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Abstract Sand wave morphology and dynamics on continental shelves vary substantially, and we
hypothesize that these spatial variations depend on local bed properties and hydrodynamic characteristics.
To date, process-based modeling studies have not been able to simulate realistic equilibrium sand wave
heights and empirical studies are mostly limited to case studies. In order to explain the spatial variation in
the morphology of equilibrium sand waves on continental shelves with processes and local bed conditions,
a large-scale investigation is required. In this paper, we use high-resolution multibeam echo soundings,
hydrodynamic models, and databases and sedimentary data for the analysis of, respectively, sand
wave shape characteristics and the comparison to hydrodynamic and sedimentary characteristics for the
Netherlands Continental Shelf. The results are quantified lengths, heights, and asymmetry of all sand waves
in the Dutch part of the North Sea. Furthermore, we show that the mode of sediment transport (bed load
or suspended) is a dominant factor in explaining sand wavelength, height, and asymmetry. Full results
of shape characteristics of all sand waves on the Netherlands Continental Shelf together with the tidal
velocity, water depth, surface wave height, and median grain size are provided in a repository with this
paper (http://doi.org/10.4121/uuid:0d7e016d-2182-46ea-bc19-cdfda5c20308). These results are highly
valuable for applied offshore engineering projects and to modelers for validating their morphodynamic
model results.

1. Introduction

Seabed morphology is controlled by many environmental parameters, such as water depth and flow veloc-
ities. Shelf seas are especially important since they are shallow and often traversed by important transport
routes, which make a good understanding of large bed features that influence water depth necessary for ship-
ping safety (Dorst et al., 2013; Knaapen & Hulscher, 2002). In addition, understanding bedforms is relevant to
the marine spatial planning (European Parliament and the Council of the European Union, 2014) of objects
on the seafloor, such as pipelines, cables, and offshore wind farms, and the reexposure of explosive ordnance
(Németh et al., 2003). Most seabed dynamics in offshore areas of sandy shelf seas are caused by sand waves
(Van Dijk, Kleuskens, et al., 2012), which are defined as rhythmic bedforms with wavelengths between 100
and 1,000 m and heights larger than 1 m (Ashley, 1990). Other bedforms, such as sand banks (Roos et al.,
2004), long bedwaves (Blondeaux et al., 2009; Knaapen et al., 2001), megaripples (Lindenbergh, 2004), and
their interaction with sand waves, are outside the scope of this study.

Following a theory launched by Allen (1980) and Hulscher (1996) showed in a model that sand waves grow
due to a residual vertical circulation caused by the tidal flow. The bed slope effect was identified as the main
process that counteracts growth. This model only accounted for tidal flow and bed load transport. Sand wave-
length was described as mostly dependent on the flow resistance at the bed, which is dependent on grain
size and flow velocity. An increase in grain size would then lead to shorter sand waves. Hulscher and Van den
Brink (2001) and Van der Veen et al. (2006) compared modeled sand wave occurrence to observations in the
North Sea and found good agreement with important contributions for grain size, depth, and flow velocity.
A modeling study by Blondeaux and Vittori (2011) showed that sand wavelengths increase for larger water
depths and smaller tidal flow velocities. Grain size and ellipticity of the tide did not show clear relations to
sand wavelength. A later study by Van Santen et al. (2011) tested the conclusions of Blondeaux and Vittori
(2011) against empirical data and also found the relation to tidal flow velocities. These results were not clear
on relations with water depth, grain size, and ellipticity.
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Yalin (1964) suggested a relation between sand wave height and water depth. However, Flemming (2000) and
Bartholdy et al. (2002) showed that water depth does not control sand wave height at larger water depths
and grain size is a more important controlling parameter. Ernstsen et al. (2005) also observed for an inlet of
the Danish Wadden Sea that locations with larger grain sizes have higher sand waves. This may be explained
by the importance of grain size to the mode of sediment transport where finer grains are more easily taken
into suspension. The suspended sediment transport has been shown to dampen newly forming sand waves
in modeling studies by Blondeaux and Vittori (2010), Borsje et al. (2014), and Campmans et al. (2017).

Surface waves may also increase suspended sediment transport by sediment stirring at the bed as suggested
by, for example, McCave (1971) and later observed by several authors (e.g., Houthuys et al., 1994; Idier et al.,
2002; Langhorne, 1982). Van Dijk and Kleinhans (2005) studied the wave impact on sand waves using the
theoretical impact of waves on the seabed and showed that storm waves of 3 m height are able to mobilize
sediment of grain sizes up to 300 μm in water depths of 25 m. Model results by Campmans et al. (2017) also
showed this impact of surface waves on the seabed. Detailed measurements of suspended sediment transport
over sand waves were gathered by Hennings and Herbers (2016), who showed that surface waves strongly
increase suspended sediment transport due to wave stirring.

Németh et al. (2002) extended the linear model by Hulscher (1996) with a residual current, which resulted
in the migration of sand waves. This effect is similar for tidal asymmetry (Besio et al., 2003). Knaapen (2005)
confirmed that there is a strong relation between sand wave asymmetry and migration direction. However,
this is not valid when short-term changes to sand waves occur, whereas these changes have been observed
in some occasions due to storms (Idier et al., 2002) and have possible seasonal effects (e.g., Berne et al., 1993;
Harris, 1989; Le Bot & Trentesaux, 2004). A residual current may also cause damping of sand waves since this
reduces the relative strength of the residual vertical circulation. Such a reduction in sand wave height has
previously been shown in a modeling study by Sterlini et al. (2009).

The previously mentioned studies all investigated sand wave shape characteristics or behavior. The model-
ing studies require various assumptions and offer a strongly schematized view of sand wave development. In
contrast, survey data contain contributions of all environmental parameters and therefore present other chal-
lenges such as discriminating between contributions of different environmental parameters, the availability
and quality of data, or handling of large data sets. Some studies only presented observations (e.g., Terwindt,
1971; Tobias, 1989) or analysis methods using small empirical case studies (e.g., Cazenave et al., 2013; Dorst
et al., 2009, 2011; Duffy, 2012; Van Dijk et al., 2008). The first large-scaled study on the scale of the entire
Netherlands Continental Shelf (NCS) was by Van Dijk et al. (2011) and Van Dijk, Van Heteren, et al. (2012) on
vertical nodal bed dynamics, where sand wave shapes were presented at—but limited to–a dozen sites dis-
tributed on the NCS. A large-scaled study of the German Continental Shelf (Kösters & Winter, 2014) focused
on the coastal zone, excluding sand waves. Observational studies that investigated the relation between sand
waves and environmental parameters only regarded local study sites (e.g., Van Dijk & Kleinhans, 2005) or lim-
ited sample sizes of larger areas, such as the African coast (Flemming, 1978) or NCS (McCave, 1971; Van Santen
et al., 2011; Terwindt, 1971). Therefore, there is a need for large-scale analyses of aggregated survey data sets
on the relation between sand wave characteristics and environmental parameters to better understand the
spatial variations of sand waves on continental shelves.

The aim of this paper is to explain spatial differences in sand wave shape characteristics on continental shelves
based on water depth, tidal velocities, surface wave characteristics, and grain sizes. In this paper we focus on
the NCS, where sand waves occur in sandy areas that range in water depths from 15 to 50 m with most areas
at depths of around 30 m (Figure 1). Most parts of the NCS are covered by sand waves with large spatial dif-
ferences in characteristics and behavior as described by Van Dijk and Kleinhans (2005), Van Dijk et al. (2008),
and Dorst et al. (2011), whereas other regions contain no sand waves (Van der Veen et al., 2006). Furthermore,
Van der Molen (2002) found important variations in the role of tide and waves for the NCS, where the tide
is more important to the south of the NCS and surface waves become more important toward the north.
Similarly, Kösters and Winter (2014) studied the effects of tide, surface waves, and wind on coastal morpho-
dynamics for the German Continental Shelf and showed that spatial variations in these contributions account
for a substantial amount of variation in seabed dynamics.

In our analysis of sand wave characteristics, we extend existing methods for bedform analysis (Cazenave et al.,
2013; Duffy, 2012; Van Dijk et al., 2008) in three steps. First, we combine and improve these methods to extract
sand wave characteristics on a large scale. Second, we compare sand waves to environmental parameters
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Figure 1. Water depth of the Netherlands Continental Shelf relative to lowest astronomical tide. Coordinates of the map
are World Geodetic System 84 / Universal Transverse Mercator 31∘N. The mean water depths per square kilometer are
included in the public repository.

using a data-driven approach as previously used by Van Santen et al. (2011). This method uses a data selection
method, where sand wave characteristics were compared against a single environmental parameter, while
keeping other parameters constant. Third, we compare sand wave characteristics to theory-based indicators,
such as the Rouse number (Fredsøe & Deigaard, 1992) and Shields parameter (Shields, 1936), that describe
the effect of hydrodynamic processes at the seabed. This is similar to the approach in a study by Kösters and
Winter (2014), where the effects of tide, surface waves, and wind on the seabed were analyzed using the
95th percentile of the bed shear stress. In the current study, the Shields parameter is used as an indicator of
sediment mobility instead of the shear stress, since this also accounts for influences of grain size variations.
The Rouse number, which was suggested by Flemming (2000) to be an important property for explaining
sand wave height, is used to describe the dominant mode of sediment transport.

This paper is organized as follows. The data sets for both sand waves and environmental parameters that are
used for the analysis are described in section 2. The methods for both analysing sand waves and the compar-
ison of characteristics to environmental parameters are explained in section 3. The results and interpretation
in section 4 are divided into three parts. First, the results for sand wave characteristics are presented followed
by the data-driven comparison to environmental parameters and lastly the comparison of sand wave charac-
teristics to theory-based indicators for sediment dynamics. The comparison to previous studies is discussed in
section 5, and finally, the conclusions on how spatially varying environmental parameters control sand wave
characteristics are presented in section 6.

2. Bathymetric Surveys and Input Variables

In this paper we use the bathymetric data of the NCS available from the Bathymetric Archive System of the
Netherlands Hydrographic Office, including coastal data of Rijkswaterstaat. For the analysis of sand wave mor-
phometry, we merely used the most recent, highest-resolution multibeam data sets. These measurements
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Figure 2. Four environmental parameters for the Netherlands Continental Shelf: (a) interpolated grain sizes, (b) M2 tidal
velocity amplitudes, (c) tidal peak velocity asymmetry, and (d) 99th percentile of significant surface wave height. These
results are included in the public repository for areas that contain sand waves.

have been acquired according to S–44 standards (Order 1) (International Hydrographic Organization, 2008),
which require an accuracy of 95% (±0.63 m maximum vertical uncertainty for the outer beams at a water
depth of 30 m). In areas where multibeam echo sounding data were not available, we used older single-beam
echo soundings, which have lower spatial coverage and horizontal accuracy. We used the echo sounding
data that were already interpolated by Deltares (using Inverse Distance Weighting with a radius of 100 m)
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to equidistant grids of 5 by 5 m or 25 by 25 m for the lower-resolution data. Due to the use of lower-resolution
data and interpolation, we estimate the maximum uncertainty of the bathymetry data to be ±1.0 m.

The grain size data set (Figure 2a) is described in Maljers and Gunnink (2007), where 6,038 samples of seabed
sediment were used to interpolate median grain sizes. For the interpolation of grain size samples, bathymetry
data were combined with preexisting knowledge of grain size distributions over sand waves to more accu-
rately estimate local variations in grain size (D. Maljers, personal communication, 2016). To prevent this modi-
fication from interfering with the results, we averaged the data per area of 1 by 1 km, so effects on the length
scales of sand waves are removed.

Flow velocities and wave data for the NCS were extracted from the Zuidelijke Noordzee (ZUNO) model (Gautier
& Caires, 2015), which simulates depth-averaged hydrodynamics and wind-driven surface waves for the North
Sea, using boundary condition input from the larger Dutch Continental Shelf Model (Zijl et al., 2013, 2015).
The cell size of the ZUNO model grid is around 3 by 3 km in the offshore area and refines toward the Dutch
coast to a cell size of around 500 by 500 m. We decomposed tidal flow velocities from the ZUNO model using
T-tide (Pawlowicz et al., 2002), and the extracted M2-tide was used to determine the velocity amplitude over
a tidal cycle. Furthermore, we determined the tidal peak velocity asymmetry by averaging the differences
between the ebb and flood velocity for each tidal cycle, as was also used by Le Bot and Trentesaux (2004).
These ebb and flood velocities were calculated as the maximum velocity for a tidal cycle and the maximum
velocity component in the opposite direction. Significant surface wave heights per 30 min are also retrieved
from the ZUNO model output. The 99th percentile of significant surface wave heights over a yearly period of
model results is used as a descriptor of the impact of surface waves (see also, Méndez et al., 2006; Weisse &
Günther, 2007). The used data sets for the environmental parameters, resampled to a resolution of 1 by 1 km,
are shown in Figures 1 and 2.

3. Methods
3.1. Sand Wave Characteristics
For determining sand wave orientations, we apply a 2-D Fourier transform of the bathymetry data (see also,
Cazenave et al., 2008, 2013; Van Dijk et al., 2008; Van Santen et al., 2011), which may be used to represent a
data set as a set of waveforms with wavelength, amplitude, phase, and orientation. First, a 2-D Gaussian taper-
ing function is applied to suppress the effect of edges in the data set. Second, high- and low-pass filters are
applied to reduce the signal to sand wavelength scales (wavelengths of 100–1,000 m). Finally, the sand wave
orientation is determined by minimizing the root mean square value for the waveform steepness (amplitude
times spatial frequency) of the filtered spectral data. We performed this procedure for blocks of 10 by 10 km.

Using the orientation of sand waves in these blocks, the data are scanned along transects perpendicular to
the sand wave crests (see also Duffy, 2012) using a spacing equal to the data resolution. A commonly used
method to detect sand wave crests and troughs from transects is that of the “zero crossings.” However, this
usually assumes a horizontal or linear baseline across a sand wave field, which is not always applicable in
areas with more complicated geometries such as sand waves superimposed on sand banks or dredged areas.
Therefore, we chose a different approach for the detection of sand wave crests and troughs. First, a moving
average with a window size of 75 m is applied to the data, which removes small features superimposed on
the sand waves but may shift the position of the crests toward the stoss side. Second, crests and troughs are
detected as local minima and maxima (see also Knaapen et al., 2005; Van Dijk et al., 2008). Third, to address the
shifted crest position due to smoothing, we apply a similar approach to Duffy (2012), where the extreme in the
input data is detected within a search radius of half the distance to the next crest for a maximum distance of
75 m from the detected crest. Finally, we exclude locations with a bedform height below a defined threshold
(set at 0.8 m) to filter out small bed features.

We define length as the horizontal distance between subsequent trough locations along a transect and
sand wave height as the vertical distance between the sand wave crest and the straight line connecting the
adjacent troughs. Sand wave asymmetry is defined using equation (1) (see Knaapen, 2005)

A =
Ls − Ll

L
, (1)

where A is the asymmetry parameter, Ll is the length of the lee side (horizontal distance from crest to nearest
trough), and Ls is the length of the stoss side of the sand wave (horizontal distance from crest to furthest
trough), so that for symmetrical sand waves A = 0 and for fully asymmetrical sand waves A = 1 (where L = Ls).
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Figure 3. Detected sand wave crests with the calculated sand wave heights
for a sample data set as plotted on the sand wave crest.

Lengths, heights, and asymmetries are determined for each sand wave in
all transects, and resulting values are projected on the crests of a sand
wave. A sample of detected sand waves and derived sand wave height is
shown in Figure 3.

With this analysis we are able to process the large data sets of North
Sea bathymetry to extract sand wave characteristics. In the detection of
crest and trough points, lower-resolution data provide less accurate sand
wave extremes and thus underestimate sand wave heights. If we use the
extrapolated crest and trough points as overestimated maximum uncer-
tainty for crests and troughs (Figure 4), the maximum uncertainty due to
low-resolution data can be estimated. The uncertainty was determined for
five locations of 10 by 10 km spread around the NCS, and for data sets
with a resolution of 25 m by 25 m this gives uncertainties of 0–0.60 m in
sand wave heights. Steep sand waves give larger uncertainties, and tro-
choidal sand waves have larger uncertainties at the crests compared to the
troughs. Alternatively, sand wavelength is determined as the horizontal
distance between two trough points, which is a discrete number of cells.
The sand wavelength therefore has an uncertainty of plus or minus the
cell size.

In the analysis of sand wavelengths a bias occurs where longer sand waves result in fewer values per square
kilometer relative to the shorter sand waves, which leads to a decreased contribution of long sand waves
to correlations with processes. In addition, the environmental parameters are available up to a resolution of
1 km2. Therefore, the sand wave properties are aggregated per square kilometer. Figure 3 illustrates how sand
wave characteristics vary even over small areas (see also Dorst et al., 2011). For the aggregation of points per
block, the sand wave asymmetry and length are averaged. Sand wave heights are aggregated using a signif-
icant sand wave height (mean of 1∕3 highest values), which was shown to better match theoretical relations
than the mean bedform height (see Bokuniewicz et al., 1977; McCave, 1971; Nordin & Algert, 1966).

Although our method provides good results for areas fully covered by sand waves, data artifacts or areas with
only larger bed features (with higher harmonics of 100–1,000 m) are sometimes identified as sand waves as
well. To remove these data points, only areas with more sand wave coverage than 80%km−2 are included

L Wtr N

Acell
> 0.8 (2)

in which L is the mean sand wavelength, Wtr the width of a transect, N the number of sand wave points in a
square kilometer, and Acell the area of the aggregated area (1 km2). The remaining inconsistencies, which were
caused by limited availability of multibeam surveys or other larger bedforms, were removed manually (see
gray areas in Figure 5). Further improvements in determining whether sand waves are present may reduce
these problems.

3.2. Correlation to Environmental Parameters
In order to separate the roles of environmental parameters in shaping sand waves, we apply an experimental
approach similar to Van Santen et al. (2011). Herein, each of the five properties (Figures 1 and 2) is investigated

Figure 4. Height uncertainty approximation using slope extrapolation
to determine the upper limit of the crest position and the lower limit of the
trough position.

separately. For every comparison, the other four properties are each
binned and sets of observations are selected where only the investigated
variable is allowed to vary freely. The number of bins for each property
should be small enough to have a sufficiently wide range of data points
over the investigated property and large enough to reduce the influence
of variations in the other parameters on the investigated property. To cre-
ate bins with a similar range in input values, we create bins by splitting at
the 10th, 50th, and 90th percentiles for each variable.

Correlations between the environmental parameters and sand wave
characteristics are determined for all bins that cover more than 20 km2

(20 points) so enough data points are regarded to determine a correlation.
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Figure 5. Sand wave characteristics (a) height, (b) length, (c) spatial frequency (𝜉 = 1∕L), and (d) asymmetry aggregated per square kilometer and for sand wave
coverage >80% (see text). The light gray area is the analyzed area of the NCS, and areas in dark gray denote false positives for detected sand waves, which
were manually removed. These results are included in the public repository.

We then correct these correlations to account for the range in the environmental parameter values in that bin
relative to the total range according to

corrc(X, Y) = corr(X, Y)
VB;99 − VB;01

V99 − V01
(3)

where corr(X, Y) is the correlation between the environmental parameter V and a specific sand wave char-
acteristic. V01 and V99 are the 1st and 99th percentiles of the complete input data set for an environmental
parameter, and VB;01 and VB;99 are the 1st and 99th percentiles of the environmental parameter values in a bin.
Finally, the corrected correlations (corrc(X, Y)) are combined in a map of the NCS and this process is repeated
for each combination of environmental parameters and sand wave characteristics.

3.3. Correlation to Process Indicators
The environmental parameters may interact. For example, the impact of surface waves depends on parame-
ters such as the surface wave height, water depth, and grain size. Also, the impact of tidal flow on the seabed
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depends on tidal velocities, water depth, and grain size. We therefore translate these parameters into three
separate processes at the seabed that influence sand waves (theory-based indicators).

First, the Shields parameters (equation (4)) are calculated for the tidal current (𝜏t in equation (5) and waves
(𝜏w in equation (6) based on the shear stress as indicators for tide- and wave-driven sediment mobility at
the bed. The formulas according to Van Rijn (1993) are used, as previously applied by Van Dijk and Kleinhans
(2005) to investigate the impact of surface waves.

Θ = 𝜏(
𝜌s − 𝜌w

)
gD50

(4)

𝜏t = 𝜌wg

⎛⎜⎜⎜⎝
ut

2.3
√

g

𝜅
log10

(
12d

2.5D50

)⎞⎟⎟⎟⎠
2

(5)

𝜏w = 𝜌wu2
orb exp

(
5.213

(
2.5D50

Aorb

)0.194

− 5.977

)
(6)

where 𝜏 is the bed shear stress, 𝜌s and 𝜌w are the densities of the sediment and salt water, respectively, g is the
gravitational acceleration, D50 is the median sediment grain size, d is the water depth, ut is the tidal velocity,
uorb is the wave orbital velocity, and Aorb is the orbital diameter at the bed.

Second, the Rouse number P, which is an indicator for the mode of sediment transport (Fredsøe & Deigaard,
1992), is calculated similar to the approach used by Borsje et al. (2014), except that we combine the shear
stress by waves and tidal currents to calculate the Rouse number

P =
ws

𝜅
√

𝜏t+𝜏w

𝜌w

, (7)

where 𝜏t is the shear stress at the bed due to currents, 𝜏w the shear stress due to waves, and 𝜅 the Von Karman
constant. The settling velocity ws is calculated using the relation given by Van Rijn (1993)

ws =
10𝜈w

D50

⎛⎜⎜⎜⎜⎝

√√√√√
1 +

0.01
(

𝜌s

𝜌w
− 1

)
gD50

3

𝜈w
2

− 1

⎞⎟⎟⎟⎟⎠

2

(8)

where 𝜈w is the kinematic viscosity coefficient. Bed load transport is dominant when P > 2.5, and suspended
transport is dominant when P < 1.2 (Fredsøe & Deigaard, 1992).

Lastly, we derived an expression for a dimensionless tide-driven sediment transport asymmetry, which
accounts for the asymmetry of bed load transport over a spring-neap cycle perpendicular to the sand wave
crests relative to the tidal M2 velocity amplitude

qA = 1

UM2
3

|||||
sn∑

qt;orb ⋅ Ôsw

||||| (9)

where qA is the dimensionless tide-driven bed load transport asymmetry, qt;bed the vector of the tide-driven
bed load transport, Ôsw the unit vector of the sand wave orientation, and UM2 the tidal M2 velocity amplitude.
The tide-driven bed load transport was calculated from the flow velocities for the Z0, M2, M4, and S2 tidal
constituents using the equations as described by Van Rijn (2007). These transports are integrated over the
spring-neap cycle (sn).

4. Results
4.1. Sand Wave Characteristics
The analysis of sand wave characteristics for all sand waves on the NCS at a 25 m by 25 m resolution results
in a data set of 1.5 million points for sand wave height, length, and asymmetry. The aggregated point data
per square kilometer for sand wave height, length, and asymmetry (Figure 5) show distinct patterns in spatial
variations of sand wave characteristics. These results, along with environmental properties and theory-based
indicators, are included in a public repository. Sand waves occur only outside the coastal zone at water depths
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Figure 6. Scatter plots of (a) grain size and sand wave height and (b) the M2 velocity amplitude and the sand waves spatial frequency. The colors mark the three
largest bins for this analysis. The spatial distribution of each of the bins is shown in the insets.

of more than 15 m and mostly in the southern section of the Southern Bight. There are also several separate
sand wave fields farther to the north near the Wadden Islands. Sand waves are highest in the southwestern
area (>7 m) and decrease in height toward the north as well as in areas near the coast (to 1–2 m) (Figure 5a).
Sand waves are longer at the northern edge of the main sand wave field and near the coast (500–1,000 m).
Sand wavelengths in the south are between 200 and 300 m (Figure 5b).

The sand wavelength increases nonlinearly to the north, whereas the spatial frequency (𝜉 = 1∕L) gives
more linearly increasing values (see Figures 5b and 5c). Since correlations express a linear dependence, spa-
tial frequencies are used in the analysis instead of lengths. Symmetrical sand waves are mostly found in the
south of the main sand wave field (A = 0–0.25) and become more asymmetrical toward the north and east
(A = 0.5–0.8). Also, sand wave asymmetries differ systematically on sand banks. On the northern sand banks,
sand waves are strongly oriented to the north on the seaward flank and slightly to the south for the landward
flank. The southern banks show an opposite effect with northward directed sand waves on the landward flank
and seaward southward directed sand waves on the landward seaward flank.

4.2. Comparison of Sand Wave Characteristics and Environmental Parameters
The correlations between sand wave characteristics and environmental parameters follow from bivariate com-
parisons, for which two examples are shown. Sand wave height and median grain size are plotted in Figure 6a.
These results show that sand waves occur on the NCS where median grain sizes are between of 225 and
500 μm, whereas median grain sizes on the entire NCS range from 100 to 500 μm. This is in line with Hulscher
and Van den Brink (2001) who found that sand waves occur at locations with sandy grain sizes. The three
bins that contain the most sand wave locations, where other environmental properties are more or less con-
stant, are indicated in different colors and show different typical grain sizes. The bin in the northeast of the
NCS on average has smaller median grain sizes compared to the other bins, but some areas in this bin reach
coarser median grain sizes of 400 μm. The comparison of median grain sizes and sand wave heights in these
areas shows a relatively strong positive correlation. The bin to the northwest comprises a smaller range in
median grain size in the midrange. The southern bin contains the coarsest grain sizes, with no clear correla-
tion between grain size and sand wave height. Overall, the results show increasing median grain sizes and
sand wave heights from northeast to southwest (correlation = 0.67).

The results in Figure 6b show a clear positive trend of increasing spatial sand wave frequencies and M2 velocity
amplitudes. Within the shown bins, the correlation is weakest for the data points in the south where velocity
amplitudes are largest and increases for the bins with weaker tidal M2 velocities northward in the main sand
wave field.

Plotting the calculated correlations of the groups of points per square kilometer on their location in the
map results in spatial representations of corrected correlations as indicators of the effect of environmental
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Figure 7. Environmental parameters in columns (a) median grain size, (b) water depth, (c) tidal M2 velocity amplitude, (d) tidal peak velocity asymmetry,
and (e) 99th percentile of significant surface wave height with correlations to sand wave shape characteristics in rows (1) height, (2) spatial frequency,
and (3) asymmetry.

parameters in controlling sand wave shape characteristics as shown in Figure 7. The sign of the correlations
indicates the direction of the relation. Large absolute values indicate strong relations, and small absolute
values indicate weak relations due to a large variability or small range of the environmental parameter
within the bin.

In general, since all coefficients are less than |0.5| and vary substantially within the sand wave area, none of
the sand wave characteristics show a consistent and strong correlation with any of the environmental param-
eters. Sand wave heights are only very weakly (−0.20 to 0.20) correlated to the tidal M2 velocity amplitude
throughout the sand wave fields. Correlations of sand wave heights to water depths are generally very weak
but are moderately positive (>0.3) in several small sections near the coast. Sand wave heights are generally
very weakly correlated to surface wave heights (−0.2 to 0.1); merely in the coastal area near Rotterdam, mod-
erate and positive correlations are observed. Sand wave heights show the strongest and negative correlations
with the residual current velocity in the north (−0.5 to −0.2). Furthermore, the correlations of sand wave
heights to median grain sizes are moderate and predominantly positive and, as shown in Figure 6a (see also
Figure 2), are stronger for the smaller grain sizes (<350 μm) in the northern part of the main sand wave field.

The correlations between spatial frequencies and median grain sizes are generally very weak (−0.2 to 0.2).
Spatial frequencies are also very weakly correlated to residual currents, except for a small central area, where
the correlations are moderate and negative. The correlations of spatial frequencies to surface wave heights
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are also very weak, apart from a narrow zone along the coast, where moderate and negative correlations are
observed. The correlations between spatial frequencies and water depths are negative in the southwestern
area (−0.3 to 0) and positive in the northeastern area (0.1 to 0.3). The spatial frequency has a predomi-
nantly positive correlation (−0.1 to 0.4) with the M2 amplitude and is moderately strong in the coastal and
northern areas.

Sand wave asymmetry is weakly correlated to median grain sizes and the M2 amplitudes. The correlation
between sand wave asymmetry and residual current is stronger but not consistent. Surface waves show higher
correlations in the deeper offshore areas, which are areas where the wave impact at the bed is small. The most
consistent correlations of sand wave asymmetry are in water depth, with the highest and negative correlations
in the north.

4.3. Comparison of Sand Wave Characteristics and Theory-Based Indicators
The values for the Rouse numbers and Shields parameters for shear stress by both tidal flow and waves, as
well as the tide-driven bed load transport asymmetry, are shown in Figure 8. The Rouse numbers for dominant
bed load (P > 2.5) and suspended load transport (P < 1.2) are also shown as contours. The boundary for bed
load sediment transport is similar to the results of Borsje et al. (2014) and corresponds well to the sand wave
field boundaries. The largest differences are found in the north, where the boundary of the main sand wave
field is farther north than the bed load contour. Furthermore, the bed load boundary near the Wadden Islands
extends outside the sand wave fields. No sand waves occur in areas where the Rouse numbers indicate that
suspended sediment transport is dominant.

The Shields parameter for the tide that is reached during maximum spring tidal conditions (Θ99) is calcu-
lated, and the area where this parameter exceeds the critical Shields parameter, and thus is able to mobilize
sediment, is shown. Also, the area where the Shields parameter for the median tidal current (Θ50) exceeds
the critical Shields parameter is shown as a second contour. These results reveal that in most areas sedi-
ment is mobilized during spring tide, whereas the mean tidal flow velocities mobilize sediment mostly for
the southern half of the NCS. Due to smaller flow velocities at the coast, there is a significant area with less
sediment mobility.

The Shields parameters for waves were calculated from the 99th percentile of modeled significant surface
wave heights to represent local storm conditions. Although the wave period determines the penetration
depth of surface waves and hence affects sediment mobility at the bed, we used a mean wave period of 5 s. The
Shields parameters for storm waves (Hsig;99) exceed the critical Shields parameter in areas where water depths
are less than 25 m (coastal zone and at the crests of offshore sand banks as shown in Figure 8c). The south-
ern section, at larger water depths, is mostly unaffected by storm waves (T=5 s). This parameter is strongly
dependent on the water depth, which explains the strong impact in the shallow areas.

The last indicator is the tide-driven bed load transport asymmetry (Figure 8d), which is larger than 0 for the
entire NCS and strongest to the north. For most of the sand wave-covered area, the transport asymmetry
varies very little.

A comparison of the theory-based indicators (Rouse numbers, Shields parameters for tide and waves, and
the absolute residual transports) with sand wave characteristics reveals the strengths and directions of
correlations, as shown in Figure 9.

The sand wave heights are mostly weakly correlated (−0.1 to 0.2) to the tidal Shields parameters with moder-
ate correlations (0.4 to 0.5) in very small areas near the coast. Also, the small area near the Wadden Islands to
the north negatively correlates sand wave height to the tidal Shields parameter (0.2 to 0.4). Furthermore, the
sand wave height weakly correlates to the wave-driven Shields parameter for most of the analyzed area (−0.1
to 0.1). Moderate negative correlations (−0.5 to −0.3) are found in areas near the coast between Rotterdam
and IJmuiden. A larger area of negative correlations is found between sand wave height and the residual bed
load transport in the north (−0.5 to −0.2). These negative correlations are not found in the southern parts of
the sand wave field (correlations between −0.2 and 0.1). The strongest and most consistent correlations with
sand wave height are found for the Rouse numbers as positive correlations between 0.1 and 0.5. Based on the
Rouse number and tide-driven bed load transport asymmetry, sand waves are higher in areas with more bed
load transport and less transport asymmetry.

The results show weak correlations between spatial frequencies and residual sediment transport (−0.2 to
0.1), but the Wadden area contains moderate negative correlations (−0.4 to −0.5). The correlations of spatial
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Figure 8. Theory-based indicators for sediment transport. The Rouse numbers show (a) areas where bed load transport
is dominant (P > 2.5) or suspended sediment transport is dominant (P < 1.2). The Shields parameter for (b) the tidal flow
and (c) surface waves includes contours where the critical Shields parameter exceeded 99% of the time. For the tidal
flow, the contour for the mean absolute tidal velocities is also shown. Calculated absolute residual bed load transport for
a (d) spring-neap cycle. In all maps the black contour indicates the areas where sand waves occur. These results are
included in the public repository.

frequencies to the wave-driven Shields parameters are also mostly weak (0 to 0.1), but a small, more shal-
low area near the coast shows moderate negative correlations (−0.5 to −0.1). The correlations between sand
wave frequency and the tidal Shields parameter are consistently positive between 0 and 0.5 with stronger
correlations in the coastal area between Rotterdam and IJmuiden. This coastal area corresponds to the area
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Figure 9. Correlations of sand wave shape characteristics (1) height, (2) spatial frequency and (3) asymmetry with theory-based indicators (a) Rouse number,
the Shields parameter for (b) the tidal flow, (c) surface waves, and (d) the residual bed load transport approximation. Positive values indicate an increase in the
sand wave property when the indicator increases, whereas negative values indicate a decrease. Large absolute values indicate strong correlations, and weak
correlations are found for small absolute values.

with smaller tidal flow velocities (see Figure 2). Additionally, the spatial frequencies of sand waves show weak
to moderate correlations to the Rouse numbers (0.1 to 0.5) that are consistently positive, except for the Wad-
den area, where correlations are negative (−0.1 to −0.2). Based on the results for the Rouse numbers and tidal
Shields parameters, sand waves are shorter for more bed load transport and a stronger tidal current.

Finally, we will regard the results for sand wave asymmetry. The tide-driven bed load transport asymmetry
shows a weak to moderate negative correlation (−0.4 to −0.2) with sand wave asymmetry near the coast, but
for most sections very weak correlations are found (−0.1 to 0.1). Correlations with the tidal Shields param-
eter are generally small (<0.2), but the southern area near the coast shows stronger negative correlations
(up to −0.4). Positive moderate correlations to sand wave asymmetry are found with the surface wave impact
in a substantial area near Rotterdam (up to 0.3), whereas most other areas have weak correlations with the
wave impact (−0.1 to 0.1). Furthermore, sand wave asymmetry correlates negatively to the Rouse numbers
for all analyzed areas. The deeper areas of the sand wave fields show stronger correlations (−0.5 to −0.3),
whereas the coastal area is weakly correlated (−0.3 to 0). Based on the results for the Rouse number, sand wave
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asymmetry is smaller in areas dominated by bed load transport. Also, sand waves are more asymmetrical in
areas near the coast where the wave impact is larger.

5. Discussion
5.1. Variations in Sand Wave Morphology
Our results for spatial variations of sand wave morphology correspond well with previous observations. The
decreasing height and increasing asymmetry toward the north were found by Terwindt (1971), McCave (1971),
Van Alphen and Damoiseaux (1989), and Tobias (1989). Van Dijk and Kleinhans (2005) found variations in sand
wavelengths between 760 m near the coast at IJmuiden and 203 m for the offshore area, and Dorst et al.
(2011) described sand wavelengths near Rotterdam (400 m) and IJmuiden (700 m). Van Santen et al. (2011)
observed 31 locations on the NCS and showed a similar trend of decreasing wavelengths in the north of the
sand wave field away from the coast and wavelengths of 200–500 m farther to the south. Knaapen (2005)
determined sand wavelength, height, and asymmetry for various areas offshore from Rotterdam harbor and
found typical sand wavelengths of 200–300 m and heights of 2 m. The sand waves in this area were more or
less symmetrical.

Observations from sand wave fields on continental shelves around the world were reported by Allen (1968)
to derive the empirical relation between water depth and sand wave height (H = 0.086d1.19). We compare
our sand wave shape characteristics, as well as observational studies for various locations (Field et al., 1981;
Flemming, 1978; Lanckneus & De Moor, 1995; Rubin & McCulloch, 1980; Van Santen et al., 2011), to this empir-
ical relation (Figure 10a). Sand wave heights show a large vertical spread around the empirical relation. This
is consistent with findings from previous studies as discussed by Flemming (2000, and references therein).
However, the previous studies found that sand wave heights rarely exceed Allen’s empirical relation, whereas
our results exceed the empirical relation quite frequently.

If we compare sand wave steepness (H∕L) and water depth as shown in Figure 10b, a very pronounced upper
boundary is visible. We can express this upper boundary using the following empirical relation

H
L
= 0.025d − 0.046 (10)

where H is the sand wave height, L the length, and d the water depth in meters. The detected sand waves
rarely (8.1%) exceed the specified steepness-depth relation. The existence of a limiting steepness for sand
waves may follow from the effects of the bed slope effect on sand waves as a major damping effect which
strongly depends on the steepness of a sand wave as shown by Hulscher (1996) and Németh et al. (2007).

5.2. The Role of the Sediment Transport Mode
A previous study by Borsje et al. (2014) showed good agreement between the Rouse number and the occur-
rence of sand waves for 32 locations on the NCS. In our study we calculated the Rouse numbers, with the
addition of surface waves for each square kilometer of the NCS, and these results show a similar strong rela-
tion with sand wave occurrence. The areas where no sand waves occur between the main sand wave field and
the Wadden field show lower Rouse numbers, which imply relatively more suspended sediment transport.
This difference is likely caused by finer grain size fractions in this area (see Figure 2) and not so much by an
increase in tidal current velocities.

If comparing the sediment transport mode to sand wave characteristics, we observed positive correlations
for grain sizes and Rouse numbers with sand wave heights, which suggest that strong bed load transports
relative to suspended load transports are an important control on increasing sand wave heights. This is consis-
tent with the existing theory that the residual vertical circulation and subsequent bed load transport toward
the crest function as the main growth mechanism (Allen, 1980; Hulscher, 1996), as well as results showing
that suspended sediment transport dampens sand waves (Blondeaux & Vittori, 2010; Borsje et al., 2014).
Also, observational studies by Flemming (2000) and Ernstsen et al. (2005) have found that sand wave height
increases for increasing grain size.

The Rouse number also correlates (0.5) to the spatial frequency of sand waves. The Rouse number increases
with increasing grain size and decreasing flow strength and since the flow strength increases in the off-
shore area (see Figure 2b), the high correlations are likely a result of the grain size distribution. This shows
an important difference to the analysis results of environmental parameters (Figure 7a2). The approach using
the process indicators on average results in stronger correlations compared to the environmental parameters.
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Figure 10. Comparison of (a) water depth and significant sand wave height for all sand waves per square kilometer on the NCS on a log-log scale with the
empirical relation as derived by Allen (1968) as a red line and (b) sand wave steepness (H∕L) with the red line indicating a new empirical relation between water
depth and maximum sand wave steepness that follows from our investigation of the NCS.

The likely cause of this difference is the strong correlation between UM2 and D50 in the parameter analysis,
whereas the described indicators of processes at the bed present more independent descriptors.

Furthermore, sand wave asymmetry negatively correlates to the Rouse number in the offshore area. Although
the sand wave asymmetry is hypothesized to be positively related to residual sediment transport, we found a
negative correlation between sand wave asymmetry and residual tide-driven bed load transports (Figure 9d3)
and thereby falsify the hypothesis. The negative correlation between Rouse number and sand wave asymme-
try may be caused by different contributions of bed load and suspended load transport. Since we used flow
velocities from a coarse model of the North Sea to calculate bed load transports, a more detailed modeling
study is required to draw further conclusions on the role of suspended sediment transports on sand wave
asymmetry for the NCS.

5.3. The Role of the Tidal Current
The tidal flow is known to cause sand wave formation, and a stronger tidal current has also been shown to
increase sand wave frequencies (Besio et al., 2006; Hulscher, 1996; Hulscher & Van den Brink, 2001; Van Santen
et al., 2011). Our results also show positive correlations between the spatial frequency of sand waves and the
tidal velocity amplitude, as well as the tidal Shields parameter. These correlations are strongest near the coast
and to the north (see Figure 6b), which corresponds to areas with smaller tidal velocity amplitudes and tidal
Shields parameters.

Correlations between the tidal current (tidal M2 amplitude and tidal Shields parameter) and sand wave height
are weak and even though the effect of the tide on newly forming sand waves was shown in modeling studies,
the results strongly suggest that tidal flow velocities are not very important to the height of developed sand
waves. An explanation may be that for increasing sand wave height the height dependency on tidal flow
velocities is reduced and other processes determine the sand wave equilibrium height.

Sand wave asymmetry shows only weak correlations with tidal descriptors. Since the tidal velocity amplitude
and tidal Shields parameter are calculated from symmetrical tidal characteristics, correlations with sand wave
asymmetry were also expected to be small. This is in line with the existing theory that sand wave asymme-
try is determined by an asymmetry of processes and that a symmetrical tide does not induce a sand wave
asymmetry (e.g., Németh et al., 2007).
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5.4. The Role of the Surface Waves
In this study we find surface wave heights to be positively correlated to sand wave height near the coast,
whereas Houthuys et al. (1994) and Van Dijk and Kleinhans (2005) suggested that sand wave height reduces
due to surface wave impact. This difference may be explained by the decrease in significant surface wave
height close to the coast (see Figure 2d), which correlates to the decrease in sand wave height in this area.
Surface wave impact at the bed heavily depends on water depth, as follows from linear wave theory. Since
water depth positively correlates to sand wave height, the combined contribution of surface waves and water
depth with opposite correlations is difficult to determine. This illustrates the importance of regarding the
impact of surface waves at the bed, as was done using the wave-driven Shields parameter, instead of a sig-
nificant surface wave height. The wave-driven Shields parameter yields negative correlations, although weak,
with sand wave height near the coast and is in agreement with previous studies. The calculations of Shields
parameters for waves may be improved by using variable wave periods that correspond to wave heights.

The surface wave height correlates moderately and negatively to the spatial frequency of sand waves only in
the coastal region. Other areas show no substantial correlations between sand wave frequency and the sur-
face wave impact. The correlations between sand wave frequency and water depth showed both positive and
negative correlations, and this contrast may be explained from the varying wave impact. A previous model-
ing study without surface waves by Blondeaux and Vittori (2011) found a negative relation between water
depth and sand wave frequency. This is consistent with our results in the southern area. However, our results
showed a positive correlation between water depth and sand wave frequency in the northern area which may
be explained by a larger wave impact in shallow areas. The waves stir up sediment, which decrease the spatial
frequency. This corresponds to negative correlations between the wave-driven Shields parameter and spatial
frequency in shallow areas where the wave impact is larger (see also Figure 8) and is supported by findings
from Van Dijk and Kleinhans (2005) and Campmans et al. (2017). Therefore, these results suggest that sand
wavelength increases with depth, but surface waves increase sand wavelength in areas with a strong surface
wave impact.

The sand wave asymmetry weakly correlates to the surface wave impact in the offshore area. Since the cor-
relations are corrected with the fraction of the total variability (see equation (3), the offshore areas with small
wave impact values result in weak correlations. Since correlations fit a linear relation, the strong nonlinear dis-
tribution of the wave-driven Shields parameter results in further reduced correlations. Since the correlations
in the shallow areas near Rotterdam are stronger, this may still suggest an important wave-driven contribu-
tion to sand wave asymmetry. Since surface waves cause shear stresses at the bed that stir the sediment, they
may substantially increase existing tide-driven residual transports. This is consistent with modeling results by
Campmans et al. (2017) who found increased migration rates due to wave stirring of sediment.

5.5. The Role of the Residual Transport
Sand wave height shows negative correlations with tidal peak velocity asymmetry in the north (Figure 7d1),
which corresponds to an area with lower sand wave heights. A similar correlation pattern is found when com-
paring sand wave height to tide-driven bed load transport asymmetry (Figure 9d1). Since residual currents
do not strengthen the vertical tidal circulation as described by Hulscher (1996) and do increase downhill
sediment transports due to the bed slope effect, these residual currents may dampen sand waves, which is
consistent with findings by Sterlini et al. (2009).

The spatial frequency of sand waves does not show strong correlations with either the tidal peak velocity
asymmetry or the bed load transport asymmetry. Similarly, modeling studies by Németh et al. (2002) and
Sterlini et al. (2009) found only a small change in sand wavelength scales due to residual currents or transports.

Sand wave asymmetry shows weak correlations to the tidal peak velocity asymmetry. Also, correlations with
the tide-driven bed load transport asymmetry are weak, with negative correlations between Rotterdam and
IJmuiden. These results are different from modeling findings by Németh et al. (2007) and Knaapen (2005),
who found strong positive contributions of residual currents and transports to sand wave asymmetry. There
are several possible causes for these results. First, only bed load transport is considered in these models. Sus-
pended load transport may cause different total transport patterns. Total transport results for the North Sea
by Van der Molen (2002) show good agreement with the increasing sand wave asymmetry to the north and
toward the coast at IJmuiden. This suggests that either suspended sediment transport or contributions by sur-
face waves and wind stresses may be responsible for the increased sand wave asymmetry toward the coast.
The correlations between surface wave impact and sand wave asymmetry are stronger, and this supports
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the idea that additional sediment transports by surface waves may increase existing residual tidal transports
in the shallow areas. This possibility is further supported by Giardino et al. (2010), who showed that sediment
transport patterns on sand banks may be changed substantially due to surface waves.

6. Conclusions

In this study shape characteristics of all sand waves on the NCS were quantified together with environmen-
tal properties. These results are available in a public repository (Damen et al., 2017). These results provide
insight in spatial variations of sand wave shapes over a larger area to an unprecedented level of detail. The
results show clear differences in sand wave morphology on the NCS with symmetrical and steep sand waves
in the south of the sand wave field and more asymmetrical, less steep sand waves to the north and east of
the sand wave area. These variations cover a wide range of lengths (100–1,000 m), heights (1–10 m), and
asymmetry values (0–0.8), and conclusions on their relation to processes may therefore be applicable to other
continental shelves.

The sand waves on the NCS are tall compared to many previously analyzed bedforms, since they substantially
exceed the previously stated empirical relation that was thought to describe an upper limit of bedform height
as a function of water depth. Based on our results, we define a new empirical relation of an upper limit of sand
wave steepness as a function of water depth.

The comparison between sand wave characteristics and environmental properties, as described using
theory-based indicators, showed that sand wave height is damped in areas of stronger suspended sediment
transport. The area south of the sand wave field near the Wadden Islands is characterized by finer sediment
fractions, and the absence of sand waves in this area is likely a result of sand wave damping by suspended
sediment transport. The role of the tide and surface waves on sand wave height was found to be smaller
than expected. Also, sand wavelength increases under influence of increased suspended sediment transport
and reduced tidal currents. Locations with a strong surface wave impact at the bed also show increased sand
wavelengths. Furthermore, we could not corroborate the effect of a residual current on sand wave asymme-
try. However, the added contribution of surface wave-driven transports is likely responsible for the increased
asymmetry near the coast between Rotterdam and IJmuiden.

This study showed that it is important to include suspended sediment transport in the analysis of sand waves.
Also, the wave-driven Shields parameter is a better indicator to use for the description of surface wave impact
on sand waves, compared to the significant surface wave height.

The results of this study are highly valuable for the validation of sand wave morphology models, marine spatial
planning, and applications in offshore engineering projects.
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