formation as discrete points in time (which we refer to as

”birthdays”) for the simulation used in the temporal analysis (Figure S2a).

To compute lagoon birthdays, we first define binary maps of lagoon presence for each

output timestep of the simulation. Lagoons are defined as areas within the delta plain
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with depth greater than 0.5 meters that are not part of the channel network. We take

the time sum of these lagoon presence maps and divide by the total number of simulation

time steps to define persistence (Figure S2b), which is the fraction of total simulation

time that a cell spent classified as a lagoon.

From the final lagoon presence map (Figure S2c) we identify individual lagoons using

image analysis tools in MATLAB. Because lagoons do not form instantaneously, each

lagoon has a distribution of persistence values. For each lagoon, we subtract the maximum

value of its persistence distribution from the total simulation time to define its birthday

(Figure S2d).

Birthdays are only computed for lagoons that exist at the end of the simulation. While

this may result in the exclusion of some lagoons that form and are later ”erased” by

deposition, it allows us to focus on lagoons that persist on the delta plain, which is the

purpose of this analysis. Regardless, for the simulation of interest there do not appear to

be any lagoons which are excluded from the analysis; some areas of identified lagoons do

indeed fill in, but other areas remain and are used in the birthday calculation.
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Movie S1. Animation showing the bed level evolution for a simulation with W = 5e − 3 and

Cmud = 0.01. Delta growth is typified by channel bifurcation as a result of mouth bar formation,

and channel avulsions.

Movie S2. Animation showing the bed level evolution for a simulation with W = 1 and

Cmud = 0.01. Delta growth is typified by cyclical accretion of barrier spits, which enclose large,

shore-parallel lagoons that are incorporated into the delta plain.

Movie S3. Animation showing the bed level evolution for a simulation with W = 1e − 2 and

Cmud = 1. Delta growth is typified by channel progradation as a result of levee growth, unstable

bifurcations that rapidly lead to closure of one limb, and channel avulsions.

Movie S4. Animation showing the bed level evolution for a simulation with W = 1 and

Cmud = 1. Delta growth is typified by cyclical accretion of barrier spits. In most cases the

associated lagoons are not preserved, instead filling with fine grained sediment prior to barrier-

spit amalgamation with the existing delta plain.

Movie S5. Animation showing the bed level evolution for a simulation with W = 1 and

Cmud = 1. This simulation differs from the others reported here in that the discharge boundary

condition is held constant at 500 m3 s−1. Delta growth proceeds in a manner identical to that of

Movie S4, demonstrating that the barrier-spit accretion process is not a product of variations in

discharge or fluvial sediment delivery.
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Figure S1. Schematic demonstrating how fill fraction is calculated. (a) shows the area of

interest for a single timestep (red area), defined based on a fraction of total delta length (Ld)

and a 2.5km buffer around the intial shoreline. (b) shows an example of the quantities defining

the volume of subaqueous sediment (Vss) and the volume of initial accomodation space (Vacc)

based on the initial bed level (Z0) and the bed level for a given timestep (Zt). Note that these

volumes are computed over the entire AOI, with the cross section merely serving as an example

for visualization purposes. The white line (A-A’) in (a) shows the location of the cross section

shown in (b).
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Figure S2. Maps demonstrating the lagoon birthdays calculation, including (a) final bed levels

for the simulation of interest, (b) lagoon persistence, (c) lagoon presence for the final timestep,

(d) lagoon birthdays in terms of number of timesteps. Scale and extent are identical for all

panels.

November 15, 2024, 2:50am


