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A B S T R A C T   

Shelf seas often display rhythmic bedforms, of which tidal sand waves are the most relevant to study from an 
engineering point of view due to their dimensions and dynamic nature. Environmental conditions such as water 
depth, flow velocities and grain size vary across entire shelf regions, consequently influencing the characteristics 
of tidal sand waves, including migration rates. However, as opposed to site-specific analyses, shelf sea-wide 
analyses on sand wave migration are scarce. Through the use of timeseries of bathymetric data, we investi-
gate the spatial variability of sand wave migration on the scale of the Netherlands Continental Shelf (NCS). Two 
existing data-driven techniques, Pairs of Source and Target Points (PSTP) and Spatial Cross Correlation (SCC), 
were implemented in a Geographic Information System (GIS). Through testing at four sites on the NCS, PSTP was 
deemed the preferred technique for a shelf-wide analysis and was hence used to quantify the NCS-wide migration 
rates and directions. To illustrate the spatial variability, the quantified migration rates and directions were 
averaged per km2. For the NCS in general, migration to the south-west or north-east at typical rates between 
0 and 3 m/year was found. The south-western region of the NCS demonstrated migration rates below 0.5 m/year 
with migration directions alternating over short distances. The north-eastern region exhibited uniform migration 
to the north-east at rates which gradually increased when in closer proximity to the Wadden Islands. Typical 
rates in this region were found to be between 2 and 8 m/year. The highest migration rates were observed near 
coastal regions and on top of sandbanks. The presence of these sandbanks strongly deflects the migration di-
rections of superimposed sand waves at a number of locations. The analysis performed within this study dem-
onstrates valuable insights into methods that can be used to evaluate shelf-wide regions of interest. A deeper 
understanding of the dynamic nature of the North Sea bed assists in optimising hydrographic re-survey policies, 
critical infrastructure planning and subsequent monitoring. Furthermore, this study may offer a wider set of tools 
that could be used for correlating sand wave migration to its governing physical mechanisms and environmental 
parameters.   

1. Introduction 

The seabed of shelf seas, such as the North Sea, Baltic Sea, Irish sea, 
and South China Sea, presents large-scale marine bedforms, e.g. tidal 
sand waves. Fig. 1A roughly indicates the areas where these bedforms 
are present in the Dutch part of the North Sea, also referred to as the 
Netherlands Continental Shelf (NCS). These offshore environments are 
often suited for human activities where, within the context of the NCS, a 
dense network of infrastructure including pipelines and wind farms can 
be found (Fig. 1B). Furthermore, given the intense maritime traffic in the 
region, a network of routeing measures has been adopted by the 

International Maritime Organisation (Interreg North Sea Region, 2021) 
(Fig. 1B). 

Hence, to ensure safety and optimal use of the marine space, an 
understanding of the seabed morphodynamics, and in particular bed-
form migration, is crucial. On a local scale, it is essential for deter-
mining, among others, pipeline and cable routes as well as the potential 
burial depth of unexploded ordnances (Németh et al., 2003; Deltares, 
2017a; REASeuro, 2019). On larger spatial scales, to ensure the accuracy 
of nautical charts and the correspondence to minimum required water 
depths, knowledge of seabed morphodynamics helps in optimising hy-
drographic re-survey policies and dredging strategies (Dorst, 2009; Van 
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Dijk et al., 2011). 
Among the large-scale marine bedforms, tidal sand waves are the 

most dynamic (Van Dijk et al., 2012). They have wavelengths of 
100–1000 m, heights between 1 and 10 m and migration rates in the 
order of m/year (Ashley, 1990; Morelissen et al., 2003; Damen et al., 
2018a). Observations indicate that these flow-transverse bedforms can 
be organised in a relatively regular, straight 2D or a more complex, 
irregular 3D field (Passchier and Kleinhans, 2005; Van Dijk and Klein-
hans, 2005). Their formation and growth have been explained as free 
instabilities associated with residual vertical flow circulation cells that 
result from the interaction between the bed topography and oscillatory 
tidal flow (Hulscher, 1996). The distortion of these circulation cells by, 
among others, tide-induced or background topography-induced residual 
currents, causes migration (Németh et al., 2002; Besio et al., 2003, 2004; 
Leenders et al., 2021; Zhou et al., 2022). 

Process-based modelling, which includes both idealized and complex 
numerical modelling, is commonly applied to gain a general under-
standing of the processes and parameters governing sand wave forma-
tion, evolution, and dynamics (Leenders et al., 2021). However, due to 
inherent simplifications, process-based models fall short in making 
quantitative, site-specific predictions of sand wave characteristics. This 
is particularly true when applied to migration, as model performance 
was primarily assessed by comparing the order of magnitude and 
quantitative statistics (e.g. mean and standard deviation) of modelled 
migration rates to field observations (Besio et al., 2003; Borsje et al., 
2013; Campmans et al., 2018; Damveld et al., 2020). Only recently 
Krabbendam et al. (2021) used a 2DV complex numerical model to 
hindcast and forecast the crest and trough migration at four transects on 
the NCS. Although the model performed well for some transects, the 
2DV configuration does not capture 3D sand wave patterns. Alterna-
tively, provided observational data are available, data-driven analyses 

are appropriate for quantifying site-specific sand wave properties 
(Sterlini, 2009; Deltares, 2015a). In contrast to process-based modelling, 
reliable quantitative estimates of migration can be obtained through the 
use of timeseries of bathymetric data. 

Within prior research, migration was often quantified by measuring 
the horizontal shift of crest and trough positions along crest- 
perpendicular transects. For the NCS, this was performed by Knaapen 
(2005), who quantified migration at 12 sites and used his findings to 
calibrate an empirical migration predictor. In a similar fashion, Van Dijk 
and Kleinhans (2005) investigated the dynamics of compound sand 
waves in relation to environmental mechanisms at a coastal and an 
offshore site. Within the South China Sea, similar methods were applied 
by Lin et al. (2009), Li et al. (2011) and Zhang et al. (2019), who studied 
sand waves superimposed on a sandbank in addition to five test sites. 
The aforementioned studies demonstrated a straightforward and robust 
methodology. However, non-perpendicular migration cannot be detec-
ted and the measurements are sensitive to positioning errors coupled to 
transect frequency. 

Several methodologies for detecting both crest-perpendicular and 
non-perpendicular migration over the full coverage of a bathymetric 
grid have been demonstrated. For instance, Dorst et al. (2011) applied 
deformation analysis in the approach areas to the Amsterdam and Rot-
terdam harbours in the North Sea. Furthermore, Duffy and Hughes- 
Clarke (2005) used a Spatial Cross Correlation (SCC) technique on a 
sandbank in the Bay of Fundy, Canada. The latter, and adaptations of it, 
were also tested along a 1 km wide transect in the Marsdiep tidal inlet in 
the western Wadden Sea (Buijsman and Ridderinkhof, 2008), at a 0.5 
km2 site in the Monterey Submarine Canyon in California (Zhang et al., 
2016) and along two 100 m wide transects on the Taiwan Banks in the 
South China Sea (Zhou et al., 2018). 

An early study performing a broader analysis of shelf sea-wide 

Fig. 1. (A) Bathymetry of the regions on the NCS where sand waves are present. (B) Offshore infrastructure and routeing measures for shipping overlying the fields of 
large-scale marine bedforms. Bathymetric data: Deltares (2017b). Infrastructure and shipping data: Rijkswaterstaat (2018) and EMODnet (2021) . 
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morphodynamics was that of Van Dijk et al. (2011). Besides quantifying 
vertical bed level changes (m/year) over the entire NCS, dimensions and 
migration rates of individual sand waves were measured at a dozen sites. 
For the German coastal zone, Winter (2011) and Kösters and Winter 
(2014) analysed vertical bed level changes (m and m/year). More 
recently, Damen et al. (2018a) analysed the spatial variability of 
observed sand wave morphology on the NCS and its relation to envi-
ronmental parameters. Spatially averaging the quantitative data 
revealed distinct spatial differences in sand wave height, length, steep-
ness and asymmetry. It may be noted that sand wave migration was not 
considered in Winter (2011), Kösters and Winter (2014) and Damen 
et al. (2018a). 

Evidently there are many observational studies concerning sand 
wave migration at local sites, which include a limited number of sand 
waves under local environmental conditions. However, environmental 
conditions such as water depth and residual current strength vary over 
entire shelf seas, i.e. over hundreds to thousands of km2, thereby 
influencing the spatial variability of tidal sand wave migration on a shelf 
sea-wide scale. As opposed to site-specific analyses, data-driven analyses 
on the shelf sea-wide spatial variability of sand wave migration are 
scarce. In addition to their practical relevance, these may offer a starting 
point for future correlation studies, which may give further insight into 
the influence of physical processes and environmental parameters gov-
erning sand wave migration. Hence, there is a need for a shelf sea-wide, 
data-driven approach on quantitative sand wave migration. 

First and foremost, we aim to gain insight into the spatial variability 
of tidal sand wave migration on a large part of a shelf sea. Second, to 
facilitate this large-scale study, we aim to develop an efficient data- 
driven technique that can detect crest-perpendicular as well as non- 
perpendicular sand wave migration. To accomplish this, two existing 
methods are implemented in a GIS and, for the first time, assessed on 
their suitability for a large-scale, shelf sea-wide analysis. The considered 
techniques are Spatial Cross Correlation (SCC) and Pairs of Source and 
Target Points (PSTP), originally developed to quantify the migration of 
terrestrial sand dunes in New Mexico (USA) (Dong, 2015). The perfor-
mance of these techniques is first evaluated at four field sites. Subse-
quently, a preferred technique is selected to quantify both migration 
rates and directions on a shelf sea-wide scale. 

2. The NCS and test site delineation 

The analysis performed within this paper focuses on the sand wave 
fields of the NCS. This region is selected for the large spatiotemporal 
coverage of bathymetric timeseries (see Section 3.1). To adequately 
cover the wide range of morphological and morphodynamic character-
istics present on the NCS, four field sites are selected for testing. 

2.1. Study area 

The largest sand wave field on the NCS stretches from the south- 

Fig. 2. Mosaic of the most recent bathymetric surveys on the NCS, showing three distinct sand wave fields: Main, Texel and Vlieland. Regions and locations which is 
referred to in this paper are indicated. A close-up view of the field sites is given on the right: Texel (T), IJmuiden-Hoek van Holland (IJHH), Noordhinder (NH), 
Schaar Rabsbank (SRB). Bathymetric data: Deltares (2017b). 
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western border up to an imaginary line directed north-west of Amster-
dam. Additionally, two smaller fields can be found to the west and north 
of the Wadden Islands (see Fig. 2). The study area comprises >14,000 
km2. 

The water depth varies roughly between 8 and 52 m below the 
Lowest Astronomical Tide (LAT). From the deepest regions in the south- 
west, the seafloor rises towards the north-east. In addition, more locally, 
large-scale background topography in the form of tidal sandbanks and 
shoreface connected ridges reduces the water depth by several (tens of) 
metres. 

The tidal system of the North Sea is characterised by semi-diurnal 
components M2 and S2. The cyclonic rotation of the semi-diurnal tide 
around the amphidromic points results in a tidal wave propagation from 
south-west to north-east. The shallow parts of the southern North Sea 
slow down the trough of the tidal wave more than the crest, thereby 
creating an asymmetric tidal wave and the tendency for the flood-tidal 
currents in the northern direction to be faster than the ebb-tidal cur-
rents in the southern direction (Otto et al., 1990; Huthnance, 1991; Roos 
et al., 2011; Reynaud and Dalrymple, 2012). 

2.2. Sand wave field sites 

The four field sites, i.e. Texel, IJmuiden-Hoek van Holland, Noord-
hinder and Schaar Rabsbank have distinct morphological and morpho-
dynamic characteristics, see Table 1. 

Generally, sand waves near the coast (Texel and IJmuiden-Hoek van 
Holland) are lower and organised in a regular 2D field, whereas sand 
waves further offshore (Noordhinder) are higher and organised in an 
irregular 3D field. The highest migration rates can be seen to occur near 
the coast, which is particularly evident at the Texel site. For IJmuiden- 
Hoek van Holland, Deltares (2016) report increasing migration rates 
from the south to north. The sand wave crest orientation is north-west to 
south-east for all sites, whereby the sand waves on the landward flanks 
at Schaar Rabsbank face more north compared to the seaward flanks, see 
Fig. 2 (Damen et al., 2016). At Schaar Rabsbank, the local variability of 
especially the sand wave wavelengths is high, with longer wavelengths 
in the troughs of the sandbanks and shorter wavelengths on the flanks 
and at the crests. Additionally, the superposition of the sand waves on 
larger sandbanks leads to bilateral reverse migration, i.e. migration in 
opposite directions towards the crest of the sandbank. 

3. Data and methods 

The performance of the techniques is assessed at the four morpho-
logically and morphodynamically differing sites introduced in Section 2. 
The results are compared by plotting the spatial and frequency distri-
butions of the migration rate and direction. The preferred technique for 
quantifying shelf sea-wide migration is then selected based on the 
agreement with previous studies, as well as the practical functionality. 
The latter concerns mainly the general applicability of the input pa-
rameters, i.e. the degree of required change for different analyses. 
Finally, to reveal the spatial variability on the NCS, the quantitative 
migration rates and directions are averaged to a 1 km2 scale. 

3.1. Bathymetric data and timeseries 

The bathymetric data used comprise the readily available Digital 
Elevation Models (DEMs) from the OpenEarth server managed by Del-
tares (Deltares, 2017b), acquired by the Netherlands Hydrographic Of-
fice and Rijkswaterstaat. These DEMs contain the water depth (hx,y) 
relative to the LAT and are interpolated from single beam echo sounding 
(SBES) and multibeam echo sounding (MBES) data using Inverse Dis-
tance Weighting (with a 100 m search radius) at a 25 m resolution. A 25 
m resolution is sufficient for large-scale features (sand waves) to be 
visible and for small-scale features (megaripples) to be smoothed out 
(Van Dijk et al., 2011). Sailed tracks are seen as mostly perpendicular to 
the sand wave orientation (i.e. the direction of the strongest variability), 
thus reducing the uncertainty of the interpolated depth nodes. To pre-
vent excessive computational time and improve efficiency, higher res-
olution data were not considered. 

To quantify migration, DEMs from different moments in time are 
stacked per grid node, which creates a bathymetric timeseries (Van Dijk 
et al., 2011). In the rest of the paper, DEM1,n and DEM2,m denote the 
oldest and most recent DEMs, respectively. 

When testing PSTP and SCC, only one timeseries (i.e. a unique 
combination of two surveys) is used per site (Table 2), whereas for the 
NCS-wide analysis, provided the availability of at least two surveys, 
multiple timeseries are used (Fig. 3). Fig. 3 shows that at least one survey 
combination is available for nearly all sand wave fields on the NCS. 

The time interval is determined based on the difference between the 
average dates of the surveys. To match the sequential positions of a 
single sand wave in DEM1 and DEM2, the time interval should not be too 
long such that the migration distance is greater than (half) the wave-
length (Dong, 2015). The bathymetries may be visually inspected before 
the migration analysis. 

3.2. Description of PSTP and SCC 

Among multiple data-driven techniques which can quantify migra-
tion in two horizontal directions, PSTP and SCC were considered to be 
techniques of interest for further implementation and testing in a GIS. 
The GIS which was used during this research is QGIS, which is installed 
as part of OSGeo4W, a binary distribution containing the open source 
GIS desktop applications QGIS and GRASS GIS and geospatial libraries 
such as GDAL and SAGA GIS (OSGeo, 2022). Advantages of PSTP and 
SCC include a short computational time (seconds to minutes) and a low 

Table 1 
Typical values for the sand wave characteristics height, length, migration rate 
and direction per study site. The 50th percentile (median) of the height and 
length are extracted from the raw point data in Damen et al. (2018b). The 
migration rates and directions are taken from Van der Meulen et al. (2004), Van 
Dijk et al. (2011) (Texel), Deltares (2016) (IJmuiden-Hoek van Holland), 
Knaapen (2005), Van Dijk et al. (2008), Dorst (2009) (Noordhinder) and Del-
tares (2015b) (Schaar Rabsbank). The latter analysed the sand wave morpho-
dynamics at the Borssele Wind Farm Zone, which is some several tens of km to 
the west of our site.   

Typical 
height 
(m) 

Typical 
wavelength 
(m) 

Migration 

Direction Rate (m/year) 

Range Typical 

Texel  1.9  237 North- 
east 

5-34min- 

max 
16- 
19mean 

IJmuiden- 
Hoek van 
Holland  

1.8  680 North- 
east 

0.7–310- 

90% 
1.750% 

Noordhinder  3.5  229 North- 
east, 
south- 
west 

– 0–0.250% 

Schaar 
Rabsbank  

2.1  190 North- 
east, 
south- 
west 

0–1.810- 

90% 
0–0.250%  

Table 2 
Average survey periods for the timeseries in the site-specific testing of PSTP and 
SCC.   

Texel IJmuiden-Hoek 
van Holland 

Noordhinder Schaar 
Rabsbank 

Survey date 1 
(mm-yyyy) 

11–2008 11–2001 05–2001 06–2010 

Survey date 2 
(mm-yyyy) 

05–2014 07–2011 06–2009 04–2015  
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pre-processing requirement for the bathymetric data. A detailed 
description of the available techniques and the evaluation of these 
techniques on these specific criteria can be found in Sections 2.5 and 4.2 
of Van der Meijden (2022), respectively, and in the supplementary 
material of the current paper. PSTP and SCC are briefly explained below. 
For a more detailed explanation of PSTP, see Dong (2015) and the 
supplementary material of the current paper. For SCC, see Duffy and 
Hughes-Clarke (2005), Buijsman and Ridderinkhof (2008), as well as the 
supplementary material of the current paper. 

PSTP quantifies the migration rate and direction by measuring the 
distance, divided by time interval, and angle between two vectorised 
morphological components, called source lines (DEM1) and target lines 
(DEM2) (see Fig. 4). In the current work, rather than using slip face 
centrelines as seen in Dong (2015), crest and trough lines are used as 
source and target lines. The crest lines are detected using the maximum 
curvature (MC) and convergence index (CI), whereas the trough lines 

are detected using only the CI (Kiss, 2004; Minár et al., 2020). Subse-
quently, the crest and trough positions above or below a threshold value 
are filtered from the MC and CI raster. In the current work, these 
thresholds were established with trial and error. For the CI, a threshold 
of 25 (crest) and − 25 (trough) produced robust results. For the MC, the 
applied threshold was roughly 1/5–1/3 of the highest raster value. The 
filtered crest and trough positions are then converted to a binary raster, 
after which they are thinned and vectorised to a polyline. Depending on 
the data quality and the presence of smaller-scale bedforms, interme-
diate cleaning of the vectorised data may be required to remove 
anomalous polylines. Subsequently, a large number of target points is 
placed along the target lines, i.e. the most recent crest or trough line. The 
number of target points per vectorised feature and the minimum dis-
tance between adjacent target points should be chosen such that a suf-
ficient coverage of the study site is achieved. For this study, between 10 
and 20 target points were used per vector feature with a distance of 50 m 

Fig. 3. Number of analysed timeseries per km2. The grey patches represent sections of bare seafloor or sections where no timeseries are available. Note that a single 
timeseries corresponds to a unique combination of two surveys. 
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in between. From each target point, the shortest distance to a source line 
determines the migration rate (m/year) and direction (degrees) (see 
Fig. 4). Finally, during post-processing, removing the outlier target 
points may be required. PSTP has the advantage of being relatively 
straightforward and transparent (i.e. intermediate steps and output are 
better retraceable). However, since the polylines still follow the grid cell 

positions of the bathymetric raster, the measurements are bound to these 
grid cells, which reduces the accuracy. 

SCC locates the points where DEM1 and DEM2 are most similar. It 
then quantifies the migration rate and direction of the spatial patterns, i. 
e. sand waves, in the DEMs by measuring the distance, divided by the 
time interval, and angle between these points (see Fig. 5). To this end, an 

Fig. 4. The working principle of PSTP. Random target points are plotted on the target line (crest in 2014), from which the shortest distance to the source line (crest in 
2008) is determined. Dividing by the time interval gives the migration rate in m/year. The coordinates of the source and target points are used to calculate the 
migration direction between 0 and 360 degrees. 

Fig. 5. The working principle of SCC. Obtaining the future position of the sand wave (captured within the template) requires the following procedure. For every grid 
point inside the image, the template on DEM1 is shifted in x and y directions over DEM2. For every displacement, a correlation between the depth values in the 
templates on DEM1 and DEM2 is calculated. The highest correlation within the image yields the displacements Δx and Δy of the template. Figure adapted from 
Buijsman and Ridderinkhof (2008). 
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initial square window (the template) is repeatedly shifted over a larger 
window (the image), while calculating for each shift the normalized 
cross-correlation coefficient of the overlapping pixels. The template size 
(Ltemplate) must be chosen sufficiently large such that a sand wave is 
captured. If the template size is too small, a field of spurious vectors 
occurs (Duffy and Hughes-Clarke, 2005). For this study, Ltemplate was 
between 10 and 30 pixels, depending on the wavelength which was 
present. The image size (Limage) must be larger than the expected 
migration distance. The typical value of Limage for this study was 3–4 
pixels. The migration distance is measured using three vectors: the 
Maximum Correlation (MC), Weighted Centroid (WC) and Weighted 
Regression line (WR) vectors. Note that the term ‘vector’ is used here to 
remain consistent with literature. However, in contrast to previous 
work, our output consists of points instead of arrows. The MC vector 
measures the displacement with the highest correlation index relative to 
the zero-lag position. Alternatively, to achieve a better sub-pixel accu-
racy, the WC and WR vectors measure the distance to the weighted 
centroid of, or to the weighted regression line through, an elliptical re-
gion of high correlation values, respectively (Duffy and Hughes-Clarke, 
2005; Buijsman and Ridderinkhof, 2008). The output consists of a grid of 
regularly spaced data points, with each point containing a migration 
rate (m/year) and direction (degrees). During post-processing, cleaning 
the output may be required since the algorithm also covers areas where 
no sand waves are present. The step size for iterating the template and 
image over the DEMs should be small enough to obtain a sufficiently 
large point cloud. The step size used for this study was typically ¼ of the 
window size. The fact that the measurements are not bound to the grid 
cell positions is a significant advantage over PSTP. However, the results 
are more sensitive to the given input parameters (i.e. window size and 
vector type) and the overall procedure is less transparent. 

Note that both PSTP (i.e. direction based on the shortest distance) 
and SCC (WR, i.e. crest-perpendicular) assume a priori a migration di-
rection, even though this is not necessarily the true migration direction, 
which can be perpendicular or oblique with respect to the crest. How-
ever, since we are eventually interested in the aggregated results, these 
assumptions are of less importance. 

4. Results for test sites 

The applied input parameters of PSTP and SCC per test site are given 
in Appendix 1. For SCC, only the weighted regression method provided 
realistic results. 

4.1. Frequency distributions of the migration rate and direction 

Fig. 6 shows, per test site, the frequency distributions of the migra-
tion rate and direction as well as the 10th, 50th and 90th percentiles of 

the migration rate. Table 3 provides the corresponding statistics of the 
migration rates. 

For the migration direction, the techniques are observed to provide 
qualitatively consistent outcomes. North-easterly migration is found at 
Texel (Fig. 6A) and IJmuiden-Hoek van Holland (Fig. 6B), whereas 
north-easterly and south-westerly migration is found at Noordhinder 
(Fig. 6C) and Schaar Rabsbank (Fig. 6D). The distribution for PSTP can 
be observed as having a more heterogeneous appearance whilst SCC 
demonstrates a smoothed output. The distribution of SCC at IJmuiden- 
Hoek van Holland and Schaar Rabsbank can be seen to exhibit migra-
tion parallel to the sand wave orientation (i.e. south-east and north- 
west). These anomalies are likely the result the search window not 
capturing an entire sand wave (see Section 4.2). 

Qualitatively, PSTP and SCC demonstrate a consistent output for the 
migration rate as well. Comparatively, Texel migration rates can be 
observed as having a more uniformly distributed left-skew when 
compared to the other test sites. The quantitative percentiles at Texel 
and IJmuiden-Hoek van Holland differ, relative to the total range of 
values, only slightly. The relative differences at Noordhinder and Schaar 
Rabsbank are more significant, which can be partly accounted for by the 
sharp peak of PSTP at 0 m/year. 

4.2. Spatial distributions of the migration rate and direction 

The spatial distributions of the migration rates and directions ac-
cording to SCC and PSTP are given in Figs. 7 (Texel) and 8 (IJmuiden- 
Hoek van Holland). Figs. 7A,B and 8A,B do not reveal a clear spatial 
trend as migration is rather uniform to the north-east. Noisy data points 
directed towards the north-west and south-east are present in all plots. 
For SCC, these are mainly present where the search window does not 
include a sand wave crest, e.g. in between very long sand waves 
(Figs. 7A, 8A), in between shoreface-connected ridges or near sand 
extraction pits (Fig. 8A). For PSTP, some noisy data points are obtained 
in the southern half of IJmuiden-Hoek van Holland (Fig. 8B). Figs. 7C,D 
and 8C,D both indicate increasing migration rates from south-west to 
north-east. For SCC, in line with the obtained migration directions, 
outlier values can be found in between shoreface-connected ridges or 
near sand extraction pits (Fig. 8C). 

The spatial distributions of the migration rates and directions ac-
cording to SCC and PSTP at Noordhinder are given in Fig. 9. For the 
migration direction, apart from a more uniform pattern in the upper 
right corner in Fig. 9A (SCC), clear spatial trends are absent (Fig. 9A,B). 
Since the directions strongly vary over short distances, averaging these 
per km2 will result in apparent average migration directions which are 
parallel to the sand wave orientation (see Section 5.1). The plot of SCC 
(Fig. 9C) shows higher migration rates in the upper right and lower left 
corners, whereas the plot of PSTP (Fig. 9D) is rather noisy and does not 

Fig. 6. Frequency distributions for the migration rate (top x-axis, right y-axis) and direction (bottom x-axis, left y-axis). (A) Texel (B) IJmuiden-Hoek van Holland (C) 
Noordhinder (D) Schaar Rabsbank. 
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show a distinct pattern. In line with the frequency distribution of PSTP 
(Fig. 6C), the spatial plot of PSTP is dominated by near-zero migration 
rates. 

The spatial distributions of the migration rates and directions ac-
cording to SCC and PSTP at Schaar Rabsbank are given in Fig. 10. Both 
techniques provide a qualitatively comparable distribution of the 

Table 3 
Statistics of the estimated migration rates per field site.  

Field site Texel IJmuiden-Hoek van Holland Noordhinder Schaar Rabsbank 

PSTP SCC PSTP SCC PSTP SCC PSTP SCC 

Migration rate (m/year) Minimum  0.0  0.0  0.0  0.0  0.0  0.0  0.0  0.0 
10 %  1.5  2.0  0.2  0.5  0.0  0.0  0.0  0.0 
50 % (median)  3.8  3.7  2.0  1.6  0.1  0.5  0.4  0.9 
90 %  5.4  4.8  4.1  3.5  1.9  1.4  3.9  3.0 
Maximum  9.9  9.7  10.0  9.9  4.0  4.0  10.0  10.0  

Fig. 7. Spatial distributions of the migration direction and migration rate as obtained with SCC (A,C) and PSTP (B,D) at field site Texel.  
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migration directions, with migration to the north-east and south-west 
(Fig. 10A,B). Note that the migration direction around the sandbanks 
is in an anti-clockwise manner, i.e. the sand waves on the landward and 
seaward flanks migrate to the north-east and south-west, respectively. 
This will be discussed in Section 6.4. Overall, despite some noise still 
being present, PSTP provides a smoother picture than SCC. This is 
explained by the fact that the WR vector was specifically developed for 
quantifying migration perpendicular to the sand wave orientation 
(Duffy and Hughes-Clarke, 2005). Fig. 10C and D both indicate higher 
migration rates on top of the south-easternmost sandbank and at the feet 
of the two southernmost sandbanks. 

4.3. Preferred technique selection for the NCS-wide analysis 

Based on the results obtained at our four test sites, we conclude that 
PSTP is the preferred technique for quantifying the migration rates and 
directions on a shelf-wide scale. 

During testing, both PSTP and SCC delivered realistic output. For 
IJmuiden-Hoek van Holland, Noordhinder and Schaar Rabsbank in 
particular, the results were in accordance with each other and with the 
anticipated migration rates and directions found in literature. Con-
trastingly, while still to the north-east, the migration rates of PSTP and 
SCC at Texel are significantly lower than in literature. See Section 6.1 for 
more detail. 

Fig. 8. Spatial distributions of the migration direction and migration rate as obtained with SCC (A,C) and PSTP (B,D) at field site IJmuiden-Hoek van Holland.  
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From a practical perspective, the fundamental reason underpinning 
the selection of PSTP for wide-scale application is its inherent ability to 
manage both differing morphodynamics and morphometry. Further-
more, the transparency and ease of use allows for anomalies to be easily 
detected and resolved. A disadvantage of PSTP compared to SCC is its 
restriction to the integer grid cells. Combined with its reliance on the 
shortest distance between the source and target lines, this results in 
bimodal histograms in the site-specific analyses. During the NCS-wide 
analysis, the reduced accuracy is accounted for by predominantly 
using timeseries with a sufficiently long time interval (i.e. ≥ 5 years). 
Furthermore, by generalising the quantitative results over larger spatial 
scales, local inaccuracies are considered acceptable. See Section 6.3 for 
more details. 

5. Results for the NCS 

5.1. The spatial variability of the migration direction 

The average migration direction per km2 for the NCS is shown in 
Fig. 11. Three distinct patterns can be observed, namely:  

• The sand waves north of Rotterdam migrate to the north-north-east. 
At the Breeveertien banks and the southernmost parts of the Brown 
Bank, the migration direction on the seaward flank is deflected to the 
east.  

• Bilateral reverse migration to the north-east or south-west occurs on 
the flanks of the Zeeland banks and the Brown Bank.  

• In the south-western corner, the colour plot suggests migration to the 
north-west, i.e. parallel to the sand wave orientation, which is 
physically incorrect. This is caused by the averaging of the migration 
directions which strongly vary over short distances, see Noordhinder 
(Fig. 9A,B). 

5.2. The spatial variability of the migration rate 

Average migration rates for the NCS can be seen to typically range 
between 0 and 3.5 m/year (see Table 4). For the main field, it may be 
noted that migration rates tend to decrease further from the coast with 
an average migration below 2.5 m/year. Compared to the NCS in gen-
eral, a stark difference in migration speeds is clearly visible near the 
Wadden Islands where migration rates range between 2 and 8 m/year. 

A colour plot with the average migration rate per km2 is illustrated 
by Fig. 12. Two colour scales, linear and nonlinear, are applied such that 
the spatial variability is more clearly visible. Two distinct spatial pat-
terns are revealed, namely:  

• Migration rates are lowest in the south-west and increase in the 
north-eastern direction.  

• Migration rates are generally highest in shallow water, as is clearly 
seen in the coastal regions near Amsterdam, Rotterdam and the 
Wadden Islands, and on the shoreface connected ridges and sand-
banks in the approach route to Rotterdam, the Brown Bank, Zeeland 
banks and Breeveertien banks. For the latter, the sand waves on the 
seaward flank migrate faster than on the landward flank. 

Fig. 9. Spatial distributions of the migration direction and migration rate as obtained with SCC (A,C) and PSTP (B,D) at field site Noordhinder.  
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6. Discussion 

6.1. Validation of site-specific results obtained with PSTP and SCC 

Within this paper, the suitability of PSTP and SCC for a shelf sea-wide 
migration analysis has been assessed at four sites: Texel, IJmuiden-Hoek 
van Holland, Noordhinder, and Schaar Rabsbank. Besides considering 
the practical aspects, the validity of the quantitative output can be 
evaluated by comparison to literature. 

At Texel, PSTP and SCC detect migration to the north-east at rates 
mostly between 1 and 6 m/year, with a median just below 4 m/year. 
These estimates are significantly lower than those reported by Van Dijk 
et al. (2011) and Van der Meulen et al. (2004), who report migration 
rates between 5 and 34 m/year and average values between 16 and 19 
m/year for the same location. One reason for this discrepancy may be 
due to the large time gap seen between surveys in Van der Meulen et al. 
(2004), spanning a range from 1991 to 2002. Within this period 
different methods of horizontal positioning were used when compared 
to the more recent surveys (2008 and 2014) used in the current analysis. 
Likewise, for the long bed waves north of the Wadden Islands, Van Dijk 
et al. (2011) report net migration rates between 1990 and 2003 which 
are three times the rates between 2003 and 2009. Moreover, since Van 
der Meulen et al. (2004) and Van Dijk et al. (2011) measured migration 
along a small number of crest-perpendicular transects, their results may 
be affected by positioning and depth errors. However, it seems unlikely 
that these uncertainties can fully explain the large difference between 
the results. Future analyses should reveal the exact cause. 

To the south, at the coastal site IJmuiden-Hoek van Holland, both 
SCC and PSTP detect migration to the north-east at rates between 0 and 
4 m/year, with a median between 1.5 and 2 m/year. These observations 
are in line with those presented by Deltares (2016), who report net 

migration to the north-east at rates between 0.7 and 3.0 m/year. 
Further offshore, at Noordhinder, PSTP and SCC detect migration to 

the north-east and south-west at rates mostly between 0 and 2 m/year. 
Here, the median of PSTP (0.1 m/year) is lower than the median of SCC 
(0.5 m/year). This is caused by the restriction of PSTP to the integer cell 
positions, which biases the lower migration distances towards 0 m. For 
this site and nearby areas, Knaapen (2005) and Van Dijk et al. (2008) 
also report migration to the north-east and south-west at rates of several 
decimetres per year. Dorst (2009), using deformation analysis, did not 
detect any dynamics. 

Finally, at Schaar Rabsbank, the qualitative results from PSTP and 
SCC are seen to be consistent. Both detect bilateral reverse migration, 
whereby the sand waves rotate in an anti-clockwise direction around the 
sandbanks. Migration rates are predominantly between 0 and 4 m/year. 
On top of the sandbanks, migration rates are between 5 and 10 m/year. 
Prior migration studies at Schaar Rabsbank are lacking. However, some 
tens of km to the west of our site, a morphodynamic analysis at the 
Borssele Wind Farm Zone confirms the significantly faster migration on 
top of sandbanks (Deltares, 2015b). In this study, clockwise as well as 
anti-clockwise sand wave migration is observed around the sandbanks. 

6.2. PSTP and SCC: prior use and implication for future use 

The version of PSTP applied within this study is adapted from one 
that quantifies the migration of terrestrial sand dunes (Dong, 2015). 
Adaptations were required since the coarser data resolution did not 
allow the filtering of the centrelines of the steepest slope based on a fixed 
slope angle. Through the use of crest and trough lines, the procedure 
may easily be applied to other types of flow-transverse current-induced 
bedforms. The 25 m bathymetric data resolution used in this study is 
significantly lower than the 1 m LIDAR data in Dong (2015). 

Fig. 10. Spatial distributions of the migration direction and migration rate as obtained with SCC (A,C) and PSTP (B,D) at field site Schaar Rabsbank.  
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Nonetheless, this paper demonstrates PSTP's ability to gain a generalised 
insight into the nature of migration patterns for both specific sites and on 
shelf sea-wide scales. However, for engineering purposes, it may be 
desirable to accurately track the (oblique) movement of specific sand 
waves (or any other bedform). This would require using bathymetric 
data with a higher resolution, in space as well as time. 

Testing SCC at the respective field sites demonstrated that the gen-
erality of the input parameters is limited. At Texel, IJmuiden-Hoek van 
Holland and Noordhinder, the absence of large-scale underlying 
topography leads to sand wave migration that is roughly perpendicular 

to the crest. Hence, whereas the MC and WC vectors produced spurious 
output (e.g. parallel to the crest lines) at these sites, the WR vector 
produced realistic migration rates in the expected direction. The 
exclusion of migration rates oblique to the crest, as observed by Van Dijk 
and Egberts (2008) off the coast of Texel, was acceptable since we were 
mainly interested in the general behaviour. At Schaar Rabsbank, the 
strong variability in wavelengths and topography-induced deflection of 
migration directions proves problematic for SCC, resulting in an 
inability to provide a realistic picture when using one set of input pa-
rameters. Excluding the sand waves on top of the large sandbanks, the 
WR vector delivered qualitatively better results than the MC and WC 
vectors. In contrast, the latter produced better results only on top of the 
sandbanks. This shows that, in line with Duffy and Hughes-Clarke 
(2005), obtaining realistic results for regions of highly variable 
morphology and morphodynamics requires the use of more than one 
vector. Moreover, the variable wavelengths require the use of multiple 
window sizes in order to achieve the most accurate results. 

SCC's inherent ability to resolve the migration distance in between 
grid cells is beneficial in terms of accuracy. Furthermore, since it tracks 
three-dimensional shapes rather than measuring the shortest distance, 
SCC is considered a more objective way of analysing. Despite the 25 m 

Fig. 11. The average sand wave migration direction per km2, as quantified by PSTP.  

Table 4 
Statistics of the average migration rate per km2 for the separate sand wave fields 
and the NCS in total.  

Sand wave field NCS total Main Texel Vlieland 

Migration rate 
(m/year) 

Minimum  0.2  0.2  1.6  1.5 
10 %  0.6  0.5  2.6  2.1 
50 % (median)  1.3  1.2  3.9  3.1 
90 %  3.4  2.6  7.4  5.7 
Maximum  21.1  12.3  13.4  21.1  
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data resolution, the frequency and spatial distributions of the migration 
rate are smoother than those obtained with PSTP. Using higher resolu-
tion bathymetric data is beneficial for obtaining a higher accuracy 
(Buijsman and Ridderinkhof, 2008), as was demonstrated by Duffy and 
Hughes-Clarke (2005), who were able to resolve migration rates in 
magnitudes of m/month. 

These results indicate that SCC can be used for site-specific appli-
cations, provided one uses more than one vector type and window size in 
case of varying morphometry and morphodynamics. Regarding large- 
scale, shelf-sea wide applications, allowing these input parameters to 
vary during the analysis would strongly improve the suitability of the 
technique for such purposes. 

6.3. PSTP as the preferential technique for shelf sea-wide migration 
analyses 

Bedforms found in shelf seas commonly have strongly varying 
morphological and morphodynamic characteristics. To limit the 
computational cost for a shelf sea-wide analysis, data-driven migration 
detection methods should ideally have a set of input parameters that 
needs little changing between different locations. 

From our results, it follows that PSTP has the most generally appli-
cable set of input parameters. This advantage over SCC is clearly 
demonstrated at Schaar Rabsbank, where SCC ideally requires the use of 
multiple window sizes and vector types to provide accurate results. 
Another key advantage of PSTP over SCC is the transparency of the 
procedure. All intermediate output can be readily visualised and edited, 
which makes identifying and resolving errors more straightforward. 

The properties described here allow for the semi-automated analysis 
of a large number of timeseries. Required manual steps are the choice of 
a number of points per feature and the threshold values to filter the crest 
and trough lines. The ideal choice of these parameters depends on the 
irregularity of the sand wave pattern and the sharpness of the crests. 
Except for regions with large-scale background topography, these 
properties change significantly only over large distances. Therefore, 
PSTP's input parameters can be held constant for most of the analyses. 
For poor quality bathymetries in particular, cleaning the vectorised 
source and target lines may be necessary to reduce the spurious 
migration results, requiring some minutes per timeseries. In the current 
work, the algorithm was effective in capturing predominantly sand wave 
elements, as the data resolution of 25 m smoothed out the smaller-scale 

bedforms. 
A potential disadvantage of PSTP when compared to SCC is the re-

striction to the integer grid cell positions, which reduces the accuracy of 
the measured migration rates. For large-scale, shelf sea-wide applica-
tions, it is not always desirable to increase the resolution of the bathy-
metric data. Alternatively, to minimise the error of the migration rate, 
researchers should apply timeseries with a long time interval such that 
the expected migration distance significantly exceeds the raster 
resolution. 

6.4. Validation and interpretation of large-scale migration patterns on the 
NCS 

The significance and validity of the average migration directions and 
rates per km2 are discussed by means of their respective standard de-
viations (Fig. 13A) and coefficients of variation (Fig. 13B). Furthermore, 
a comparison to findings in literature as well as a physical explanation 
for the observations are provided. 

Based on the spatial patterns of the migration direction in Fig. 11, the 
NCS can be divided in three regions, each showing distinct behaviour: 
(1) north of Rotterdam, (2) the south-western corner, (3) the Zeeland 
banks and the Brown Bank. These are further discussed below.  

1) The sand waves north of Rotterdam migrate to the north-east, at rates 
that are increasing from south-west to north-east (Fig. 11). Migration 
rates are generally highest near the coast. On the seaward flanks of 
the Breeveertien banks, the sand waves migrate more to the east and 
at higher speeds than on the landward flanks. The standard de-
viations (Fig. 13A) of the migration direction vary between 10 and 
50 degrees, which is relatively high considering the sand waves 
migrate directionally uniform. These elevated values result from the 
two peaks present for each dominant migration direction (i.e. north- 
east or south-west), which is roughly 45 degrees apart (see Fig. 6). At 
the Breeveertien banks, higher standard deviations are obtained 
where the 1 km2 grid cells overlap with the crests of (smaller) 
sandbanks. In this manner, differing migration directions from the 
seaward and landward flank are included within one grid cell. In 
contrast, the coefficients of variation (Fig. 13B) are relatively low. 
Since these are inversely proportional to the average migration rate, 
the relative uncertainty of the estimated migration rates reduces in 
the north-eastern direction. The large-scale patterns described here 

Fig. 12. The average sand wave migration rate per km2, as quantified by PSTP, plotted on a linear (A) and nonlinear colour scale (B).  
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are largely in line with findings obtained from site-specific studies 
(Van Dijk and Kleinhans, 2005; Knaapen, 2005; Van Dijk et al., 2008; 
Dorst, 2009; Van Dijk et al., 2011). The unprecedented spatial 
coverage presented within this paper provides a clearer insight into 
the nature of spatially varying migration patterns for the NCS. For 
example, the fields at the Wadden Islands were described as highly 
dynamic, with average migration rates between 12 and 19 m/year 
(Van Dijk et al., 2011). However, our study shows that these high 
values can only be found in the vicinity of the coast, which is 
explained by the stronger influence of wave-stirring and shore- 
parallel currents (Van Dijk and Kleinhans, 2005). Furthermore, the 
increasing migration rates from south-west to north-east can be 
explained by the presence of a strong residual current in the north- 
eastern direction, which becomes more prominent to the north-east 
(Van Dijk et al., 2011; Reynaud and Dalrymple, 2012). As was 
shown by Leenders et al. (2021), the flood-dominance also explains 
the substantial difference in the migration rates between the land-
ward and seaward flanks of the Breeveertien banks.  

2) In the south-western corner of the NCS, sand waves migrate to the 
north-east or south-west at average speeds below 0.5 m/year. As 
opposed to regions further north, the observed migration directions 
change over short distances. Consequently, there is an increased 
uncertainty when determining the migration direction and corre-
sponding rate. Standard deviations are so significant that the 
spatially averaged migration directions (i.e. to the north-west) are 
misguiding. The low migration rates give rise to higher variation 
coefficients, meaning the scattering of the measured data points 
around the mean is relatively high. In literature, in line with our 
findings, the sand waves in this region are reported as relatively 
static (Knaapen, 2005; Van Dijk et al., 2008; Van Dijk et al., 2011; 

Dorst et al., 2011), with migration directions to the north-east and 
south-west. Physically, the observations may be explained by the 
absence of dominant, unidirectional residual currents and the greater 
depths compared to the rest of the NCS. The region is located in a bed 
load parting zone, which is an erosional area where the directions of 
residual transport diverge to the north-east and south-west (Reynaud 
and Dalrymple, 2012).  

3) Bilateral reverse migration to the north-east and south-west is 
observed on the flanks of the Brown Bank and the Zeeland banks. 
Migration rates are generally higher at the crest of the sandbank and 
lower in the troughs. Similar to the south-western parts of the NCS, 
the insignificant migration rates in the troughs of the sandbanks 
increase the (relative) uncertainty of the migration rates and di-
rections. Excluding regions where the 1 km2 grid cells include 
opposite migration directions, the standard deviations and co-
efficients of variation are lowest on the flanks, where the unidirec-
tional migration rates are highest. On the Northern Hemisphere, the 
Coriolis effect is responsible for an anti-clockwise sandbank orien-
tation with respect to the tidal flow direction. The residual circula-
tion of the deflected tidal flow around these banks is then clockwise 
(Blondeaux, 2001; Roos and Hulscher, 2003; De Swart and Yuan, 
2019; Nnafie et al., 2021). This clockwise tidal circulation is indi-
cated by the migration directions at the Brown Bank (Fig. 11) and 
Zeeland banks (Fig. 14C), which indicates these banks are in their 
preferred, anti-clockwise orientation with respect to the tidal flow. 
However, the migration directions on two banks closer to the 
coastline (Fig. 14B), having a seemingly similar orientation as the 
bank in Fig. 14C, demonstrate an anti-clockwise residual circulation, 
hence suggesting a clockwise bank orientation. In accordance with 
our observations, but without providing further explanation, Bureau 

Fig. 13. (A) Standard deviation of the average migration direction per km2 (B) Coefficient of variation of the average migration rate per km2. The range of the 
coefficient of variation indicates that the standard deviation of the average migration rate is 0–2.5 times higher than the average migration rate. 

R. Van der Meijden et al.                                                                                                                                                                                                                     



Geomorphology 424 (2023) 108559

15

Waardenburg bv (2012) reported a similarly parallel and clockwise 
orientation of the Zeeland banks. The contradictions between ob-
servations and theory highlight the need to further study the complex 
morphology in this region. 

6.5. Suggestions for future research and practical relevance of the results 

The functionality of PSTP and SCC can be improved by introducing 
algorithms that tune parameters on the run to provide optimal inputs for 
each area. For SCC in particular, intermediately changing the window 
size and vector type depending on the local topography and bedform 
morphodynamics would significantly improve its applicability for wide- 
scale use. The adaption would solve the non-generic applicability of the 
input parameters. This would require at least some prior knowledge of 
the expected migration rates. Machine learning techniques, such as 
global gradient descent and artificial neural networks, could be used to 
determine an optimal set of input parameters more efficiently (Villar-
rubia et al., 2018; Gambella et al., 2021). Note that, by using a more 
automated and efficient way to capture the input parameters, SCC might 
become the preferred technique for shelf-wide migration analyses. 

Furthermore, the migration rates per km2 can be used to study the 

contribution of physical processes and environmental parameters gov-
erning sand wave migration. As a starting point for future correlation 
studies, the average migration rate per km2 is plotted against the tidal 
peak velocity difference between flood and ebb currents (i.e. as a mea-
sure of tidal asymmetry) and the dimensionless Shields parameter for 
surface waves in Fig. 15. The environmental data is taken from the 
public repository in Damen et al. (2018b). To include migration di-
rections, migration rates to the south-west were given a negative sign. 

As may be expected from literature, the scatter plot in Fig. 15A in-
dicates a positive relationship between the positive migration rate and 
the tidal peak velocity difference. Due to the small number of data 
points, the negative migration rates provide a less clear relationship. 

Fig. 15B shows a positive relationship between the migration rate 
and the Shields parameter for surface waves. A steep increase can be 
seen around the highest Shields parameters for both the positive and the 
negative migration rates. The Shields parameter for surface waves being 
heavily dependent on water depth, these relations clearly correspond to 
our qualitative observations in Section 5.2. 

Finally, our results contribute to a comprehensive system knowledge 
regarding seabed morphodynamics of a significant part of the North Sea. 
This knowledge is crucial for optimising hydrographic re-survey policies 

Fig. 14. (A) Bathymetry of the Zeeland banks (B) Close up view of the anti-clockwise circulation of the migration direction at two nearshore sandbanks (C) Close up 
view of the clockwise circulation of the migration direction on an offshore sandbank. 

Fig. 15. (A) Average migration rate per km2 plotted against the tidal peak velocity difference. (B) Average migration rate per km2 plotted against the Shields 
parameter for surface waves. Environmental data: Damen et al. (2018b). 
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and in the planning phase of offshore infrastructure projects, e.g. for 
determining the routes and burial depths of pipelines and cables and an 
appropriate scour mitigation strategy for offshore wind farms (Németh 
et al., 2003; Dorst, 2009; Deltares, 2017a). Moreover, the sheer amount 
of migration data obtained can initiate the development of more accu-
rate empirical migration predictors, similar to the one developed by 
Knaapen (2005). These migration predictors can quickly estimate the 
migration rate based on only a single bathymetric survey in time, 
thereby saving time and money. We would like to stress that the applied 
methodology is generally applicable to tidal sand waves worldwide, 
such that it may be used to highlight potential differences between the 
NCS and other shelf seas. 

7. Conclusions 

We have adapted two existing data-driven techniques to quantify 
tidal sand wave migration on a shelf-wide scale. These methods, Pairs of 
Source and Target Points (PSTP) and Spatial Cross Correlation (SCC), 
were implemented in a Geographic Information System (GIS) and, for 
the first time, assessed on their applicability for large-scale analyses. 

PSTP was found most suitable for the intended purpose. When 
compared to SCC, its procedure is more transparent and the input pa-
rameters need substantially less site-specific calibration. However, due 
to its higher accuracy, SCC may be more appropriate for site-specific 
applications. 

Using PSTP, the migration rates and directions were quantified for all 
sand wave fields on the Netherlands Continental Shelf (NCS). The spatial 
variability of these parameters was revealed by averaging the quanti-
tative migration data per km2. Migration rates are lowest in the south- 
west and increase towards the north-east. Furthermore, migration 
rates are generally higher in shallow water, i.e. near the coast and on top 
of ridges and sandbanks. Typical migration rates were found to be 

between 0 and 3 m/year south of the Wadden Islands and 2–8 m/year 
west and north of the Wadden Islands. Regarding the migration direc-
tion, almost all sand waves north of Rotterdam migrate to the north-east. 
Furthermore, bilateral reverse migration to the north-east and south- 
west occurs on the flanks of the Zeeland banks and the Brown Bank. 
Finally, in the south-western regions of the NCS, it was observed that the 
migration directions to the north-east and south-west alternate over 
short distances. 

Contrasting with previous site-specific studies, the current work 
provides insight into the spatial variability of sand wave migration on 
the NCS at an unprecedented spatial coverage. Besides the scientific 
applications, the insights may be valuable for offshore infrastructure 
planning, optimising hydrographic re-survey policies, dredging and 
mine hunting strategies. 
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Appendix 1  

Table A.1 
Input parameters and output properties for PSTP and SCC during the field tests.   

Pairs of Source and Target Points  Spatial Cross Correlation 

T IJHH NH SRB T IJHH NH SRB 

Threshold value - Convergence index 
filtered above/below (− ) 

25/-25 25/- 
25 

25/-25 25/-25 Window size 
(cells) 

16 28 12 12 

Threshold value- Maximal Curvature 
filtered above (rad/m) 

0.001 – 0.0025 0.002 Image size (cells larger than 
template) 

4 4 3 3 

Points per feature (− ) 20 30 10 10 Step size (cells) 4 7 3 3 
Minimum distance between points (m) 50 50 50 50 Threshold valuea (− ) Max. corr./ 

̅̅̅
2

√
Max. corr./ 
̅̅̅
2

√
Max. corr./ 
̅̅̅
2

√
Max. corr./ 
̅̅̅
2

√

Number of data points (− ) 11,050 8496 11,787 12,294 Number of data points (− ) 8841 17,176 13,790 21,423  
a See Duffy and Hughes-Clarke (2005) for further explanation on the threshold value. 

Appendix 2. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.geomorph.2022.108559. 
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