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Abstract13

The bed of coastal seas displays a large number of rhythmic bed features, of which sand waves14

are relevant to study from an engineering perspective. Sediments tend to be well-sorted over15

these bed forms, which is so far poorly understood in terms of modeling of finite-amplitude16

sand waves. Using Delft3D, we employ bed stratigraphy and consider four different grain size17

classes, which are normally distributed on the phi-scale. The standard deviation (sortedness)18

is then varied, whereas the geometric mean grain size is kept constant. The results show that19

typically the crests of sand waves are coarser than the troughs. Residual flow causes net sed-20

imentation on the lee side of the crest and, consequently, the general sorting pattern is distorted.21

Since larger grains experience a larger settling velocity they are deposited on the upper lee slope,22

whereas the smaller grains are found on the lower lee slope. Due to sand wave migration, also23

the internal structure of the sand wave is revealed, which follows the same sedimentation pat-24

tern as the lee slope surface. These results qualitatively agree with sorting patterns observed25

offshore. The sorting processes lead to longer wavelengths and lower wave heights, as a func-26

tion of standard deviation. This relates to the dampening effect of suspended sediment trans-27

port for fine grains. Finally, it appears that the modeled wave heights fall in the same range28

as observations in the North Sea. These results are valuable for e.g. predicting the morpho-29

logical response after engineering activities and determining suitable aggregates for sand ex-30

traction.31

1 Introduction32

Tidal sand waves are wavy bed patterns found on the bottom of coastal shelf seas, such33

as the South China Sea (Luan et al., 2010; Zhou et al., 2018), Mediterranean Sea (Santoro et34

al., 2004), San Francisco Bay (Barnard et al., 2006) and the North Sea (Damveld et al., 2018).35

These bed forms have a typical crest-to-crest distance of hundreds of meters and may grow36

up to several meters in height (Van Dijk & Kleinhans, 2005; Damen et al., 2018b). Sand waves37

are also mobile, as they display migration rates on the order of 10 meters per year in the di-38

rection of the dominant tidal current (Besio et al., 2004; Van Santen et al., 2011). They are39

often superimposed by (mega)ripples, which have heights on the order of centimeters to decime-40

ters (Van Dijk et al., 2008), and are of practical interest since they influence sand transport (Charru41

et al., 2013). Sediment sorting patterns along sand waves are an often observed phenomenon.42

Usually, sand wave crests are reported to be coarser and better sorted compared to the troughs43

(Terwindt, 1971; Van Lancker & Jacobs, 2000; Stolk, 2000; Passchier & Kleinhans, 2005; Sven-44

son et al., 2009), although at some field sites the opposite is observed as well (Anthony & Leth,45

2002; Roos, Hulscher, et al., 2007). Some monitoring campaigns have also recorded the sed-46

iment characteristics on the slopes, and they revealed that the lee slopes are generally com-47

prised of finer sediments with respect to the stoss slopes (Cheng et al., 2020). Moreover, field48

observations have shown that sand wave morphology is strongly related to the characteristics49

of the sediment, as sand wave heights increase for increasing grain size (Flemming, 2000; Ern-50

stsen et al., 2005; Damen et al., 2018b).51

The combination of dimensions and dynamic behavior of sand waves explains they may52

interfere with various offshore human activities, such as navigation (Dorst et al., 2011), and53

the construction of pipelines (Németh et al., 2003) and wind farm cables (Roetert et al., 2017).54

Additionally, the well-sorted crests of sand waves provide a valuable resource for nature-based55

coastal protection measures (e.g. sand nourishments). Therefore, knowledge on the processes56

governing sand waves dynamics and dimensions, including its sedimentary structure, is cru-57

cial for both the safety of shipping and offshore civil engineering constructions, and the for-58

mulation of sustainable coastal management strategies.59

The initial formation of tidal sand waves has been extensively studied in the past decades60

by means of linear stability analysis (e.g. Hulscher, 1996; Blondeaux & Vittori, 2005; Damveld61

et al., 2019). These studies demonstrate how the interaction of an oscillating tidal current with62

small bed undulations induces a tide-averaged net circulation with near-bed velocities in the63
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direction of the crests of the bed topography and, consequently, sediment transport in the same64

direction. This mechanism is opposed by gravity, which favors a down-slope sediment trans-65

port. The competition between these two forces ultimately determines the appearance of the66

bed forms. Among various extensions of the model by Hulscher (1996), Van der Veen et al.67

(2006) showed that correcting for grain size diameters improves the prediction of sand wave68

occurrence in the North Sea. Later, Van Oyen and Blondeaux (2009a) extended the model with69

a bimodal sediment mixture (i.e. two grain size classes) to account for sediment sorting pro-70

cesses. They showed that sediments are indeed redistributed over sand waves, leading to ei-71

ther coarser or finer crests. This mainly depends on two physical mechanisms. First, the bal-72

ance between hiding/exposure and reduced mobility effects results in coarser (finer) crests for73

strong (weak) tidal currents. Second, the different sediment fractions exhibit distinct excur-74

sion lengths and can thus be transported over a different number of sand waves, counteract-75

ing the sorting process. Additionally, Van Oyen and Blondeaux (2009b) showed that the pre-76

ferred wavelength decreases (increases) due to the presence of a coarser (finer) sediment mix-77

ture, which was particularly related to suspended sediment transport. A model-field compar-78

ison by Van Oyen et al. (2013) revealed that the sorting processes were fairly well captured79

by the model.80

However, a basic limitation of the above mentioned modeling studies is that they only81

investigated the initial formation stage, since they are restricted to small-amplitude perturba-82

tions. To investigate the nonlinear processes which determine the (equilibrium) dimensions and83

dynamics, recently several numerical process-based models have been formulated (Németh et84

al., 2007; Van den Berg et al., 2012; Campmans et al., 2018; Van Gerwen et al., 2018; Damveld85

et al., 2020). Despite that these models are able to simulate the finite-amplitude stage from86

a flat bed towards an equilibrium, the modeled sand wave heights are overestimated by sev-87

eral meters. Moreover, nearly all these models neglect sediment sorting processes as they em-88

ploy a uniform sediment composition. In fact, as of yet there is only one modeling study that89

investigated the effects of a sediment mixture in the nonlinear sand wave regime (Roos, Hulscher,90

et al., 2007), which considered a bimodal mixture similar to Van Oyen and Blondeaux (2009a,91

2009b). Roos, Hulscher, et al. (2007) showed that coarser sediments tend to accumulate at the92

crests, whereas the troughs stay well-mixed. Moreover, contrasting the results from previous93

studies, Roos, Hulscher, et al. (2007) did not find a change in wavelength due to sorting pro-94

cesses. However, this model ignored a few essential processes (e.g. suspended sediment trans-95

port, advanced turbulence description) which have shown to be important in modeling the finite-96

amplitude stage of sand waves (Van Gerwen et al., 2018). Notably, also this study significantly97

overestimated the equilibrium wave height (up to a factor two), which could very well be the98

consequence of the simplified model formulation.99

We thus conclude that, despite sediment sorting processes over sand waves have been100

well-studied for the initial stage of formation, knowledge on these processes related to finite-101

amplitude behavior is limited. Furthermore, it is likely that the currently available finite-amplitude102

models are lacking one or more important processes, as they generally overestimate the equi-103

librium sand wave height. Since it has been shown that suspended sediment transport has a104

decreasing effect on the equilibrium height (Sterlini et al., 2009; Van Gerwen et al., 2018), and105

that sediment concentrations in the water column are better approximated by including a mixed106

sediment composition (Van Oyen & Blondeaux, 2009b), we expect that combining a grain size107

mixture, suspended sediment transport and an advanced turbulence formulation in a numer-108

ical model shall lead to a more accurate estimation of sand wave dimensions and dynamics.109

In addition, representing the bed composition by merely a bimodal mixture seems rather crude,110

as the bed is much more heterogeneous (e.g. Cheng et al., 2018). Therefore, sand wave mod-111

els are likely to benefit from a more accurate description of the sediment composition. Alto-112

gether, addressing these limitations enables us to expand our understanding of the nonlinear113

processes governing sediment sorting in relation to finite-amplitude sand waves.114

Hence, the goal of this paper is twofold: we aim (i) to understand the effects of a multi-115

fractional sediment composition on the nonlinear morphological behavior (wavelength, migra-116
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tion, equilibrium height) of finite-amplitude sand waves, and (ii) to reveal how sediment sort-117

ing characteristics (mean grain size, sortedness) differ between the finite-amplitude stage and118

the (initial) small-amplitude stage of sand wave development. To this end, the modeling ap-119

proach proposed by Borsje et al. (2013, 2014) and Van Gerwen et al. (2018) – based on the120

numerical process-based model Delft3D (Lesser et al., 2004) – is used and extended to incor-121

porate multiple sediment fractions and vertical bed stratigraphy. In addition, in this study we122

investigate symmetrical and asymmetrical forcing conditions, with the latter leading to migrat-123

ing and asymmetrical sand waves.124

2 Model formulation125

Since we extend earlier work by Borsje et al. (2013, 2014) and Van Gerwen et al. (2018),126

we restrict ourselves to presenting the details regarding mixed sediment transport and bed evo-127

lution. Note that the method described below is readily available in Delft3D (see Deltares (2012))128

and that we present the main components which are relevant for this work. For further infor-129

mation about the hydrodynamics we refer the interested reader to one of the above mentioned130

references, or to the Supporting Information for a short summary.131

2.1 Active layer and bed stratification132

Let us consider a shallow sea of average depth H0, with a sandy seabed consisting of133

cohesionless sediments on top of an unerodible bedrock layer (fig. 1). Following a 2DV ap-134

proach, we define a Cartesian coordinate system (x,z) with the x-coordinate pointing horizon-135

tally and the z-coordinate pointing upward, corresponding to the velocity components u and136

w, respectively. The exchange of sediments between the bed and water column is modeled by137

means of an extended version of the classical active layer approach (Hirano, 1971; Ribberink,138

1987). In the classical approach, it is assumed that the seabed consists of two layers: the ac-139

tive layer (formally the dynamical active layer (Church & Haschenburger, 2017)) with con-140

stant thickness La and the substrate underneath the active layer. The total available sediment141

thickness Ltot may vary in space and time, but is initially spatially uniform. All layers are as-142

sumed to be well-mixed and only the sediments in the active layer are instantaneously avail-143

able for transport.144

While the active layer approach is suitable for the initial formation of sand waves, as145

shown by Van Oyen and Blondeaux (2009a, 2009b), the method is unable to describe the ver-146

tical sedimentary structure (e.g. the internal history) of a sand wave in the finite-amplitude stage.147

This is in particular important for migrating sand waves, as the internal structure then gets ex-148

posed over time. Therefore we also apply a layered approach to the passive substrate in or-149

der to allow for bed stratification (Deltares, 2012). The substrate is divided into a number N150

of (well-mixed) underlayers of thickness L(n)
u and maximum thickness Lu,max, and a (well-mixed)151

baselayer. The thickness of the baselayer Lb follows from the total sediment thickness Ltot mi-152

nus the combined thickness of the active layer and underlayers.153

Figure 1 illustrates the procedure of deposition and erosion within the layered bed. De-154

position leads to a flux of sediments from the active layer towards the underlayers. If the top155

underlayer reaches its maximum thickness Lu,max, a new (top) underlayer is created and the156

bottom underlayer merges with the base layer. Conversely, in case of erosion, the active layer157

will be replenished from the top underlayer. Depending on the amount of erosion, the top un-158

derlayer may disappear and the process will continue with the next underlayer. Note that in159

case of deposition this implementation neglects the contribution of the bed load to the sed-160

iment flux towards the substrate, which would physically more realistic (Parker, 1991; Hoey161

& Ferguson, 1994). Nonetheless, this approach has been successfully applied in modeling stud-162

ies in the riverine (Williams et al., 2016), estuarine (Van der Wegen et al., 2011; Guerin et al.,163

2016) and coastal (Reniers et al., 2013; Huisman et al., 2018) environment.164

–4–

©2020 American Geophysical Union. All rights reserved. 



manuscript submitted to JGR: Earth Surface

Figure 1. Top: Side view of the water column and stratified bed, illustrating the coordinate system (x,z)

with corresponding velocity components (u,w), bed level zb, free surface level ζ and average depth H0.

Within each layer (n) the grain size class ( j) is characterized by a grain size d and mass sediment fraction F .

The thickness of the layers is indicated by L, where the subscripts a,u,b, tot refer to the active, under-, base-

and total layer, respectively. The gray area below denotes the unerodible bedrock layer.

Bottom: Deposition and erosion process for a total number of underlayers N = 2. Note that in the deposition

example the layers are rearranged due to the new top underlayer (u1→ u2), the lowest one being absorbed by

the baselayer.
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2.2 Heterogeneous sediment transport and bed evolution165

The seabed is assumed to consist of heterogeneous cohesionless sediments. The bed com-166

position is modeled by introducing a finite number J of sediment fractions with grain size d( j)
167

and mass fraction F ( j). Note that these fractions are allowed to vary in time and space, con-168

strained by ∑
J
j=1 F ( j)= 1. The grain sizes in the sediment mixture can be described by the169

logarithmic phi-scale (Krumbein, 1934)170

φ
( j) =− log2

(
d( j)

dref

)
, (1)

with dref = 1mm. The arithmetic and geometric mean grain size (subscript m denotes the mean)171

are then defined as172

φm =
J

∑
j=1

φ
( j)F ( j), dm =

J

∏
j=1

d( j)F ( j) (
= dref2−φm

)
, (2)

respectively. The standard deviation σd is a measure for the sortedness of the sediment, where173

σd = 0 denotes a perfectly homogeneous bed composition. It is given by174

σ
2
d =

J

∑
j=1

(
φ
( j)−φm

)2
F ( j). (3)

Following Van Rijn et al. (2001) and Lesser et al. (2004), bed load sediment transport175

per fraction S( j)
bed

[
kgs−1 m−1

]
is calculated according to176

S( j)
bed = 0.5αsηρsd( j)u∗D

( j)−0.3
∗ T ( j), (4)

in which αs is a slope correction parameter, calculated by177

αs = 1+αbs

(
tan(Φ)

cos [tan−1 (dzb/dx)] [tan(Φ)−dzb/dx]
−1
)
, (5)

with αbs being a user-defined tuning parameter, which is set to 3 following Van Gerwen et al.178

(2018), and Φ the internal angle of friction of sand (30◦). Furthermore, η is the relative avail-179

ability of the grain size fraction at the bed, ρs the specific density of the sediment, which is180

equal for all fractions and u∗ the effective bed shear velocity. Finally, D( j)
∗ and T ( j) are the181

nondimensional bed shear stress and the nondimensional particle diameter, respectively, given182

by183

D( j)
∗ = d( j)

[
(ρs/ρw−1)g

ν2
w

] 1
3
, T ( j) =

τ ′b− τ
( j)
b,cr

τ
( j)
b,cr

, (6)

where νw denotes the kinematic viscosity of water, ρw the density of water, g the gravitational184

acceleration, τ ′b the grain-related bed shear stress and τ
( j)
b,cr the critical bed shear stress based185

on a parametrization of the classical Shields curve. No bed load transport occurs if τb 6 τ
( j)
b,cr.186

Next, the suspended sediment concentration per fraction c( j) in the water column is cal-187

culated by solving an advection-diffusion equation188

∂c( j)

∂ t
+

∂

(
uc( j)

)
∂x

+
∂

([
w−w( j)

s

]
c( j)
)

∂ z
=

∂

∂x

(
εs,x

∂c( j)

∂x

)
+

∂

∂ z

(
εs,z

∂c( j)

∂ z

)
, (7)

in which w( j)
s is the friction-dependent sediment settling velocity (see below), and εs,x and εs,z189

are the sediment diffusivity coefficients in x and z direction, respectively. These diffusivity co-190

efficients are taken equal to the horizontal and vertical eddy viscosity, respectively, and are thus191

independent of the grain size fraction.192
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Due to the presence of other particles, the settling velocity w( j)
s is potentially reduced.193

This hindered settling effect (discussed in Van Rijn (2007)) is included as a function of the194

non-hindered settling velocity w( j)
s,0 and the sediment concentration195

w( j)
s =

(
1− ctot

Cref

)5

w( j)
s,0 . (8)

Here, Cref
(
= 1600kgm−3

)
is the reference density and ctot =∑

J
j=1 c( j) is the sum of the mass196

sediment concentration c( j) of all fractions. The non-hindered settling velocity w( j)
s,0 is calcu-197

lated according to Van Rijn (1993), and reads (valid for d( j) = 100−1000µm)198

w( j)
s,0 =

10νw

d( j)

√1+
0.01(ρs/ρw−1)gd( j)3

ν2
w

−1

 . (9)

As boundary condition at the water surface (z = ζ ), the vertical diffusive flux is set to199

zero, i.e.200

−w( j)
s c( j)− εs,z

∂c( j)

∂ z
= 0. (10)

The boundary condition at the bed (z = zb) is given by201

−w( j)
s c( j)− εs,z

∂c( j)

∂ z
= D( j)−E( j). (11)

Here, D( j) and E( j) are the deposition and erosion rate of the particular sediment fraction, eval-202

uated at the bottom of the lowest computational layer which is completely above a reference203

height a above the bed. The reference height a equals 0.01h, with h as the total water depth,204

and is imposed to mark the transition between bed load and sediment load transport (Van Rijn,205

2007). Below the reference height the concentration is assumed to be equal to the reference206

concentration, i.e. c( j) = c( j)
a for z 6 zb +a. This reference concentration reads207

c( j)
a = 0.015ηρs

d( j)T ( j)1.5

aD( j)0.3
∗

, (12)

Further details regarding the bed boundary condition and calculation of the concentration pro-208

file can be found in the Delft3D user manual (Deltares, 2012). The transport of suspended sed-209

iment per fraction S( j)
sus
[
kgs−1 m−1

]
is calculated by210

S( j)
sus =

∫
ζ

zb+a

(
uc( j)− εs,z

∂c( j)

∂x

)
dz. (13)

Finally, the sediment continuity equation relates local bed level changes to the divergence211

of sediment fluxes for each sediment grain class individually, and reads212

(1− p)ρs

[
F

( j)
int

∂ zb

∂ t
+La

∂F
( j)
a

∂ t

]
=−

∂

(
S( j)

bed +S( j)
sus

)
∂x

, (14)

in which p is the bed porosity. Furthermore, F
( j)
int denotes the the mass sediment fraction ei-213

ther in the active layer F
( j)
a (during deposition) or in the top underlayer F

(1, j)
u (during ero-214

sion), i.e.215

F
( j)
int =

{
F

( j)
a

F
(1, j)
u

if
∂ zb
∂ t > 0

∂ zb
∂ t < 0

(15)

Summed over all grain size classes, and using ∑
J
j=1 F ( j) = 1, eq. (14) reduces to216

(1− p)ρs
∂ zb

∂ t
=−

∂

(
∑

J
j=1 S( j)

bed +∑
J
j=1 S( j)

sus

)
∂x

. (16)
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2.3 Spatial model set-up, parameter choices and technical details217

The length of the model domain is around 50 km, with a variable grid spacing (Van Ger-218

wen et al., 2018). The central part of the domain comprises 750 evenly distributed grid cells219

of width ∆x = 2m, which gradually increases to ∆x = 1500m at the lateral boundaries (see220

fig. 2a). The finer part of the grid is extended in the direction of the net flow in case of a resid-221

ual current. In the vertical the model has 60 σ -layers, with a high resolution near the bed (0.05 %222

of the local water depth), gradually decreasing towards the surface. Riemann boundary con-223

ditions are imposed at the lateral boundaries to allow outgoing waves to cross the boundary224

without reflecting back into the domain (Verboom & Slob, 1984). Moreover, the extension of225

the grid from the area of interest towards the lateral boundaries is sufficiently long to neglect226

any other boundary-related influences, both for hydrodynamics and morphodynamics. The hy-227

drodynamic time step ∆t is 12 s and a spin-up time of one tidal cycle is performed during which228

no bed level changes are allowed. To speed up calculations, a morphological acceleration fac-229

tor (MORFAC, see Ranasinghe et al. (2011) for a discussion) can be used. We have found a230

MORFAC of 500 to be suitable, since additional runs with a lower MORFAC (250 and 100,231

presented in the Supporting Information) did not affect the results in a significant way. As a232

consequence, one tidal cycle approximates 0.7 yr of morphological development. With this MOR-233

FAC, simulating 100 years of morphological development takes five days on a HPC (high per-234

formance computing) facility. A sensitivity analysis regarding the numerical model set-up can235

be found in Van Gerwen (2016).236

Furthermore, the thickness of the active layer La is set to 0.5 m (see also section 4.2),237

and a total of 60 underlayers are defined with each a maximum thickness of Lu,max = 0.15m.238

The thickness of the baselayer Lb is then defined such that, together with all other layers, the239

(initial) total thickness of the mobile bed Ltot adds up to 20 m.240

As explained by Van Gerwen et al. (2018) and Damveld et al. (2020), small variations241

in model settings may shift the preferred wavelength of the emerging sand wave (fastest grow-242

ing mode, i.e. FGM). Therefore, we first study the effects of a sediment mixture on the FGM243

during one tidal cycle, by analyzing the growth and migration rates of a set of small-amplitude244

sand waves with varying wavelengths, which is further explained in section 3.1. Note that we245

use MORFAC= 1 in the calculations for the FGM. Subsequently we use the FGM as a start-246

ing point for the finite-amplitude stage, such that we may bypass the initial growth stage – and247

save valuable computational resources. An example of such an initial bed topography is given248

in fig. 2a.249

The system is forced by the S2 tidal constituent
(
angular frequency σS2 = 1.45×10−4 s−1

)
250

in such a way that at the lateral Riemann boundaries a depth-averaged velocity amplitude of251

US2 = 0.65ms−1 is attained. Furthermore, in some simulations a residual current of US0 =252

0.05ms−1 is superimposed to the tidal forcing. The mean water depth (H0 = 25m) is equal253

for all simulations. The roughness of the bed is described by the Chézy coefficient C, which254

can be calculated by255

C = 18log10

(
12H0

ks

)
, (17)

with the roughness height ks as proposed by Soulsby and Whitehouse (2005a, 2005b). For de-256

tails on the calculation of this ripple predictor, see e.g. Cherlet et al. (2007) and Van Gerwen257

et al. (2018). Given the settings used in this work, eq. (17) leads to a Chézy coefficient of C =258

75m1/2 s−1. Note that we use the mean water depth H0 to calculate the Chézy coefficient, whereas259

this should formally be the (space- and time-dependent) total water depth h. However, for the260

cases considered in this paper, correcting for the total water depth leads to variations in C of261

only a few percent.262

Finally, following Van Oyen et al. (2013) we assume that the sediment composition is263

normally distributed on the phi-scale. As a consequence, we define a probability density func-264
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Figure 2. In (a) the initial bed topography with wavelength λ0 = 216m and amplitude A0 = 0.5m, based on

the symmetrical result (with σd = 0) in section 3.1. The dots also indicate the x-coordinates of the grid and the

resulting grid spacing, and the shading denotes the fine-spaced part (∆x = 2m) of the grid.

In (b) the probability density function p0 of a sediment mixture with φm = 1.51(dm = 0.35mm) and σd = 0.5.

The gray columns denote the four grain size classes used in the numerical experiments. Note that the standard

deviation of these four classes is slightly lower due the discrete representation of the PDF.
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Table 1. Overview of the model parameters.

Description Symbol Values Unit

Tidal velocity amplitude US2 0.65 ms−1

Residual current strength US0 0.05 ms−1

Geometric mean grain size dm 0.20 – 0.45 mm
Sortedness (standard deviation) σd 0 – 0.75 -
Average water depth H0 25 m
Chézy roughness C 75 m1/2 s−1

Initial sand wave amplitude A0 0.5 m
Initial sand wave wavelength λFGM 216; 226 m
Hydrodynamic time step ∆t 12 s
Grid spacing (finer part) ∆x 2 m
Morphological acceleration factor MORFAC 1; 500 -
Slope effect tuning parameter αbs 3 -
Active layer thickness La 0.5 m
Total (initial) layer thickness Ltot 20 m
Maximum underlayer thickness Lu,max 0.15 m

Symbol Sediment mixtures† Unit

σd 0 0.1 0.2 0.3 0.4 0.5 0.75 −

d(1) 0.35 0.32 0.28 0.26 0.23 0.21 0.16 mm
F (1) 100 13 13 13 13 13 13 %
d(2) 0.34 0.33 0.32 0.30 0.29 0.27 mm
F (2) 37 37 37 37 37 37 %
d(3) 0.36 0.38 0.39 0.40 0.42 0.45 mm
F (3) 37 37 37 37 37 37 %
d(4) 0.39 0.43 0.48 0.53 0.59 0.76 mm
F (4) 13 13 13 13 13 13 %

†The sediment mixtures display grain sizes d( j) and mass fractions F ( j) given an increasing
standard deviation σd. The geometric mean grain size dm for each mixture is 0.35mm. Note that
the additional mixtures used in fig. 8 (based on a different mean grain size) are not included in this
overview, but that these can easily be calculated following the procedure at the end of section 2.3.

tion (PDF) according to265

p0 =
1

σd
√

2π
exp

(
−1

2

[
φ −φm

σd

]2
)
. (18)

For each of the following cases we consider a total of four different grain size classes (J = 4)266

with a fixed geometric mean grain size and a varying standard deviation. The mass fractions267

F ( j) then follow from the PDF, illustrated in fig. 2b for a standard deviation of σd = 0.5 and268

geometric mean grain size of dm = 350µm. The bin size (∆φ) of each class is set equal to269

the standard deviation, such that the gray columns denote the discrete PDF of the modeled sed-270

iment mixture.271

Parameter values regarding the model set-up and sediment composition are summarized272

in table 1, based on a typical North Sea setting (see e.g. Borsje et al. (2009) and Van Gerwen273

et al. (2018)).274
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3 Results275

3.1 Initial small-amplitude stage276

First we analyze the initial morphodynamic response in terms of the growth and migra-277

tion rate as a function of the topographic wave number k= 2π/λ , with wavelength λ . This278

is done for a number of sediment mixtures with varying standard deviation. Therefore, the ini-279

tial wave number k is varied in ten equal steps from 0.008 m−1 (λ = 800m) to 0.063 m−1 (λ = 100m),280

after which a 4th order polynomial is fitted to the resulting growth rates (see below).281

Using a complex notation, we write the bed level as follows:282

zb = ℜ{Aexp(ikx)} , (19)

where ℜ denotes the real part and A a complex bed amplitude. As a result – and given that283

small-amplitude perturbations display exponential growth – the growth γ and migration rate284

cmig are calculated following Borsje et al. (2014), and read285

γ =
1
T

ℜ

[
log
(

A1

A0

)]
, cmig =

−1
kT

ℑ

[
log
(

A1

A0

)]
. (20)

Here, T is the (tidal) period, A0 and A1 are the initial and calculated bed amplitude, respec-286

tively, and ℑ is the imaginary part. The calculated bed amplitude is determined after one tidal287

cycle by means of a Fast Fourier Transform of the most central sand wave in the domain. Pos-288

itive (negative) growth rates indicate sand wave growth (decay), whereas positive migration289

rates indicate migration in the positive x-direction.290

Figure 3 presents the growth and migration rates for an increasing standard deviation σd.291

For both a symmetrical (panel (a)) and an asymmetrical forcing (panel (b)), it appears that the292

wavelength of the fastest growing mode (FGM) increases with an increase in standard devi-293

ation. Moreover, the associated growth rates decrease. In the symmetrical case the wavelength294

of the FGM ranges from 216 m (σd = 0, see fig. 2) to 236 m (σd = 0.5), whereas this is 226 m295

to 249 m in the asymmetrical case. This relation between sortedness and preferred wavelength296

qualitatively agrees to the relation found by Van Oyen and Blondeaux (2009b).297

By considering the superposition of an S2 signal and a residual current
(
US0 = 0.05ms−1

)
,298

the sand waves display migration. The results show that also the migration rate is affected by299

the presence of a mixed sediment composition (fig. 3c). Apart from a steady increase in mi-300

gration with an increasing wave number, the migration rate increases for an increasing stan-301

dard deviation, as well. The migration rate of the FGM ranges from about 5 myr−1 for a per-302

fectly homogeneous sediment composition (σd = 0), to 5.5 myr−1 for a mixture with standard303

deviation σd = 0.5. As one might expect, the symmetrical forcing case displays no migration304

at all (and thus not shown here).305

Next, we analyze the initial sediment sorting processes in the small-amplitude regime.306

To illustrate this, we present the case with the largest range in grain size (σd = 0.5), and fo-307

cus on the response in terms of the mean grain size and sortedness (i.e. standard deviation).308

Figure 4 shows the sorting results after one tidal cycle (with MORFAC= 500) for a symmet-309

rical (a, c) and an asymmetrical forcing (b, d). In general the results show coarser crests and310

finer troughs, while simultaneously the crests tend to be better sorted (lower σd) than the troughs,311

which is qualitatively similar to what was found by Roos, Hulscher, et al. (2007). For the other312

sediment mixtures these observations hold as well, albeit less pronounced. Furthermore, the313

case with a residual current in the positive x-direction displays a small phase shift between the314

sand wave and mean grain size. Here the coarser sediments tend to accumulate just in front315

of the crests on the stoss slope of the sand wave. Interestingly, this phase shift is hardly vis-316

ible for the sortedness, with the highest standard deviation occurring in the troughs, similar317

to the symmetrical case. This situation arises if the ratios between the coarse and fine frac-318

tions are roughly each other’s inverse, which indeed results in a similar sortedness, but dif-319

ferent mean grain size.320
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Figure 3. Growth (γ) and migration
(
cmig

)
rates in the small-amplitude sand wave regime for an increasing

standard deviation σd. In (a) the results for a symmetrical forcing and in (b, c) those for an asymmetrical

forcing. The marker denotes the FGM for the run under consideration.
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Figure 4. Morphological development after one tidal cycle (i.e. 0.7 yr because MORFAC = 500), for the

case with a standard deviation of σd = 0.5. In (a, c) the results for a symmetrical forcing and in (b, d) those

for an asymmetrical forcing
(
US0 = 0.05ms−1), where the arrows indicate the direction of the residual cur-

rent. The top row presents the geometric mean grain size dm, and the bottom row the sortedness (defined as

the standard deviation σd), where a lighter (darker) shade denotes a higher (lower) degree of sorting. Note that

the colormap for panels (a, b) denote a different parameter than the colormap for panels (c, d).
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3.2 Development towards the equilibrium stage321

Here we first shift our attention to the sorting process of finite-amplitude sand waves,322

after 20 years (fig. 5) and 100 years (fig. 6) of morphological development. Note that, as an323

addition to the results shown below, a continuous video of the considered run (0 to 100 years)324

is available in the Supporting Information.325

After 20 years we see that for the symmetrical case the surficial sorting process contin-326

ues with the same upward coarsening trend as after one tidal cycle. In addition, in the crests327

region also a vertical sorting is visible, with an increasing upward coarsening. Moreover, the328

slopes are now better sorted than the crests, whereas the troughs remain well-mixed. Figure 5e329

presents the cumulative sediment fractions in the active layer as defined in table 1, where the330

spatial variation is clearly illustrated. In particular the finest and coarsest grain size fractions331

are affected at this stage. Interestingly, the wavelength of the coarsest fraction is half the wave-332

length of the finest fraction (and that of the sand wave). This is caused by the fact that in the333

trough the largest grains are partly immobile. Hence, the crest-directed transport of coarse grains334

is lower in the trough than on the slopes and the coarsest fraction becomes trapped in the trough.335

Note that this mechanism becomes even more apparent in the equilibrium stage presented fur-336

ther below.337

In contrast to the symmetrical case, the sorting process in the asymmetrical case shows338

some remarkable changes after 20 years, compared to after one tidal cycle. Here we see that339

the coarsest grain sizes occur on the upper lee side of the crests, but that the finest grain sizes340

occur on the lower lee slope. In other words, the gradient in grain size is much stronger on341

the lee slope than on the stoss slope. The sortedness displays a strong gradient in the troughs,342

with a better sorting on the lower lee slope. Moreover, due to the migration (just over 100 m,343

note the shifted x-axis) the internal structure is partly revealed now and the previously described344

process consequently creates a vertical sorting as well. The cumulative fractions in the active345

layer (fig. 5f) confirm these observations, and show that particularly the coarsest fraction is346

much smaller on the lower lee side. Moreover, both the coarse and medium-coarse fraction347

show a gradual increase in the crest in the positive x-direction, with its peak just on the lee348

side of the crest.349

For the symmetrical case after 100 years (fig. 6ace) the results show the highest grain350

size diameter in the sand wave troughs. The vertical sorting structure of the crest reveals a se-351

quential sorting of a relatively coarser, finer and again a coarser region in upward direction.352

At the same time, the sortedness still indicates a high degree of sorting on the crests with re-353

spect to the troughs.354

In the asymmetrical case after 100 years (fig. 6bdf) roughly three distinct regions with355

regard to sorting can be observed. Again, also here the troughs display a coarse mean frac-356

tion and are well-mixed. Conversely, the crests are better sorted, but have a relatively coarse357

mean grain size. In addition, the transport (top) layer on the crests display a slightly lower mean358

grain size than the interior. The third region consist of both slopes and the adjacent internal359

structure, and is characterized by a low mean grain size and high degree of sorting. Remark-360

ably, as a result of the horizontal displacement of the sand wave (∼ 550m) the internal sort-361

ing structure of the sand wave shows hardly any variation in horizontal direction any more,362

as opposed to the vertical structure.363

The large gradients in grain size fractions on the lee side are the result of the steepness364

combined with the transition from a mobile to an immobile transport regime in the trough re-365

gion, which potentially leads to local numerical inaccuracies. Moreover, the absence of lee-366

face sorting mechanisms may further affect the observed sorting pattern on the lee slope. How-367

ever, since the observed redistribution process was already visible after 20 years (see the peaks368

in fig. 5f), and that these gradients gradually increased over time (model output not shown here),369

we are confident that these numerical aspects do not affect the qualitative process of redistri-370

bution.371
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Figure 5. Panels (a, b, c, d) are similar to fig. 4, but here for a morphological development after 20 yr. In (e,

f) the cumulative grain size fractions F
( j)
a in the transport (active/top) layer, as well as the bed level profile

(white line). The shifted x-axis w.r.t. x = 0 in (b, d, f) indicates the horizontal displacement of the sand wave.

–15–

©2020 American Geophysical Union. All rights reserved. 



manuscript submitted to JGR: Earth Surface

Figure 6. Similar to fig. 5, but here for a morphological development after 100 yr.
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Figure 7. Panels (a) and (b) show the sorting characteristics over time on the crest and in the trough. The

left axis presents the mean grain size, the right axis the sortedness. These results are presented for the active

layer only, and for a standard deviation of σd = 0.5 (same as figs. 4 to 6). Note that the actual standard devia-

tion is slightly lower, as illustrated in fig. 2b. In panels (c) and (d) the wave height development over time for

a range of different standard deviations with dm = 0.35mm. The vertical axis is plotted on a logarithmic scale

to emphasize the linear behavior during the early growth stage.

These observations are further illustrated in fig. 7ab, where the sorting characteristics372

on the crest and in the trough (top layer only) are plotted over time. It is clearly visible that373

initially the crests (troughs) become coarser (finer). Once in the troughs the threshold of mo-374

tion is not exceeded any more for the largest fractions, this process reverses and a quick in-375

crease of both the mean grain size and sortedness occurs (around 30−40 years). Moreover,376

towards the equilibrium stage this distribution process stabilizes and results in finer, well-sorted377

crests and vice-versa. It turns out that during this relatively short period of time the general378

sorting patterns is formed. Consequently, the sorting time scale is shorter than that of sand wave379

evolution (see results below).380

Next, to show the wave height evolution of different mixtures (dm = 0.35mm), we present381

in fig. 7cd the wave height (on a logarithmic scale) as a function of time. In order to isolate382

the effect of different grain size mixtures, we fix the initial wavelength of all cases to the FGM383

of the uniform sediment sample (σd = 0), see also fig. 3 and table 1. It appears that for both384

the symmetrical and asymmetrical case the mixture only slightly influences the wave height;385

after 100 years of development the difference between the uniform sample and the one with386

the highest standard deviation is on the order of decimeters. The final sand wave height is 8.3−387

8.8m and 7.0−7.4m for the symmetrical and asymmetrical case, respectively. It should be388

noted that, due to the decrease in growth rate, the cases with the highest standard deviation389

still showed an increase in wave height of a few millimeters per year after 100 years. In ad-390

dition, fig. 7cd also illustrates the exponential growth during the initial small-amplitude stage,391
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Figure 8. In (a) the sand wave height development for different mean grain sizes, all with a standard de-

viation of σd = 0.5, given an asymmetrical forcing. In (b) a model-field comparison between the modeled

equilibrium sand wave height and field data (small gray dots) presented by Damen et al. (2018b). The colored

dots represent the cases from (a), other markers denote cases with standard deviation of σd = 0 (diamonds)

and σd = 0.75 (squares). The black line in (b) is a least-square regression line, separately calculated for

dm < 0.35mm and dm > 0.35mm. Note that the vertical axis is now plotted on a linear scale, in contrast to

fig. 7. Field data available through Damen et al. (2018a).

as we assumed for the analysis in section 3.1. In fact, this linear behavior continues until a392

sand wave height of around 4.5 m is reached, after which nonlinear effects become increas-393

ingly dominant and the exponential growth is eventually damped.394

From the initial formation process it is known that in the currently employed shallow395

water model a uniform grain size of around 200−250µm leads to negative growth rates, and396

thus inherently a flat bed (Borsje et al., 2014). This motivates us to study the sensitivity of the397

equilibrium wave height to the geometric mean grain size. Again, we fix the initial wavelength398

to that of the FGM for a uniform mixture, and we consider three different standard deviations,399

namely σd = 0, 0.5 and 0.75.400

Figure 8a shows a substantial decrease in sand wave height with decreasing mean grain401

size. In the case with a standard deviation of σd = 0.5 the range in wave height after 125 years402

is 4.6−7.4m for a geometric mean grain size of 0.25−0.40mm, respectively. In particular403

for the smallest grain sizes the decrease in wave height is strongest. As expected, due to the404

increasingly larger dampening effect of the (fine) sediment fractions in suspension (Borsje et405

al., 2014) (to be discussed further below), the sand wave for the mean grain size case of 0.20 mm406

decays towards a flat bed. The deformations which are visible between 75 and 100 years of407

development for the coarsest grain size cases are the result of mobility effects, as at this ap-408

proximate (trough) depth the critical shear stress is not exceeded any more for the largest frac-409

tions. Hence, the troughs are not eroding any more and the overall growth rate initially de-410

creases, after which the crest growth increases slightly to compensate for this effect. Note that411

the different depths at which these deformations occur is due the differences in critical shear412

stress between the fractions. Finally, similar to the results from fig. 7, an increasing standard413

deviation leads to a further decrease of the sand wave height (fig. 8b), which is further dis-414

cussed in section 4.1.1.415
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4 Discussion416

We extended the nonlinear sand wave model of Van Gerwen et al. (2018) by including417

multiple heterogeneous sediment mixtures and bed stratification, which allowed us to inves-418

tigate sediment sorting processes over finite-amplitude sand waves. We showed that during the419

earlier growth stages the troughs of sand waves tend to be finer than the crests, whereas the420

opposite holds in the equilibrium stage. Next, increasing the degree of sorting leads to an in-421

creasing reduction of the modeled sand wave height. Below we discuss field observations, the422

physical interpretation of the results and the limitations of this paper.423

4.1 Field observations and physical mechanisms424

4.1.1 Sand wave height425

Damen et al. (2018b) presents a large-scale analysis of aggregated data sets on the re-426

lation between various environmental parameters and characteristics of sand waves. The data427

consists of almost 10,000 samples from the Dutch Continental Shelf and has a resolution of428

one data point per square kilometer. For a model-field comparison we use data on the observed429

wave height and sediment diameter, which are plotted in fig. 8b. A least-square regression line430

is plotted through the data to indicate the relation between the two variables. As already pointed431

out by Damen et al. (2018b), the (positive) slope between sand wave height and grain size is432

steeper for smaller grain sizes. To emphasize this, we divided the data in two bins, namely433

dm < 0.35mm and dm > 0.35mm.434

In fig. 8b also the modeled wave heights after 125 years (from fig. 8a) are shown. Al-435

though close to the upper limit of the field data, the trend of the model results agree well with436

the field observations. Particularly the increasing wave height with respect to an increasing grain437

size is well captured by the model. Moreover, the other large black markers in fig. 8b clearly438

indicate a decrease in wave height for an increasing sortedness. This effect is strongest for the439

most fine and coarse mean grain sizes. Similar to the deformations in fig. 8a, the seemingly440

deviant result from the case with dm = 0.4mm and σd = 0.75 is due to the transition from441

a mobile to an immobile bed.442

One should note that each data point represents a different set of field conditions, whereas443

the model set-up only distinguishes in sediment characteristics. Previous research has revealed444

that tidal asymmetry and waves also lead to significantly lower sand waves (Sterlini et al., 2009;445

Van Gerwen et al., 2018; Campmans et al., 2018). Moreover, other environmental parameters,446

such as water depth, current velocity, and the Chézy coefficient (which is in turn a function447

of depth and sediment diameter), are likely to affect the wave height, too, while these param-448

eters were kept constant here.449

In general, the model results showed a reduction in wave height as a result of the pres-450

ence of a sediment mixture. In particular the smaller fractions in the mixture are responsible451

for this reduction, as smaller sediment grain sizes generally lead to lower wave heights (e.g.452

fig. 8a). This is caused by the dampening mechanism of suspended sediment transport, which453

is the result of the highest suspended sediment concentrations occurring downstream of the454

sand wave crest (Borsje et al., 2014). As this phase difference is present both during flood and455

ebb, the net sediment flux is away from the crests. Moreover, Borsje et al. (2014) showed that456

this effect is inherently larger for smaller grains, ultimately leading to sand wave decay for457

small-sized sediment mixtures. The distribution of the different grain size fractions in the ac-458

tive layer (fig. 5ef and fig. 6ef) corroborate this, since they clearly show the accumulation of459

the finest fraction in the trough region of the sand waves, highlighting the dampening mech-460

anism of fine grains.461

As already shown by Van Gerwen et al. (2018), tidal asymmetry leads to a further re-462

duction in wave height. Due to the presence of a residual current the tide-averaged circula-463

tion is distorted and, hence, convergence of sediments does not occur exactly above the crests.464
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Here, this observation is confirmed by the modeled sorting pattern. In the symmetrical case,465

the coarse sediments clearly accumulate on the crests of the sand wave (fig. 5a), whereas this466

accumulation is on the lee side slope of the crests in the asymmetrical case (fig. 5b).467

4.1.2 Sediment sorting468

Here it is not our aim to perform a site-by-site comparison of field data and the mod-469

eled sorting results. From the field sites where extensive grain size measurements are avail-470

able, other environmental data are generally not detailed enough to provide a well estimate471

for e.g. the local hydrodynamic conditions. Hence, calibrating the model to a specific site may472

lead to large uncertainties in the magnitude of the modeled grain sizes. Instead, we look for473

field evidence that are able to confirm the general sorting patterns presented in this work.474

Roos, Hulscher, et al. (2007) and Van Oyen et al. (2013) present a comprehensive overview475

of surface sorting patterns over sand waves in the North Sea. Seven out of the ten reported476

field sites in these studies are characterized by a coarser crest, compared to the troughs. Al-477

though our model results show a coarsening of the trough in the equilibrium stage (due to the478

influence of the critical shear stress, see further below), the sorting process during the earlier479

growth stages agrees well with these observations. Both in the symmetrical and asymmetri-480

cal case, the overall trend in the model is a coarser crest with respect to the troughs. More-481

over, the rate of sorting in the field indicates a high sortedness (low standard deviation) on the482

crests, which again agrees well with the model results. However, the eventual mismatch be-483

tween the model and the field observations suggests that some processes are missing or not484

adequately included.485

Of the three reported field sites with finer sediments at the crests, two were located su-486

perimposed on larger sand banks (Roos, Hulscher, et al., 2007), whereas the other was influ-487

enced by a strong, episodically ocean current (Anthony & Leth, 2002). These background ef-488

fects hinder the assessment of the responsible mechanism for this observed crest fining, as they489

are likely to influence sediment transport patterns in these areas to a significant extent. De-490

spite, our model also showed that finer crests with respect to the troughs could occur, which491

is the result of the coarsest fraction becoming immobile. It turns out that, when the trough depth492

increases, the critical shear stress in the troughs is no longer exceeded for increasingly longer493

periods of the tidal cycle. This is clearly visible in fig. 6e, where the coarsest fraction makes494

up more than 60 % of the sediments in the trough, whereas the medium-coarse fraction (which495

is still mobile) is almost fully eroded. Note that the finest fractions are still present in the troughs496

due to the dampening contribution of suspended sediment transport. Nonetheless, based on the497

available data from these field surveys it is unclear whether the observed trough coarsening498

was the result of mobility effects or other processes. In this respect, we recommend to fur-499

ther study the role of the threshold of motion in this matter by comparing alternative trans-500

port formulations which do not consider this particular process (e.g. Wilcock & Crowe, 2003).501

In the model by Van Oyen and Blondeaux (2009b) and Van Oyen et al. (2013) finer crests502

were the result of weak tidal currents which favor the transport of fine materials. Indeed, this503

is similar to what our results suggest, as either weaker currents or coarser sediments lead to504

lower transport rates for these coarsest fractions. In fact, our model also revealed (not shown505

here) that the initial redistribution of bed materials – instead of the showed equilibrium sit-506

uation – may lead to finer crests if initially the coarsest fraction is (partly) immobile. Strictly507

speaking this is even better comparable to the results of Van Oyen and Blondeaux (2009b) and508

Van Oyen et al. (2013) since they only studied the initial formation process.509

However, it is questionable if this particular case of crest fining is the explaining mech-510

anism for the mentioned field observations, because of the large uncertainties involved in the511

data as discussed above. Moreover, the coarsening of the trough found in the model is more512

likely to be analogous to the presence of unerodible (armored) layers in the bed, as for instance513

observed in the English Channel (Le Bot & Trentesaux, 2004) and modeled by Porcile et al.514

(2017).515
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Other than crest/trough sorting, observations on sorting patterns over the slopes are more516

scarce. Cheng et al. (2020) present a detailed field campaign where they found that the stoss517

slopes of sand waves are coarser than the lee side slopes. In case of a superimposed residual518

current our model shows comparable results, but only for the initial response (fig. 4b). Dur-519

ing the later stages, the peak of mean grain size occurs on the upper lee slopes, whereas the520

lower lee slope has a finer mean grain size (fig. 5b). Since the study by Cheng et al. (2020)521

did not report on hydrodynamic conditions, it is unknown what caused this contradiction. How-522

ever, an explanation for the model result might be found in the fluvial environment. The gov-523

erning mechanisms for dune formation in rivers and tidal sand waves show quite some sim-524

ilarities (Hulscher & Dohmen-Janssen, 2005). In case of a superimposed residual current, both525

sorting mechanisms show an insightful resemblance (e.g. Kleinhans, 2004, and references therein).526

Grains with the largest diameter experience the highest settling velocity [see eq. (9)]. There-527

fore, these larger grains are the first to be deposited when the flow velocity decreases, which528

is on the upper lee slope. Conversely, the finest grains are deposited on the lower lee slopes.529

Note that if the lee slope angle is high enough, possible other mechanisms which are excluded530

in the model (e.g. avalanching) may also affect the sorting process. Moreover, it is recommended531

to further study the role of the slope correction parameter αs [eq. (4)] on the sorting processes532

in the slope region, similar to what was done by Wang et al. (2019) for wavelength and mi-533

gration in the initial formation stage.534

Finally, as a result of migration the model results also reveal the internal structure of the535

sand waves. This structure follows the sedimentation pattern described above, where the coars-536

est grains accumulate in the upper part of the sand waves, and the finer grains in the base of537

the sand wave. In the equilibrium stage (fig. 6b), the active layer at the stoss slope displays538

a finer mean grain size pattern than after 20 years of development (fig. 5b). Due to the hor-539

izontal displacement of the sand wave, the finer grains originating from earlier deposits be-540

come mixed in the top layer, leading to a fining of the stoss slope. In contrast to the lack of541

field evidence for sand waves, a study by Koop et al. (2019) into migrating mega ripples did542

reveal a similar sorting pattern where both the lee and stoss side are finer than the crest and543

trough. However, all these field data were obtained by box- and multicorers which only de-544

scribe the upper part (∼ 20cm) of the bed, so that the internal structure cannot be assessed.545

Hence, there is a need for field evidence of deeper sediment layers (using e.g. vibrocorers) that546

uncovers the internal structure of sand waves in terms of mean grain size. Alternatively, an-547

cient dune deposits in terrestrial environments (e.g. the Belgian Brussels Sands (Houthuys, 2011))548

can also provide insight regarding the internal sorting of sand waves.549

4.2 Assumptions and limitations550

The majority of modeling studies into grain size sorting over marine bed forms consid-551

ered the hiding-exposure mechanism (Foti & Blondeaux, 1995; Walgreen et al., 2004; Roos,552

Hulscher, et al., 2007; Roos, Wemmenhove, et al., 2007; Van Oyen & Blondeaux, 2009a; Van Oyen553

et al., 2011). It assumes that the transport of finer grains is hindered as they are protected by554

movement from the surrounding larger grains. Conversely, larger grains are more exposed, and555

therefore transported more easily. Our model did not include this mechanism, so that theoret-556

ically the transport rate of fine grains is overestimated and that of the coarse grains underes-557

timated. Roos, Hulscher, et al. (2007) pointed out that excluding the hiding-exposure formu-558

lation does lead to comparable results for the initial stage of sand wave formation, and that559

only the rate of the initial sorting process was enhanced. Moreover, we showed that our model,560

by only taking into account sediment mobility effects, is able to represent the observed sort-561

ing patterns in sand wave areas, so that the hiding-exposure formulation is thus not essential562

here. Therefore, it is likely that including such a correction to the sediment transport will lead563

to differences in both the sorting rate and quantitative grain sizes, but that qualitatively the ob-564

served sorting patterns will not change. Nevertheless, future efforts focusing on sorting pro-565

cesses in the finite-amplitude stage should include further study on the quantitative effects of566

the hiding-exposure mechanism.567
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Under certain conditions the active layer model may become ill-posed (Ribberink, 1987;568

Stecca et al., 2014; Chavarrı́as et al., 2018). In these ill-posed situations, short-wavelength per-569

turbations may be triggered (by for instance numerical noise) and grow until a point where570

the mathematical problem becomes well-posed again. In a practical sense, these oscillations571

lead to changes of the stratified bed which are physically not valid. According to Chavarrı́as572

et al. (2018), it is typical for ill-posed problems that finer grids result in larger errors since the573

erroneous perturbations have more space to grow, whereas solutions of well-posed problems574

converge with decreasing grid size. For the current model, it turns out that both the bed level575

and the sorting properties are not affected by a decreasing grid size (and time step), such that576

we are confident that the presented results are physically correct. As an alternative to our em-577

ployed method, recent advancements have resulted in approaches (e.g. the SILKE model (Chavarrı́as578

et al., 2019)) that ensure the well-posedness of the active layer concept.579

The thickness of the active layer is assumed to be in the range between a few grain size580

diameters (Roos, Hulscher, et al., 2007) and the height of the superimposed bed forms (Van Oyen581

& Blondeaux, 2009b). Here we have set this thickness to a spatially uniform value of 0.5 m,582

which is generally larger than the bed forms over sand waves, although megaripples on sand583

wave crests can have wave heights of several tens of centimeters. Still, since in sand wave troughs584

ripples are usually much smaller or even absent (Damveld et al., 2018), it is likely that the mod-585

eled active layer thickness is overestimated in the model. Importantly, this thickness is related586

to the time scale of the sorting process (Roos, Hulscher, et al., 2007), where a larger thick-587

ness increases the time scale. Here, the results (see also the videos in the Supporting Infor-588

mation) show that the sorting time scale is already much shorter than the time scale of sand589

wave evolution. An even shorter sorting time scale may lead to a faster coarsening of the trough590

and, consequently, hinder sand wave development. Therefore we performed additional model591

runs (presented in the Supporting Information) with an active layer thickness of 0.25 m and592

0.1 m. It turns out that the sorting pattern is unaffected by this decrease of the active layer thick-593

ness.594

To determine the effect of sorting processes on the wave height, we started each sim-595

ulation with a fixed initial wavelength. However, our results also showed that the preferred wave-596

length (FGM) is affected by changing sediment characteristics (see also Van Oyen et al. (2013)597

and Wang et al. (2019)). Particularly, the wavelength increases for increasing standard devi-598

ation (lower sortedness) and for decreasing mean grain size. Since the equilibrium height is599

potentially affected by a changing wavelength (Blondeaux & Vittori, 2016; Van Gerwen et al.,600

2018; Damveld et al., 2020), one should realize that the presented results for the wave heights601

are of a particular mode, rather than that of the FGM of that case. Moreover, section 4.1.1 al-602

ready discussed many other variables that affect the wave height. This complexity strength-603

ens our choice for a fixed mode, which conveniently allows to isolate the relation between sed-604

iment sorting and finite-amplitude behavior.605

We assumed uniform conditions for the initial sediment composition, i.e. a well-mixed606

cohesionless sandy bed. However, in reality the bed consists of a wide range of sediments in-607

cluding mud fractions (Cheng et al., 2018), and displays a large spatial variation, such as the608

above mentioned bed armoring (Le Bot & Trentesaux, 2004) and incidental clay layers (Allen,609

1982). Besides, these spatial variations are also expressed through the nonuniform distribu-610

tion of benthic organisms over sand waves (Damveld et al., 2018, 2020), and these organisms611

are able to influence sediment transport processes to a large extent (Widdows & Brinsley, 2002;612

Malarkey et al., 2015). Furthermore, also the Chézy roughness coefficient [eq. (17)] was as-613

sumed spatially uniform in this study, whereas it is known that seabed roughness varies over614

sand waves (Damveld et al., 2018). Moreover, as follows from the results, skin roughness is615

also nonuniform over sand waves. In turn, these spatial variabilities in seabed roughness may616

significantly affect sediment transport processes. Hence, including these nonuniformities in the617

present numerical model may even further explain local variations in the observed sorting pat-618

terns.619
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Finally, the Delft3D model (Lesser et al., 2004) is based on the shallow water assump-620

tion, i.e. the horizontal length scale (wavelength of sand waves) is much larger than the ver-621

tical length scale (water depth), such that vertical momentum equation can be reduced to an622

expression of hydrostatic pressure. Thus, vertical accelerations are assumed to be small com-623

pared to the gravitational acceleration and can therefore be neglected. However, it is question-624

able whether these vertical accelerations remain small for equilibrium sand waves, and in par-625

ticular near the steep (lee) slope. Hence, it is recommended to study the differences between626

nonhydrostatic and hydrostatic flow over equilibrium sand waves, by, for instance, adopting627

a similar approach as used by Lefebvre et al. (2014).628

4.3 Practical implications629

The current model can be applied for predicting site-specific characteristics of sand waves630

and, ultimately, determining the morphological effect of human-induced disturbances in the631

marine (sand wave) environment. Additionally, including other known processes that influence632

nonlinear sand wave morphology (e.g. wind effects (Idier et al., 2002)) would even further in-633

crease the predictive capacity. Next, this model can support benthic habitat mapping, as sed-634

iment characteristics are a good indicator for the presence of benthic organisms (Reiss et al.,635

2014), thereby providing better knowledge for sustainable ecosystem management. Finally, this636

model can be used for determining suitable aggregates for extraction, information which is valu-637

able in a marine spatial planning context.638

5 Conclusions639

We presented a morphodynamic model which is able to describe sediment sorting pat-640

terns in finite-amplitude sand waves in a more sophisticated way than previously applied in641

literature. In particular, we used a multi-fractional approach to describe the sediment compo-642

sition, and applied bed stratigraphy to uncover the internal sorting structure of the sand waves.643

The model results showed that, in general, the troughs of the sand wave hold finer sed-644

iments than the crests, which corresponds well to field observations on sediment sorting. This645

general pattern is distorted due to tidal asymmetry, which leads to an accumulation of coarser646

sediments on the upper lee slope, and finer sediments on the lower lee slope. Due to sand wave647

migration this sedimentation pattern consequently also determines the internal structure of the648

sand wave. Furthermore, since the coarsest fractions are the ones to first experience immo-649

bility by not exceeding the critical shear stress, the sand wave troughs eventually become coarser650

towards the equilibrium stage, and an unerodible layer is formed.651

The morphological response to an increasingly less sorted sediment mixture results in652

longer wavelengths and lower wave heights. Moreover, by varying the geometric mean grain653

size of several heterogeneous sediment mixtures, the model provides estimates of wave heights654

that are in the range of observed sand wave heights in the North Sea.655
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sediment variations on a large compound dune in the Jade tidal inlet channel, south-865

eastern North Sea [Journal Article]. Journal of Coastal Research, SI 56, 361-365.866

Terwindt, J. H. J. (1971). Sand waves in the Southern Bight of the North Sea [Journal Arti-867

cle]. Marine Geology, 10, 51-67.868

Van den Berg, J., Sterlini, F., Hulscher, S. J. M. H., & Van Damme, R. (2012). Non-linear869

process based modelling of offshore sand waves [Journal Article]. Continental Shelf870

Research, 37, 26-35. doi: 10.1016/j.csr.2012.01.012871

Van der Veen, H. H., Hulscher, S. J. M. H., & Knaapen, M. A. F. (2006). Grain size depen-872

dency in the occurrence of sand waves [Journal Article]. Ocean Dynamics, 56(3), 228-873

234. doi: 10.1007/s10236-005-0049-7874

Van der Wegen, M., Jaffe, B. E., & Roelvink, J. A. (2011). Process-based, morphodynamic875

hindcast of decadal deposition patterns in San Pablo Bay, California, 1856–1887876

[Journal Article]. Journal of Geophysical Research: Earth Surface, 116(F2). doi:877

10.1029/2009JF001614878

Van Dijk, T. A. G. P., & Kleinhans, M. G. (2005). Processes controlling the dynamics879

of compound sand waves in the North Sea, Netherlands [Journal Article]. Journal of880

Geophysical Research: Earth Surface, 110(F4). doi: 10.1029/2004JF000173881

Van Dijk, T. A. G. P., Lindenbergh, R. C., & Egberts, P. J. P. (2008). Separating bathy-882

metric data representing multiscale rhythmic bed forms: A geostatistical and spectral883

method compared [Journal Article]. Journal of Geophysical Research: Earth Surface,884

113(F4). doi: 10.1029/2007JF000950885

–27–

©2020 American Geophysical Union. All rights reserved. 



manuscript submitted to JGR: Earth Surface

Van Gerwen, W. (2016). Modelling the equilibrium height of offshore sand waves (MSc The-886

sis, University of Twente, Enschede, The Netherlands). Retrieved from https://www887

.utwente.nl/en/et/wem/education/msc-thesis/2016/gerwen.pdf888

Van Gerwen, W., Borsje, B. W., Damveld, J. H., & Hulscher, S. J. M. H. (2018). Mod-889

elling the effect of suspended load transport and tidal asymmetry on the equilibrium890

tidal sand wave height [Journal Article]. Coastal Engineering, 136, 56-64. doi:891

10.1016/j.coastaleng.2018.01.006892

Van Lancker, V., & Jacobs, P. (2000). The dynamical behaviour of shallow marine dunes893

[Conference Proceedings]. In A. Trentesaux & T. Garlan (Eds.), International work-894

shop on marine sandwave dynamics.895

Van Oyen, T., & Blondeaux, P. (2009a). Grain sorting effects on the formation of tidal896

sand waves [Journal Article]. Journal of Fluid Mechanics, 629, 311. doi: 10.1017/897

s0022112009006387898

Van Oyen, T., & Blondeaux, P. (2009b). Tidal sand wave formation: Influence of graded899

suspended sediment transport [Journal Article]. Journal of Geophysical Research:900

Oceans, 114(C7). doi: 10.1029/2008JC005136901

Van Oyen, T., Blondeaux, P., & Van den Eynde, D. (2013). Sediment sorting along tidal sand902

waves: A comparison between field observations and theoretical predictions [Journal903

Article]. Continental Shelf Research, 63, 23-33. doi: 10.1016/j.csr.2013.04.005904

Van Oyen, T., De Swart, H. E., & Blondeaux, P. (2011). Formation of rhythmic sorted bed905

forms on the continental shelf: an idealised model [Journal Article]. Journal of Fluid906

Mechanics, 684, 475-508. doi: 10.1017/jfm.2011.312907

Van Rijn, L. C. (1993). Principles of sediment transport in rivers, estuaries and coastal seas908

[Book]. The Netherlands: Aqua Publications.909

Van Rijn, L. C. (2007). Unified view of sediment transport by currents and waves. i: Ini-910

tiation of motion, bed roughness, and bed-load transport [Journal Article]. Journal of911

Hydraulic Engineering, 133(6), 649-667. doi: 10.1061/(ASCE)0733-9429(2007)133:912

6(649)913

Van Rijn, L. C., Roelvink, J. A., & Horst, W. T. (2001). Approximation formulae for sand914

transport by currents and waves and implementation in DELFT-MOR. report z3054915

(Report). Deltares.916

Van Santen, R. B., De Swart, H. E., & Van Dijk, T. A. G. P. (2011). Sensitivity of tidal917

sand wavelength to environmental parameters: A combined data analysis and mod-918

elling approach [Journal Article]. Continental Shelf Research, 31(9), 966-978. doi:919

10.1016/j.csr.2011.03.003920

Verboom, G. K., & Slob, A. (1984). Weakly-reflective boundary conditions for two-921

dimensional shallow water flow problems [Journal Article]. Advances in Water922

Resources, 7(4), 192-197. doi: 10.1016/0309-1708(84)90018-6923

Walgreen, M., De Swart, H. E., & Calvete, D. (2004). A model for grain-size sorting over924

tidal sand ridges [Journal Article]. Ocean Dynamics, 54(3-4). doi: 10.1007/s10236925

-003-0066-3926

Wang, Z., Liang, B., Wu, G., & Borsje, B. W. (2019). Modeling the formation and migration927

of sand waves: The role of tidal forcing, sediment size and bed slope effects [Journal928

Article]. Continental Shelf Research, 190, 103986. doi: 10.1016/j.csr.2019.103986929

Widdows, J., & Brinsley, M. (2002). Impact of biotic and abiotic processes on sedi-930

ment dynamics and the consequences to the structure and functioning of the in-931

tertidal zone [Journal Article]. Journal of Sea Research, 48(2), 143-156. doi:932

10.1016/S1385-1101(02)00148-X933

Wilcock, P. R., & Crowe, J. C. (2003). Surface-based transport model for mixed-size sed-934

iment [Journal Article]. Journal of Hydraulic Engineering, 129(2), 120-128. doi: 10935

.1061/(ASCE)0733-9429(2003)129:2(120)936

Williams, R. D., Measures, R., Hicks, D. M., & Brasington, J. (2016). Assessment of a937

numerical model to reproduce event-scale erosion and deposition distributions in a938

braided river [Journal Article]. Water Resources Research, 52(8), 6621-6642. doi:939

10.1002/2015WR018491940

–28–

©2020 American Geophysical Union. All rights reserved. 



manuscript submitted to JGR: Earth Surface

Zhou, J., Wu, Z., Jin, X., Zhao, D., Cao, Z., & Guan, W. (2018). Observations and analysis941

of giant sand wave fields on the Taiwan Banks, northern South China Sea [Journal942

Article]. Marine Geology, 406, 132-141. doi: 10.1016/j.margeo.2018.09.015943

–29–

©2020 American Geophysical Union. All rights reserved. 



Figure 1.

©2020 American Geophysical Union. All rights reserved. 



©2020 American Geophysical Union. All rights reserved. 



Figure 2.

©2020 American Geophysical Union. All rights reserved. 



©2020 American Geophysical Union. All rights reserved. 



Figure 3.

©2020 American Geophysical Union. All rights reserved. 



©2020 American Geophysical Union. All rights reserved. 



Figure 4.

©2020 American Geophysical Union. All rights reserved. 



©2020 American Geophysical Union. All rights reserved. 



Figure 5.

©2020 American Geophysical Union. All rights reserved. 



©2020 American Geophysical Union. All rights reserved. 



Figure 6.

©2020 American Geophysical Union. All rights reserved. 



©2020 American Geophysical Union. All rights reserved. 



Figure 7.

©2020 American Geophysical Union. All rights reserved. 



©2020 American Geophysical Union. All rights reserved. 



Figure 8.

©2020 American Geophysical Union. All rights reserved. 



©2020 American Geophysical Union. All rights reserved. 


	Article File
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4
	Figure 5 legend
	Figure 5
	Figure 6 legend
	Figure 6
	Figure 7 legend
	Figure 7
	Figure 8 legend
	Figure 8



