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Abstract Tidal sand waves are dynamic bed patterns which are formed by the complex interaction
between hydrodynamics, sediment transport, and geomorphology. Field data from the southern North Sea
reveal that sand waves are absent where suspended load transport is the dominant transport mode. In order
to understand themechanisms responsible for the absence of sandwaves, we study the influence of suspended
load transport on the formation of tidal sand waves with a numerical process-based geomorphological model
(Delft3D). Model simulations are presented in which the vertical eddy viscosity and sediment diffusivity are both
spatially and temporally variable (k-ε turbulence model). First, it is shown that the preferred wavelength of sand
waves for a relatively large grain size increases by the inclusion of suspended sediment, while for a relatively
small grain size the flat bed is stable and no sand waves evolve. Second, it is shown that suspended load
transport causes the suppression of long sand waves, resulting in a finite range of wavelengths that experience
growth. Finally, by varying flow velocity amplitude and grain size, critical conditions for sandwave formation are
found, i.e., conditions for which sand waves are marginally generated.

1. Introduction

Sand waves are rhythmic bed patterns which are found on the bed of sandy shallow seas. The wavelengths of
these bed patterns are up to hundreds of meters, the heights are several meters, and the migration rates are
up to several meters per year [McCave, 1971; Terwindt, 1971; Huntley et al., 1993]. Sand waves are observed in
many tide-dominated sandy shallow shelf seas like the North Sea, Bisanseto Sea, Irish Sea, the shelves off
Spain and Argentina, and in many straits and tidal inlets around the world [Van Santen et al., 2011, and
references therein]. It is the combination of occurrence, dimensions, and dynamics that makes tidal sand
waves a practically relevant marine bed pattern. In particular, due to their dynamic character, sand waves
may interact with human activities like maintaining navigation channels and constructing pipelines and
telecommunication cables [Németh et al., 2003].

Field observations indicate a relation between suspended load transport and sand wave growth. McCave
[1971] observed a northward decrease in sand wave height in a sand wavefield in front of the Dutch coast. He
attributed this to a northward decrease in sediment size and consequently an increase in suspended load
transport. Later, the damping effect of suspended load transport on sand wave growth was also found in
observational studies worldwide by, e.g., Rubin and McCulloch [1980], Ernstsen et al. [2005], and Buijsman and
Ridderinkhof [2008]. These observations motivate us to study the physical mechanisms responsible for the
damping effect of suspended load transport on sand wave growth.

The formation of sand waves has been explained as a free instability of the sandy seabed subject to tidal
motion. As first pointed out by Hulscher [1996], the interaction of the oscillatory tidal flow with sinusoidal bed
perturbations gives rise to a tidally averaged residual flow, in the form of vertical recirculating cells directed
from the trough to the crest of the sand wave. If the net displacement of the sediment dragged by this
resulting flow pattern is directed toward the crests, the amplitude of the perturbation grows. On the other
hand, the perturbation decays if the net motion of the sediment is directed toward the trough of the bed
perturbation, i.e., decreasing the amplitude. The residual circulation induces a tide-averaged bed load sedi-
ment flux toward the crest of sand waves, which leads to sand wave growth. On the other hand, gravitational
effects cause sediment to move more difficult upslope than downslope, creating a tide-averaged bed load
sediment flux toward the trough and hence decay of the sand wave. The competition between these bed
load sediment fluxes defines a preferred wavelength, which is referred to as the fastest-growingmode (FGM).
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In the model by Hulscher [1996] only bed load transport is included, and the turbulent stresses are accounted
for by combining a constant vertical eddy viscosity with a partial slip condition at the bed. Komarova and
Hulscher [2000] extended the model of Hulscher [1996] by introducing a time dependency in the vertical eddy
viscosity, while retaining only bed load transport. Blondeaux and Vittori [2005a, 2005b], Besio et al. [2006], and
Van Oyen and Blondeaux [2009] introduced a depth-dependent eddy viscosity profile, which is time inde-
pendent, and a no-slip condition at the bed. Moreover, suspended sediment dynamics were included in the
model. The results of the model showed that sediment carried in suspension indeed provides a damping
effect on the growth rate of sand waves. However, the physical mechanism responsible for the damping
effect due to suspended load transport has not been explained yet.

Hulscher and Dohmen-Janssen [2005] argued that tidal sand waves and river dunes are comparable mor-
phological features in terms of their processes. Therefore, studies into the formation of river dunes could
point to possible physical mechanisms responsible for the damping effect of suspended load transport
[Engelund and Fredsøe, 1982; Colombini, 2004; Best, 2005]. Analogous to tidal sand wave formation, several
field studies have shown the damping effect of suspended load transport on river dune formation [Chen and
Nordin, 1976; Kostaschuk and Villard, 1996; Kostaschuk, 2000]. As discussed by Engelund and Fredsøe [1982], it
takes some time (and consequently distance) for the suspended sediment to adjust toward the equilibrium
profile. Therefore, the maximum transport of suspended sediment occurs downstream of the crest of the bed
form. Consequently, the gradient in the suspended load transport is positive at the crest, and therefore, the
suspended load has a damping effect on the river dune formation. Whether this physical explanation is also
applicable for tidal sand wave formation will be investigated in this paper.

Moreover, we are particularly interested in the physical mechanism behind the suppression of long sand waves.
It is known from field observations that sandwaves have a limited range in wavelengths [Van Santen et al., 2011].
Whereas slope-induced transport is known to be able to suppress short sand waves, it is still an open question
what mechanism suppresses the formation of long sand waves. Existing models fail to suppress the growth of
very long sand waves [Van den Berg et al., 2012]. As a direct result, while simulating the bottom evolution on a
large spatial domain, the sand wavefield finally evolves toward one large bed form with a wavelength equal to
the domain length [Van den Berg et al., 2012]. This indicates that the essential physical mechanisms are not
yet fully described. As shown by Borsje et al. [2013], the spatially and temporally variable vertical eddy viscosity
(k-ε turbulencemodel) leads to much smaller growth rates for long sand waves compared to stability sand wave
models in which the vertical eddy viscosity is time independent. However, positive growth rates for long sand
waves are still obtained. Whether the inclusion of suspended sediment in combination with a k-ε turbulence
model will lead to negative growth rates for long sand waves will also be investigated in this paper.

The aim of this paper is twofold. First, we aim to further investigate the relation between suspended load
transport and the occurrence of sand waves by analyzing field data. Secondly, we aim to understand how
suspended load transport mechanisms influence the formation of sand waves with the help of a numerical
process-based geomorphological model (Delft3D).

2. Field Data on Sand Wave Occurrence and Transport Regime

Field observations suggest a relation between the sediment transport regime and the occurrence of sand
waves [McCave, 1971]. To quantify the transport regime, we use the dimensionless Rouse number P [e.g.,
Fredsøe and Deigaard, 1992]. The Rouse number P is the ratio between the downwardmotion of the sediment
due to gravity and the upward motion due to the water motion

P ¼ ws

κu�
; (1)

wherews is the settling velocity of the sediment, κ is the von Karman constant (0.41), and u* is the shear velocity.
For the settling velocity of sediment ws, we use the relation given by Van Rijn [1993] for a grain size d between
0.1 and 1mm

ws ¼ 10υw
d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:01 ρs=ρw � 1ð Þgd3

υw2

s
� 1

0
@

1
A: (2)

In equation (2), υw is the kinematic viscosity coefficient of water, ρs is the specific density of the sediment, ρw is
the density of water, and g is the gravitational acceleration.
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The shear velocity u* is defined by

u� ¼
ffiffiffiffiffiffi
τb
ρw

r
; (3)

where τb is the bed shear stress, which is calculated by

τb ¼ ρwgUM2
2

C2 ; (4)

where UM2 is the amplitude of theM2 tidal velocity and C is the Chézy roughness coefficient. The latter is cal-
culated by

C ¼ 18 log
12H
ks

� �
; (5)

where ks is the bottom roughness height and H the local water depth. Because most sand waves are covered
with megaripples [Tobias, 1989; Van Santen et al., 2011], we use the megaripple predictor proposed by Van
Rijn [1993] to calculate the bottom roughness height ks

ks ¼ 1:1Δs 1� exp �25Δs=λsð Þð Þ; (6)

where Δs is the megaripple height and λs is the megaripple length. Following Van Santen et al. [2011], we take
Δs = 0.2m and λs = 10m.

The different transport regimes are classified as follows [Fredsøe and Deigaard, 1992]:

P< 1.2 suspended load transport
1.2< P< 2.5 incipient suspended load transport
P> 2.5 bed load transport

In order to calculate the local Rouse numbers P, we use the field data provided by Borsje et al. [2009a] on flow
velocity amplitude UM2, mean water depth H0, and sediment grain size d. The field data are transformed to a
uniform grid of 2 × 2 km for the Dutch continental shelf [Borsje et al., 2009b]. The locations of sand wave fields
on the Dutch continental shelf are provided by Hulscher and Van den Brink [2001], based on geological charts
by the Dutch Geological Service and sand wave data from Van Alphen and Damoiseaux [1989].

All three transport regimes are present at the Dutch continental shelf (Figure 1a). However, the sand
wavefields are characterized by Rouse numbers P closer to the bed load transport regime, and sand waves are
hardly found where (incipient) suspended load transport is dominant (Figure 1b).

Additionally, we calculated the Rouse number P for 32 locations where sand wave fields are observed around
the world, for which the tidal flow velocity amplitude UM2, mean water depth H0, and sediment grain size d
are known. From these 32 locations, 23 are in the Dutch part of the North Sea [Van Santen et al., 2011], 7 are in
the Belgian part of the North Sea [Cherlet et al., 2007], 1 is in San Francisco Bay in the U.S. [Sterlini et al., 2009],
and 1 is in the Gulf of Cadiz in Spain [Németh et al., 2007]. The Rouse numbers P at these locations are be-
tween 1.9 and 5.0, which is comparable to the range in Rouse numbers P presented in Figure 1b.

3. Model Description
3.1. Hydrodynamics

The formation of sand waves is modeled using the numerical process-based geomorphological model
Delft3D [Lesser et al., 2004]. The model description is discussed in detail in Borsje et al. [2013]. In this paper we
only summarize the most important equations and focus on the description of suspended
sediment dynamics.

The system of equations consists of a horizontal momentum equation, a continuity equation, a turbulence
closure model, a sediment transport equation, an advection–diffusion transport equation, and a sediment
continuity equation. The vertical momentum equation is reduced to the hydrostatic pressure relation as
vertical accelerations are assumed to be small compared to gravitational acceleration. The model equations
are solved by applying sigma layering in the vertical. In this study, the model is run in the two-dimensional
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vertical (2DV) mode, i.e., considering flow and variation in x and z direction only, while assuming zero flow
and uniformity in y direction and ignoring Coriolis effects. At the length scales of sand waves, Coriolis effects
have been shown to have a negligible effect [Hulscher, 1996].

In terms of the σ coordinates, the 2DV hydrostatic shallow water equations are described by

∂u
∂t

þ u
∂u
∂x

þ ω
Hþ ζð Þ

∂u
∂σ

¼ � 1
ρw

Pu þ Fu þ 1

Hþ ζð Þ2
∂
∂σ

υ
∂u
∂σ

� �
; (7)

∂ω
∂σ

¼ � ∂ζ
∂t

� ∂ Hþ ζð Þu½ �
∂x

: (8)

Here u is the horizontal velocity, ω is vertical velocity relative to the moving vertical σ plane, ρw is the water
density, H water depth below reference datum, ζ is the free surface elevation, Pu the hydrostatic pressure
gradient, Fu describes the horizontal exchange of momentum due to turbulent fluctuations, and υ the vertical
eddy viscosity. The vertical eddy viscosity υ is calculated by means of the k-ε turbulence closure model in
which both the turbulent energy k and the dissipation ε are computed [Rodi, 1984]. The resulting vertical
eddy viscosity υ is variable both in time and space. For details on the k-ε turbulence model formulations, see
Burchard et al. [2008].

At the bed (σ=�1), a quadratic friction law is applied and the vertical velocity ω is set to zero

τb≡ρw
υ

Hþ ζð Þ
∂u
∂σ

¼ ρwu� u�j j;ω ¼ 0; (9)

in which τb is the bed shear stress and u* is the shear velocity that relates the velocity gradient at the bed to

Figure 1. Distribution of the Rouse number P (a) over the Dutch continental shelf and (b) over the sand wave fields observed
on the Dutch continental shelf. Distinction is made between three different transport regimes [Fredsøe and Deigaard, 1992].
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the velocity u in the lowest computational grid point by assuming a logarithmic velocity profile (please note
the difference between equations (4) and (9)).

At the free surface (σ= 0), a no-stress condition is applied and the vertical velocity ω is set to zero

ρw
υ

Hþ ζð Þ
∂u
∂σ

¼ 0;ω ¼ 0: (10)

3.2. Sediment Transport and Bed Evolution

The bed load transport, Sb is calculated by Van Rijn et al. [2004]

Sb ¼ 0:006αsρswsdM
0:5M0:7

e ; (11)

where αs is a correction parameter for the slope effects (see below), ρs is the specific density of the sediment,
ws is the settling velocity of the sediment, and d the sediment grain size.M andMe, respectively the sediment
mobility number and excess sediment mobility number, are given by

M ¼ u2r
ρs=ρw � 1ð Þgd ;Me ¼ ur � ucrð Þ2

ρs=ρw � 1ð Þgd ; (12)

where ur is the magnitude of the equivalent depth-averaged velocity computed from the velocity in the
bottom computational layer assuming a logarithmic velocity profile, ucr is the critical depth-averaged
velocity for the initiation of motion of sediment based on the Shields curve. If ur< ucr, the bed load
transport is set to zero.

Bed load transport is affected by bed level gradients, which causes sediment to move more difficult upslope
than downslope. The correction parameter αs for the slope effect is usually taken inversely proportional to the
tangent of the angle of repose of sand φs [Sekine and Parker, 1992]

αs ¼ 1
tanφs

: (13)

The angle of repose of sand φs is in the range between 15° and 30°. In this paper we set αs equal to 2.5, fol-
lowing Van den Berg et al. [2012]. This value corresponds to an angle of repose of sand of 22°. For sediment
transported upslope the value of αs = �2.5, and for sediment transported downslope the value of αs = 2.5.

The suspended sediment concentration is calculated by solving the advection–diffusion equation

∂c
∂t

þ ∂ cuð Þ
∂x

þ ∂ w � wsð Þc
∂z

¼ ∂
∂x

εs;x
∂c
∂x

� �
þ ∂
∂z

εs;z
∂c
∂z

� �
; (14)

where c is the mass concentration of sediment and εs,x and εs,z are the sediment diffusivity coefficients in x
and z direction, respectively. The horizontal sediment diffusivity εs,x and vertical sediment diffusivity εs,z are
taken equal to the horizontal and vertical eddy viscosity, respectively.

Suspended sediment includes all sediments transported above the reference height, a=0.01H. The reference
concentration, ca, at height a is given by Van Rijn [2007]

ca ¼ 0:015ρs
dTa

1:5

aD�0:3
: (15)

Here Ta is the nondimensional bed shear stress

Ta ¼ μτb � τcr
τcr

; (16)

where μ is the efficiency factor, which is the ratio between the grain-related friction factor and the total
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current-related friction factor, τcr the critical bed shear stress for the initiation of motion of sediment, and D* is
the nondimensional particle diameter. Details on the calculation of the efficiency factor, critical bed shear
stress, and nondimensional particle diameter can be found in Apotsos et al. [2011]. At the free surface, the
vertical diffusive fluxes are set to zero. Details on the calculation of the suspended sediment concentration
profile in the Delft3D model are given by Deltares [2014].

Finally, the bed evolution is governed by the sediment continuity equation (Exner equation), which reads

1� εp
� � ∂zb

∂t
þ ∂ Sb þ Ssð Þ

∂x
¼ 0; (17)

in which εp=0.4 is the bed porosity, Sb is the bed load transport (equation (11)), and Ss is the suspended load
transport calculated by

Ss ¼ ∫
Hþζð Þ

a
uc � εs;z

∂c
∂x

� �
dz: (18)

Sediment transported below the reference height a is regarded as bed load sediment transport, as it re-
sponds almost instantaneously to changing flow conditions [Van Rijn, 2007].

Equation (17) simply states that convergence (or divergence) of the total transport rate must be accompanied
by a rise (or fall) of the bed profile.

3.3. Model Setup

In the horizontal dimension, the model domain is 50 km, with a variable horizontal resolution. In the center of
the model domain the grid size is 10 m, increasing to a value of 1500m at the lateral boundaries. In the
vertical dimension, the model grid is composed of 20 layers, with small vertical resolution near the bed and
increasing toward the water surface. At the lateral boundaries, a Riemann boundary condition is imposed
[Verboom and Slob, 1984]. For this type of boundary condition, a depth-averaged velocity amplitude and a
tidal frequency is imposed, and outgoing tidal waves are allowed to cross the open boundary without being
reflected back into the computational domain. The tidal frequency σM2 of the semidiurnal depth-averaged
velocity amplitude UM2 is set at 1.45 × 10�4 s�1. At the lateral boundaries, both the suspended sediment
concentrations and bed load transport rates are set to zero. The hydrodynamic time step is 3 s, and after every
hydrodynamic time step, the bed level is updated. The initial bed level perturbation zb is prescribed as the
product of a sinusoidal sand wave pattern with a given wavelength L and amplitude A together with an
envelope function. This ensures a gradual transition from the flat bed to the sand wavefield in the center of
the domain. Consequently, a coarser grid can be used near the boundaries. The initial amplitude of the sand
wave A0=0.5m. Smaller initial amplitudes show the same quantitative behavior, only require more vertical
layers, and are therefore more time consuming. The Chézy roughness coefficient C is calculated by equation
(5). The model is run for two tidal cycles. The first tidal cycle is used for spin-up, and no bed level changes are
allowed. During the second tidal cycle, bed level changes are allowed. Assuming exponential growth (which
is valid for small-amplitude sand waves [Besio et al. 2008]), the growth rate γR for the bed perturbation is
calculated by

γR ¼
1
T
Re log

A1
A0

� �� �
; (19)

where T is the tidal period and A1 is the bed amplitude of the sand wave after one tidal cycle of
morphodynamic computation. Both A0 and A1 are determined by a fast Fourier transform of the central part
of the sand wave domain. Positive values of γR indicate growth of the bottom perturbation, whereas negative
values indicate decay.

A reference coordinate is introduced to describe the results of the model simulations. The crest of the sand
wave is located at x= 0. The flood direction is from left to right, and the ebb direction is in the opposite di-
rection. Maximum flood is the moment in time when the maximum depth-averaged velocity at the crest of
the sand wave is reached during flood. The front and the rear of the sand wave are located at the left and
right side of the crest of the sand wave, respectively.
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4. Results

In the following model simulations, the effect of suspended load transport on the growth of tidal sand waves
is presented. The dominant transport regime for the different model simulations is determined based on the
classification given by Fredsøe and Deigaard [1992], as presented in section 2. The model was run for three
different sets of tidal conditions (Table 1). The first set of tidal conditions (Case I) was a fixed flow velocity
amplitude UM2, mean water depth H0, and wave number k and two different grain sizes d (corresponding to
the bed load and the suspended load regime). In the second set of tidal conditions (Case II), the flow velocity
amplitude UM2, mean water depth H0, and grain sizes d were taken the same as in Case I, only now the
wave number k was varied in order to study the existence of a fastest-growing mode. In the third set of tidal
conditions (Case III), both the flow velocity amplitude UM2 and the sediment grain size d were varied and
critical conditions for sand wave growth were determined. The settings for flow velocity amplitude UM2,
mean water depth H0, and grain size d resemble a typical North Sea situation for sand wave occurrence
[Borsje et al., 2009a].

4.1. Sediment Transport Rates

First, the model is run for two different grain sizes (d = 0.2mm and d = 0.35mm), a flow velocity amplitude
UM2 = 0.65m s�1, a mean water depth H0 = 25m, and a sand wave with a wavelength L = 600m (Case I). A
grain size of d= 0.35mm is the average grain size found in sand waves in the North Sea, whereas a grain
size of d = 0.2mm is smaller than the smallest grain size found in sand waves at the Dutch continental shelf
[Borsje et al., 2009a].

Focusing on the suspended sediment concentrations c during maximum flood, we observed higher
suspended sediment concentrations c for the small grain sizes (Figure 2b) compared to the large grain sizes
(Figure 2a). Moreover, sediment concentration maxima occur near the bed and decrease rapidly higher in the
water column. Furthermore, a downstream shift is observed in the suspended sediment concentrations
(the contour lines in Figure 2 are out of phase with the sand wave). The downstream shift is larger for small
grain sizes compared to large grain sizes (i.e., the phase difference between the contour lines and the sand
wave is larger for the small grain sizes). At a water depth of�16m, the downstream shift is 25m and 45m for
a grain size of d= 0.35mm and d= 0.2mm, respectively (Figure 2).

Concerning the tide-averaged suspended sediment concentrations (Figure 3), we observe higher tide-
averaged suspended sediment concentrations< c> above the crest than in the trough for both grain
sizes. This difference is explained by the slightly higher flow velocities and therefore higher suspended
sediment concentrations above the crest of the sand wave compared to the trough.

Next, we study the tide-averaged bed load transport rate< Sb> and the tide-averaged suspended load
rate< Ss>. The tide-averaged bed load transport rate< Sb> is smaller for small grain sizes than for large
grain sizes (Figure 4a). For decreasing grain sizes, both the sediment mobility number and the excess sed-
iment mobility number increase (equation (12)). However, the total bed load transport rate decreases due to
a decrease in settling velocity of sediment (equation (11)). Consequently, for decreasing grain sizes, the bed
load transport rate slightly decreases and the sediment is dominantly transported in suspension (Figure 4b).
Nevertheless, for decreasing grain sizes, the total sediment transport rate is increasing. Remarkably, the tide-
averaged suspended load transport rate< Ss> (Figure 4b) is opposite in sign compared to the tide-averaged
bed load transport rate< Sb> (Figure 4a). Since the divergence or convergence in transport rates determines
the growth or decay of the sand wave (equation (17)), both transport mechanisms induce an opposite effect
on sand wave formation. The bed load transport induces sand wave growth, and suspended load transport

Table 1. Overview of the Values and Dimensions of the Sets of Tidal Conditions

Description Symbol

Value(s) of Tidal Conditions

DimensionCase I Case II Case III

Amplitude of horizontal M2 tidal velocity UM2 0.65 0.65 [0.65–0.8] m s�1

Mean water depth H0 25 25 25 m
Sediment grain size d 0.2 and 0.35 0.2 and 0.35 [0.25–0.3] mm
Wave number k 2π/600 [0.4 × 10�3–0.04] [0.4 × 10�3–0.04] m�1

Rouse number P 1.4 and 3.0 1.4 and 3.0 [1.9–2.5] —
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Figure 3. Tide-averaged suspended sediment concentrations< c> (kgm�3) for a sand wave with wavelength L=600m,
(a) a grain size d=0.35mm (Rouse number P=3.0), and (b) a grain size d=0.2mm (Rouse number P=1.4). The sand
wave crest is located at x=0. For clarity, only the lowest 10 m of the water column are shown (Case I in Table 1).

Figure 2. Suspended sediment concentrations log c (kgm�3) during maximum flood (flow from left to right) for a sand
wave with wavelength L=600m, (a) a grain size d=0.35mm (Rouse number P=3.0), and (b) a grain size d=0.2mm
(Rouse number P=1.4). The sand wave crest is located at x=0. For clarity, only the lowest 10 m of the water column is shown
(Case I in Table 1). Contour lines are included to show the phase lag between the sediment concentration and the bed level.
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provides a damping effect. For small grain sizes (d=0.2mm) the gradient in the tide-averaged suspended
load transport< Ss> is even larger than the gradient in the tide-averaged bed load transport rate< Sb>,
inducing a decay of the sand wave, at least for this wavelength and tidal condition. As illustrated in Figure 4,
tide-averaged bed load transport rates< Sb> are much less sensitive to grain size variations compared to
tide-averaged suspended load transport rates< Ss> .

4.2. Bed Evolution

Next, we study the damping effect of suspended load transport on the growth curve by varying the topo-
graphic wave number k= 2π/L, while keeping the flow velocity amplitude UM2 and mean water depth H0

constant. In order to analyze the impact of suspended load, two distinct grain sizes are considered (Case II in
Table 1). It is found that the damping effect of suspended load transport is the strongest for the largest wave
numbers (Figures 5b and 6b). For a grain size of d= 0.35mm, the contribution of the suspended load trans-
port to the total growth rate is relatively small (compared to the bed load transport and the slope-induced
transport). The fastest-growing mode is slightly influenced for relatively large grains. In particular, an increase
is found from LFGM = 330m to LFGM = 400m by including suspended sediment (Figure 5).

Another interesting observation is the suppression of long sand waves for a relative large grain size
(Figure 5e). Whereas the slope-induced transport suppresses very short sand waves, suspended sediment
dynamics causes very long sand waves to decay. For this tidal condition we find a range in wavelengths with
a positive growth rate between L= 200m and L=4200m.

By decreasing the grain size, it appears that suspended load transport damps entirely the appearance of all
bottom perturbations such that sand waves are absent, while considering only bed load a fastest-growing
mode of LFGM = 370m is found (Figure 6).

Figure 4. (a) Tide-averaged transport rates (m3 s�1m�1) over a sand wave with wavelength L=600m, for (a) the bed load
transport< Sb> (including slope-induced transport) and (b) the suspended load transport< Ss>, for a grain size
d=0.35mm (Rouse number P=3.0) (gray line) and d=0.2mm (Rouse number P=1.4) (black line) (Case I in Table 1).
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4.3. Critical Conditions for Sand Wave Formation

Themodel results show negative growth rates for both long sand waves and short sand waves (Figure 5). This
motivates us to investigate whether we can find critical conditions for sand waves formation. We start with a
simulation for which the Rouse number P= 2.5 (lower limit of bed load transport regime) and vary succes-
sively the flow velocity amplitude UM2 and grain size d toward the suspended load transport regime
according to the parameter range given in Table 1 (Case III). The parameter settings for the reference run (for
which the Rouse number P=2.5) is as follows: flow velocity amplitude UM2 = 0.65m s�1, mean water depth
H0 = 25m, and grain size d=0.3mm. The Rouse number P is hardly dependent on the mean water depth H0

and therefore taken constant in this analysis.

For the reference run, the fastest-growing mode LFGM = 540m and sand waves with a wavelength between
L=290m and L= 2500m show positive growth rates (Figure 7). By decreasing the grain size d, the fastest-
growing mode LFGM increases. The situation for which sand waves are marginally generated is for a grain size
d=0.255mm (Figure 7b) and a corresponding Rouse number P=2.0 (Figure 7a). For even smaller grain sizes,
all bed perturbations are damped and the flat bed is stable.

Next, we increase the flow velocity amplitude UM2 and impose the grain size d=0.3mm and mean water
depth H0 = 25m (Figure 8). Marginally generated sand waves are observed for a Rouse number P= 2.0
(Figure 8a). The critical flow velocity amplitude UM2 = 0.775m s�1 for which sand waves are marginally
generated (Figure 8b).

Figure 5. The total growth rate curve is the sum of (a) the bed load transport component, (b) the suspended load transport component, and (c) the slope-induced
transport component for a grain size d=0.35mm (Rouse number P=3.0). On the horizontal axis the wave number k (m�1) is given, and on the vertical axis the growth
rate γR (s

�1). The circles indicate the growth rates belonging to the fastest-growingmode LFGM. (d) Distinction is made between the growth curve for a combination of
the bed load transport component and slope-induced transport component (gray line) and a combination of the bed load transport component, suspended load
transport component, and slope-induced transport component (black line). (e) A zoom of the total growth curve is given for small wave numbers k (Case II in Table 1).
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In the field, sand wave occurrence was observed for a Rouse number P> 1.9 (section 2). Model simulations
show comparable results: Sand waves are formed for Rouse numbers P> 2.0.

4.4. Physical Explanation

As found in themodel simulations, the formation of sandwaves is governed by three different transport processes:
bed load transport, slope-induced transport, and suspended load transport. In this section, we give the physical
explanation for the formation of sand waves, focusing on these three different transport processes (Figure 9).

During the flood phase, the bed load transport rate is slightly larger in front of the crest, compared to the rear of the
crest due to the modulation of the flow velocity field as shown by Hulscher [1996]. During the ebb phase, the
opposite effect is observed: larger bed load transport rates at the rear of the crests compared to the front of the crest.
The net effect is a bed load sediment flux toward the crest of the sand waves, which leads to sand wave growth.

The slope-induced transport is smaller in front of the crest, compared to the rear of the crest during the flood
phase, since sedimentmoves more easily downslope than upslope. During the ebb phase, the opposite effect
is observed and the net effect is a sediment flux from the crest to the trough.

The suspended load transport is determined by the suspended sediment concentration and the flow
velocity. During the flood phase, the suspended sediment concentration in front of the crest is smaller
compared to the rear of the crest (as shown in Figure 2). Moreover, the flow velocities are slightly larger
above the crest of the sand wave compared to the trough. As a consequence, the suspended load
transport rate at the rear of the sand wave is larger than the suspended load transport at the front of

Figure 6. The total growth rate curve is the sum of (a) the bed load transport component, (b) the suspended load transport component, and (c) the slope-induced transport
component for a grain size d=0.2mm (Rouse number P=1.4). On the horizontal axis the wave number k [m�1] is given, and on the vertical axis the growth rate γR (s

�1).
The circles indicate the growth rates belonging to the fastest-growing mode LFGM. (d) Distinction is made between the growth curve for a combination of the bed load
transport component and slope-induced transport component (gray line) and a combination of the bed load transport component, suspended load transport component,
and slope-induced transport component (black line) (Case II in Table 1).
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the sand wave during the flood phase. During the ebb phase, the opposite is observed, and the net
effect is a sediment flux from the crest to the trough of the sand wave.

The downstream shift in the suspended sediment concentration during flood is larger for small grain
sizes, compared to large grain sizes, as shown in Figure 2. As a consequence, the gradient in
suspended load transport is also larger for small grain sizes (Figure 4). At a certain point, for de-
creasing sediment grain sizes, the growth of the bed perturbation by the bed load sediment flux is
counteracted by the decay of the bed perturbation by the slope-induced transport flux and the
suspended load transport flux, and a critical condition for sand wave growth was found (Figure 7). The
same explanation holds for increasing flow velocity amplitudes: The downstream shift in the
suspended sediment concentration increases for increasing flow velocity amplitude. At a certain point,
the suspended load transport flux and the slope-induced flux are larger than the bed load transport
flux leading to a critical condition for sand wave growth (Figure 8). The impact of the inclusion of
suspended load transport on sand wave growth is shown in Figure 10. In this figure, the fastest-
growing mode is shown for a variation in flow velocity amplitude and hence the Rouse number, for
the same parameter settings as the model simulation in Figure 8. Remarkably, the difference between
the fastest-growing modes is considerable, even in the bed load regime.

5. Discussion

In this paper, we studied the relation between suspended load transport and the formation of sand waves, both
in the field and in the numerical process-based geomorphological model Delft3D. In the field, sand wave fields

Figure 7. (a) Marginal stability condition (gray lines), which discriminates betweenpositive growth rates (unstable) and negative
growth rates (stable) as function of the wave number k (m�1) for a variation in grain size d (mm). Other parameter values are
given in the subplot title. The growth rate with the fastest-growing mode is indicated with the black line. The Rouse number
P for themarginal stable condition is indicated in the circle (Case III in Table 1). (b) Two growth rate curves are shown: one for the
reference run (d=0.3mm) and one for the conditions leading to marginal stable conditions (d=0.255mm).
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were only observed in regions where bed load was the dominant transport mode. Where suspended load was
the dominant transport mode, sand waves were not observed. The same relation was found in model simu-
lations, in which the effect of suspended load transport on sand wave formation and occurrence was
studied. We found critical conditions for sand wave occurrence by using an advanced k-ε turbulence
model with the inclusion of suspended sediment dynamics. A combination of an advanced turbulence
model with suspended sediment dynamics has never been applied before in sand wave modeling.

The suppression of long sand waves was caused by the combination of an advanced turbulence model (k-ε
turbulence model) and suspended load transport. To be conclusive, we also ran the model with a time-in-
dependent eddy viscosity (i.e., the constant eddy viscosity model used in Borsje et al. [2013]), with the same
parameter settings as the reference run in Case III (dotted line in Figure 8b). In the constant eddy viscosity
model simulation, the fastest-growing mode LFGM = 1378m, which is much larger compared to the reference
run. The larger fastest-growing mode is caused by the overestimation in bed shear, as extensively discussed
by Borsje et al. [2013]. Moreover, no suppression of long sand waves is observed for the constant eddy vis-
cosity model. Also, no suppression of long sand waves was observed for sand wave models in which a time-
independent vertical turbulence profile is adopted in combination with suspended sediment dynamics
[Blondeaux and Vittori, 2005a, 2005b; Besio et al., 2006; Van Oyen and Blondeaux, 2009].

Critical conditions for sand wave formation were presented earlier by Komarova and Hulscher [2000],
who employed a linear stability analysis on a stability sand wave model in which only bed load transport
was included. They used the slope parameter to control the unstable modes and found a critical mode

Figure 8. (a) Marginal stability condition (gray lines), which discriminates between positive growth rates (unstable) and negative
growth rates (stable) as function of the wave number k (m�1) for a variation in flow velocity amplitude UM2 (ms�1). Other pa-
rameter values are given in the subplot title. The growth rate with the fastest-growing mode is indicated with the black line. The
Rouse number P for themarginal stable condition is indicated in the circle (Case III in Table 1). (b) Two growth rate curves are shown:
one for the reference run (UM2=0.65ms�1) and one for the conditions leading to marginal stable conditions (UM2=0.775ms�1).
The dash-dotted line shows the growth curve for a constant eddy viscosity simulation and is included for later reference.
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of Lcrit = 571m for a mean water depth H0 = 45m and for a critical slope parameter αs = 21. In their
model, a turbulence model (in which viscosity was mean water depth times near-bed velocity) is used in
which the time dependency was crucial to find the critical conditions. This is in line with our result that
the advanced k-ε turbulence model is able to generate critical conditions, whereas the constant eddy
viscosity model is not able to do so. However, in our analysis we found critical conditions for more re-
alistic parameter settings and with the inclusions of suspended sediment dynamics. Such a result was
not presented in stability sand wave models including suspended sediment dynamics [Blondeaux and
Vittori, 2005a, 2005b; Besio et al., 2006; Van Oyen and Blondeaux, 2009].

In our simulations, we found that suspended load transport always has a damping effect on sand wave
growth (Figure 9). However, Van Oyen and Blondeaux [2009] showed that sediment transported in suspension
first lead to a positive effect on the growth rate of sand waves when only a slight increase of the depth-
averaged tidal velocity is considered. By further increasing the depth-averaged tidal velocity, the relative
importance of the suspended load transport became larger and the growth rate strongly decreased. The
explanation for the contradiction in both model outcomes is not yet understood.

Now the formation of sand waves has been studied, a next step is to study the mechanisms which
control the equilibrium height of sand waves. Moreover, the proposed model allows us to investigate
whether the fastest-growing mode for a small-amplitude sand wave coincides with the wavelength of a
sand wave in its equilibrium shape. Finally, starting from a flat bed with random small perturbations, the
formation of a regular sand wavefield can be studied, while both long sand waves and short sand waves
will be damped. Whether the wavelength of these regular sand waves are comparable to the fastest-
growing mode found in the schematized situation still remains an important question to answer.

Figure 9. Schematic overview of the three dominant processes in sand wave formation: bed load transport, slope-induced trans-
port, and suspended load transport. Distinction is made between the fluxes during the flood and the ebb phase. Fluxes and sand
wave dimensions are not to scale.
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6. Conclusions

Analysis of field data on sand wave occurrence showed that sand wave fields were only found where bed
load transport was the dominant transport mode. At locations where suspended load transport was the
dominant transport regime, sand wave fields were absent. The lower limit of sand wave occurrence was
found at a Rouse number P= 1.9.

Model simulations with the numerical process-based geomorphological model Delft3D showed that the
damping effect of suspended load transport was caused by the phase lag between the suspended sediment
concentrations and the sand wave, resulting in a tide-averaged divergence of suspended load transport at
the sand wave crest and hence sand wave decay. For relatively large grain sizes (the bed load regime) the
preferred wavelength of the sand wave increased by including suspended load transport. However, for a
relatively small grain size (the suspended load regime), the damping effect of suspended load transport in
combination with slope-induced transport dominated over the growthmechanism due to bed load transport
leading to a stable flat bed.

Previous model studies in which suspended sediment dynamics were included showed a positive growth
rate for long sand waves. Alternatively, model simulations in this paper showed that suspended load trans-
port in combination with an advanced turbulence model suppressed very long sand waves, resulting in a
finite range of wavelengths of sand waves that experienced growth. Based on this result, critical conditions
for sand wave occurrence were found in the model by varying the flow velocity amplitude and grain size
independently. The simulations showed that sand waves were only formed for Rouse numbers P> 2.0, a
value which was comparable to the field observations.
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