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Summary. Sand waves are bed-forms occurring in shallow seas. Although their
characteristics are mainly affected by bed load transport, during rough weather
suspended sediment transport can influence their characteristics. As a first step to
model these influences, we added suspended sediment transport to a numerical 2DV
model that was specifically developed for simulating sand waves. In this paper, res-
ults are presented for initial, small amplitude, sand waves. Incorporating suspended
sediment transport increases the growth rate of sand waves significantly while their
wave length is more robust. Furthermore, we found that the results are sensitive to
flow conditions, as expected, and sediment diffusivity, which needs a more advanced
description.

1 Introduction

The sea bed of a shallow sea is rarely flat. Various bed-forms occur, varying
from small scale ripples and mega-ripples to large scale sand banks. Sand
waves are bed-forms with a scale between these two extremes. The wavelengths
of these bed-forms vary between 100 and 800 meters, and heights can reach
up to one third of the water depth (i.e. a maximum of around 10 meters in 30
meters of water). These characteristics, together with the fact that sand waves
can migrate several meters per year and that they cover the majority of the
Southern North Sea ([16], Figure 1, mean that they affect human activities
in shallow seas. Therefore, we aim to model and so better understand the
dynamics of these sand waves and the influence of both the tidal motion and
weather conditions.
Observations indicate that sand waves change due to suspended sediment
transport, especially during rough weather conditions. For example, [11] in-
vestigated sand waves in the Dutch coastal area, together with their physical
environment. He concluded that sand waves occur under sufficiently high cur-
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(a) (b)

Fig. 1. (a) Sand wave and sand bank occurrence in the Southern part of the North
Sea; (b) measured field data of a sand wave field in the North Sea.

rent velocities, low to moderate wave activity and an asymmetry in the tidal
ellipse. Observations indicated that sand waves were lower on locations with
more suspended sediment transport. Recently, [13] investigated weather in-
fluences on compound sand waves and mega-ripples. Although mega-ripples
were found to be directly influenced by an individual storm, [13] concluded
that sand wave morphology is a result of the general wind-wave climate. This,
together with the local setting in which sand waves occur, was reasoned to
lead to variation in sand wave shapes.
Offshore in shallow seas, bed load transport is expected to be the main sed-
iment transport mechanism. As the water depth is in the order of tens of
meters, under normal conditions short surface waves rarely interact with the
sea bed. As grain sizes in sand wave areas are typically around the 200-300µm,
vertical velocity due to the tidal current is lower than the fall velocity for the
sediment for most of the tide, so the suspension of sediment only occurs during
part of the tidal cycle. However, under storm conditions, suspended sediment
can play an important role, especially in relatively shallow water. [2] found
that under normal conditions and a flat bed, suspended sediment transport
could be 30% of the bed load transport. [4] found seasonal dependency of
sand wave height and migration in the Marsdiep. In this long term data set
(1998-2005), sand waves were on average 30% higher after calm summer peri-
ods and lower after winter seasons. This variability was greater in locations
where, due to finer sediment and stronger tidal currents, suspended sediment
is more abundant.
Though techniques to measure sand wave characteristics as height and mi-
gration are improved over the past decades, still measurements are expensive
and little detailed data is available. Modeling sand wave characteristics im-
proves our knowledge of sand wave behavior and the processes underlying
this behavior. In this way modeling can help where data is unavailable or
insufficient.
The described studies indicate that suspended sediment transport influences
sand waves, yet the effects have not yet been thoroughly investigated. Though
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the occurrence of suspended sediment transport increases the total sediment
transport, it is not clear beforehand, whether suspended sediment will increase
the sand wave growth, or will repress this growth. This depends on the dis-
tribution of erosion and deposition of the suspended sediment over the sand
wave.
In this paper, we aim to contribute to an understanding of the effects of sus-
pended sediment transport on the initial stage of sand wave formation. Here-
to, we investigated the effect of implementing suspended sediment transport in
the 2DV numerical sand wave code and the sensitivity of several parameters.
After a short state of the art overview (Section 2.1), we will discuss the used
model and the equations implemented to describe suspended sediment (Sec-
tion 3). In Section 4, the simulations and their results are described, after
which in Section 5 the results are discussed and conclusions are drawn.

2 Sand wave modeling

2.1 State of the art

[8] described sand waves as free instabilities of the coupled system of a sandy
sea bed and a tidal flow. In such a system, vertical vortices play a crucial role.
Small perturbations of the sea floor cause small perturbations in the flow field
and vice versa. The bed can be either stable, which means that disturbances
will be damped, or unstable, which means that bed perturbations will grow
and the sea bed is changed. When perturbations are unstable (i.e. triggering
growth) the flow field is changed such that, averaged over the tidal cycle,
small vertical rest circulation cells occur (Figure 2). These cells cause small
net transport to the crests of the perturbation, thereby causing growth. This
process can be described using a linear stability analysis. A linear analysis
is valid only for small, formally only infinitesimal small, amplitude perturba-
tions. To overcome this limitation, numerical tools have been developed that
allow the simulation of fully developed sand waves ([12],[15]). [12] showed that
non-linear sand waves can be simulated with only bed load transport and an
unidirectional steady current. [1] investigated the effects of tidal waves and
asymmetry, explaining migration of small linear sand waves. [15] extended to
fields of sand waves and showed sand waves to develop from random small
bottom disturbances. Recently [3] showed effects of wind and waves on a sand
pit situation, in which waves had a quantitative but no qualitative effect on
the sand pit. In these studies, the effects of suspended sediment on sand wave
formation, i.e. the aim of this paper, have not yet been studied.

3 Sand wave model

The simulation method used in this paper is based on the model described by
[8], who applied a linear stability analysis. The linear stability analysis predicts
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Fig. 2. Averaged over a tidal cycle, vertical circulations cells can occur due to small
perturbations in the sea floor, causing growth or decay of these perturbations.

sand waves to grow exponentially in their initial stage. Starting with a small
sinusoidal perturbation of the sea floor, characterized by a certain wavelength,
growth or decay of the particular perturbation can be predicted numerical as
well. For an initial bed with the form h = A sin(2π

L x), with A being the
amplitude and L the wavelength of the sand wave, the growth rate can be
determined by the change in the sand wave height using ω = 1

∂t log(hnew

hold
). The

growth rate is expressed in 1/s. When the growth in height corresponding to
various wave lengths is known, the wave length that induces the fastest growth
in height can be found (fastest growing mode, FGM). The FGM indicates the
dominant sand wavelength that is expected to be the most likely to occur in
reality as it grows fastest in height.
We start the simulation by prescribing sinusoidal, small amplitude, bed waves.
The tidal flow is modeled as a symmetrical sinusoidal current prescribed by
means of a forcing. Using the bathymetry, a tidal flow is calculated. Since
the flow changes over a time-scale of hours and the morphology over a time-
scale of years, the bathymetry is expected to be invariant over a single tidal
cycle. Once the tidal flow is known, the bed changes are calculated over this
typical tide, using sediment transport equations. This is repeated until the bed
evolution exceeds a certain value, after which a new tidal flow is calculated.
This, in turn, affects the bed and so the process is iterative. In this way, we
are able to simulate the morphological time scale accurately, while avoiding
long computation times.
The model consists of the hydrostatic flow equations for 2DV flow (Equations
1 and 2). In the horizontal direction, periodic boundary conditions are used.
For model details, we refer to [15].

∂u

∂x
+

∂w

∂z
= 0 (1)
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In these equations x, z represent the horizontal and vertical directions and u
and w the horizontal and vertical flow velocities. The variable t denotes time,
ζ is the water surface elevation, g is the constant of gravity and Av is the
constant eddy viscosity.
Boundary conditions at the bed disallow flow through the bottom (equation
3). Further, a partial slip condition compensates for the constant eddy vis-
cosity, which overestimates the eddy viscosity near the bed (equation 3). The
parameter S denotes the amount of slip, with S = 0 indicating perfect slip
and S = ∞ indicating no slip. At the water surface, there is no friction and
no flow through the surface (equations 4).

w − u
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= 0|seabed ; Av

∂u

∂z
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∂ζ
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The flow and the sea bed are coupled through the continuity of sediment
(equation 5). Sediment is transported in two ways: as bed load transport (qb)
and as suspended load transport (qs), which are modeled separately. Here we
use a bed load formulation after [9] (equation 6).

∂h

∂t
= −

(
∂qb

∂x
+

∂qs

∂x

)
(5)

qb = α|τb|b
[
τb

|τb|
− λ

∂h

∂x

]
(6)

Grain size and porosity are included in the proportionality constant α, τb is
the shear stress at the bottom, h is the bottom elevation with respect to the
spatially mean depth H and the constant λ compensates for the effects of
slope on the sediment transport. For more details, we refer to [9] or [18].
In order to model suspended sediment transport qs, we describe sediment
concentration c throughout the water column, i.e. a 2DV model. Horizontal
diffusion is assumed to be negligible in comparison with the other horizontal
influences. The vertical flow velocity, w, is smaller than the fall velocity for
sediment, ws, and can be neglected in this equation, leading to equation (7).
This means that the sediment is suspended only by diffusion from the bed
boundary condition (equation 12). As the flow velocity profile is already cal-
culated throughout the vertical direction, suspended sediment transport qs

can be calculated using equation (8).
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qs =
∫ H

a

u(z)c(z)dz (8)

ws =
νD3∗

18D50
(9)

D∗ ≡
(
g(s− 1)

ν2

)1/3

D50 (10)

εs = Av (11)

The parameter εs denotes the vertical diffusion coefficient (here taken equal
to Av), a is a reference level above the bed above which suspended sediment
occurs, D is the grain size. The dimensionless grain size is denoted by D∗,
(s − 1) is the relative density of sediment in water (ρs−ρw

ρw
), with ρw the

density of water and ρs the density of the sediment and ν is the kinematic
viscosity. Equations (9-11) are due to [18].
Suspended load is defined as sediment which has been entrained into the flow.
By definition, it can only occur above a certain level above the sea bed. At
this reference height, a reference concentration can be imposed as a boundary
condition. Various reference levels and concentrations exist for rivers, near-
shore and laboratory conditions. Those often applied are [17, 14, 5, 21]. For
offshore sand waves, the choice of a reference height is more difficult than it is
for the shallower (laboratory) test cases. In this case, the reference equation
of [17] (equation 12) is used, with a reference height of 1 percent of the water
depth, corresponding with the minimum reference height proposed in [17].

ca = 0.015
D

0.01HD0.3∗

(
|τ | − τcr

τcr

)1.5

(12)

The reference concentration at height a above the bed is given by ca and τcr

is the critical shear stress necessary to move sediment.
Both the gradient and the quantity of suspended sediment are largest close
to the reference height. Therefore, concentration values are calculated on a
grid with a quadratic point distribution on the vertical axis, such that more
points are located closer to the reference height and fewer points are present
higher in the water column. To complete the set of boundary conditions for
sediment concentration, we disallow flux through the water surface.

4 Model results

In this paper, we concentrate fully on the influence of suspended sediment on
the initial state of sand waves. We started each simulation with a sinusoidal
bed-form with an amplitude of 0.1m.

Next, we investigated the (initial) growth rate and the fastest growing sand
wavelength (FGM). Table 1 shows some basic values used in the simulations
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and the characteristics of the simulations are given in Table 2. Where possible,
typical values for sand waves in the North Sea are used. Note that ū is defined
as the depth-averaged maximum flow velocity.

Table 1. Parameter values for the reference simulation

parameter value unit parameter value unit

ū 1 m/s εv 0.03 m2/s
H 30 m D 300 µm
Av 0.03 m2/s ws 0.025 m/s
S 0.01 m/s a 0.3 m
α 0.3 -

Table 2. Simulations

simulation bed suspended varied simulation bed suspended varied
load load parameter load load parameter

reference
√

- - 3
√ √

εv

1
√ √

- 4
√ √

u
2

√ √
ref. height a 5

√
- u

4.1 transport simulations

Figure 3(a) shows the growth rate for different sand waves lengths simulated
in the reference simulation. Moreover, the figure shows that the FGM is ap-
proximately 640m. For simulation 1, we included suspended sediment in the
reference computation. Figure 3(b) shows a comparison between the refer-
ence simulation and simulation 1. The growth rate is shown for a range of
wavelengths. Most remarkable is the increase of the growth rate by a factor
of approximately 10. This was unexpected as suspended sediment is assumed
to be of minor importance in these circumstances. The FGM for simulation 1
is 560m, 80m less than in the reference simulation.

In figure 4, the concentration profile in the water column at a crest point
over the tidal period is shown (upper figure), compared with the flow velocities
(lower figure). The sediment is only entrained into the first few meters of
the water column. The sediment concentration follows the flow without an
apparent lag, as the flow velocity near the bed is small and slowly changes over
time. However, these small variations in velocity are enough for the suspended
sediment to be entrained and to settle again within one tidal cycle. Close to
the reference height, the maximum sediment concentration is around 3·10−4

m3/m3 (0.8 kg/m3).
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Fig. 3. (a) Growth rate – reference simulation; (b) growth rate – simulation 1
(solid), compared with reference simulation (dashed). Parameters in Table 1.

Fig. 4. Sediment concentration (upper) and flow velocity (lower) on one location
over a tidal period, for simulation 1. More details see Fig 6 (upper).

4.2 sensitivity simulations

To study the influence of the reference height on the sediment entrainment
and suspended transport, the reference height in simulation 2 equation (12) is
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Fig. 5. Growth rate for simulation 2 (solid), compared to simulation 1 (dashed).
For simulation characteristics, see Table 1.
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Fig. 6. Sediment concentration in the first 4 meters above a certain point of the
sand wave during one tide. Comparison between simulation 1 (upper) and 2 (lower)

decreased to 0.01m above the bed. This height is used as the lowest measurable
height for suspended sediment in shallow seas ([10, 6]). The results are shown
in figures 5 and 6. It can be seen in figure 5 that the growth rate decreases for a
lower reference height, whereas the FGM becomes 660m. Note that the growth
rate, compared to the situation without suspended sediment, is still larger. In
figure 6, it can be seen that, for the first 4 meters above the reference height,
no change occurs, except that the sediment is entrained about 0.30m higher
in the reference simulation. This difference is a direct result of the change
in reference height itself (from 0.30m to 0.01m). Therefore the difference in
growth rate is solely due to the contribution of these 0.29m to the integration
of u · c over the water column.

Table 3. Simulation results, for varied values the first (second) value is for the
+50% (-50%) simulation

simulation FGM growth rate simulation FGM growth rate
(m) for FGM (1/s) (m) for FGM (1/s)

reference 640 6.75e-9 3 860 - 350 1.24e-7 - 1.12e-7
1 560 1.29e-7 4 810 - 340 2.40e-7 - 3.87e-8
2 660 8.55e-8 5 670 - 610 1.23e-8 - 2.20e-9

In simulations 3 and 4, a sensitivity analysis was carried out for the diffusion
coefficient and the flow velocity. The value of sediment diffusivity, εv, in the
reference situation was assumed to be equal to the eddy viscosity Av, though
its value is not established. Both εv and ū were varied by ± 50% of their
reference values. Their influence on the growth rate ω and the FGM are shown
in figures 7(a) and 7(b). It can be seen that the FGM increases significantly for
increasing εv (FGM becomes 860m), and decreases for decreasing εv (FGM
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Fig. 7. (a) Growth rate for simulation 3, variable εv; simulation 1 (solid), εv+50%
(dashed), εv-50% (dotted). (b)Growth rate for simulation 4, variable ū; simulation
1 (solid), ū+50% (dashed), ū-50% (dotted).
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Fig. 8. Growth rate for simulation 5, variable ū and no qs; reference (solid), ū+50%
(dashed), ū-50% (dotted)

becomes 350m). The growth rate of the FGM remains of the same order
of magnitude. However, smaller wavelengths are damped more severely for
increasing sediment diffusivity.
For the flow velocity ū, the FGM again tends to increase with increasing ū
and vice-versa (for values, see Table 3), and smaller wavelengths are damped
more for higher values of ū. For the growth rate, we now see a different effect.
As expected from the nonlinear ū in the sediment transport equation, the
growth rate is highly affected by ū. The higher the value of ū, the higher the
initial growth rate for the FGM.
As shown in figure 7(b), suspended sediment transport increases the effect
of variation in ū. If we compare this influence to the influence of varying ū
without suspended sediment transport (figure 8) it is clear that suspended
sediment increases the effect of changing velocities on the FGM (45% change
instead of 5% change in sand wavelength, for varying ū±50%). For the growth
rate of the FGM, this influence is less pronounced; the decrease (increase) of
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growth rate with higher(lower) ū is 82% (67%) for the case without suspended
sediment and 86% (70%) for the case with suspended sediment.

5 Discussion and conclusions

In the reference simulation, εv is assumed to be equal to the value of Av.
Various coupling equations exist to relate εv to Av, varying from εv being
larger than to being smaller than Av. [2] therefore assumed εv equal to Av,
as no generally accepted method is available. Figure 7(a) shows that varying
the value of εv influences the FGM significantly, though the growth rate itself
is hardly influenced. Possibly the large difference in growth rates between the
case with and without suspended load transport (reference simulation and
simulation 1) is caused, not by the value of εv, but by the constant value of
both the eddy viscosity and sediment diffusivity. Due to these constant values,
Av might be overestimated near the bed, which is corrected for by the partial
slip boundary condition. Such a correction is not used for the εv, possibly
leading to an increase of suspended sediment. Due to the constant εv this
sediment can also be entrained higher into the water column.
Unfortunately, little field data for offshore sediment transport is available at
the moment, hindering a direct comparison with the results. [6] measured
suspended sediment offshore in the North Sea at a water depth of 13 meters.
Only during minor storms suspended sediment was detected. Maximal values
were around 2.3 kg/m3 for 0.3m above the bed and 0.2 kg/m3 for 1m above
the bed. For simulation 1, these values were 8 kg/m3 and 0.34 kg/m3. [7]
measured sediment concentrations during a severe storm in the North Sea
close to the coast of the UK. They found, even under conditions of storm, finer
sediment (∼100µm) and a 25m water depth, that the sediment concentration
had decreased by about three orders of magnitude after 1 meter (± 40 kg/m3

to 0.03 kg/m3). However, in the simulations this decrease was slower, leading
to higher concentrations higher in the water column (± 8 kg/m3 close to
the reference height to 0.03 kg/m3 at 3 meter above the bed). Although the
sediment concentration predicted in the model seems to be in a comparable
order of magnitude, transport rates are too large. The most likely cause is the
high entrainment of sediment into the water column. Further study on this
topic, and the effect of a depth dependent εv is currently investigated.
As w turned out to be around an order of magnitude smaller then ws during
most of the tide, this term was neglected in the sediment continuity equation
(equation 7). However, for higher flow velocities or smaller grain sizes this
term will become more important. In that case w should be incorporated and
might increase the amount of suspended sediment during a part of the tidal
cycle on certain locations on the sand waves, leading to further growth or
decay of the sand waves. The effect depends on the specific locations (i.e.
crests or troughs) were suspended sediment will erode or deposit.
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[17] proposed a reference height for suspension with a minimum value of 1%
of the water depth. However, [19] stated that this leads to unrealistically high
reference levels in water depths of tens of meters. [19] therefore proposed to
use a reference height of 0.01m instead. [10] and [6] also used this height as the
lowest measurable height for suspended sediment in shallow seas. Both heights
are tested in simulations 1 and 2. They turn out to differ only in the lowest
part of the water column, which was excluded from the 1% (i.e. 0.3m) reference
height and included in the 0.01m alternative. Thus, the reference height does
not change the processes, but only includes or excludes the sediment in the
first view centimeters above the bed.
Based on grain sizes, [11] expected suspended transport for grains smaller than
230-300µm. Grains smaller than 170µm would be transported in suspension
only, in this case sand waves are rarely found. Recently, [20] showed that a
mixture of grain sizes leads to grain size sorting over sand waves, but hardly
affects the sand wave form and growth rate in the numerical code. Therefore,
in this paper we assumed grains of only one grain size, corresponding with
the medium grain size typically found on sand wave fields.

Concluding, the inclusion of suspended sediment transport in a sand wave
model demonstrates significant influences of suspended load on the initial
growth of sand waves. The influence of various parameters was investigated,
showing that the reference height for suspended sediment is of minor import-
ance, while the sediment diffusivity, εv, and especially the depth averaged
maximum flow velocity, ū, largely influence both the FGM and the initial
growth rate. Further research will focus on fully developed sand waves and
the effects of wind and storm conditions, validated against field data.
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