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Exploring the main drivers of sand wave dynamics
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ABSTRACT: Offshore developments, such ithe constructionwind farms, requiredetailed
predictions of sand wave dynamics. State-of-thgyatess-based models have not been able to satisfy
this need due to several model limitations and gapsir understanding of sand wave dynamics. & thi
study, the influence of tidal and non-tidal cureenh sand wave dynamics is investigated. Using the
newly developed, highly efficient Delft3D Flexibldesh model, the local hydrodynamics can be
reproduced very well, as shown by a validation gidield measurements. Moreover, its efficiency
allows for computing multi-year hydrodynamics aretidevel changes in reasonable computational
efforts, which is unprecedented in sand wave mouglThe results show a significant influence & th
non-tidal currents on the sand wave morphologyluging periods of sand wave migration opposing
the long-term migration direction. Improved understing of these tidal and non-tidal processes and
their effect on the delicate balance of sand waymandhics is vital for modelling in-situ sand wave
dynamics for engineering purposes.

stability analysis to explain their occurrence.
She found a delicate system of tide-averaged
1 INTRODUCTION residual circulation cells, which causes sand

All over the world offshore activities have Wave growth through bed load transport.
been on a rise over the last decades. With an TO enable construction in sand wave
ever-growing population, the offshore areaareas, data—c!rl\_/en analyses has been used to
can fulfil various functions, such as green Provide predictions of future bed levels. In
energy production, for which space on land isthese types of analysis measured sand wave
lacking. Moreover, with a growing bathymetries are extrapolated into the future,

connectedness, through goods, energy andsing migration rates from historic data (e.g.

data, a well-maintained infrastructure is Deltares, 2016). However, these extrapolated
needed. However, many sandy, shallow seafathymetries are subject to significant

around the world, such as the North Sea, aréncertainties. Process-based models could
covered with active bed forms (Damen et al.,@ssist in increasing our understanding of the
2018). As a result of their size and dynamicsand wave system and reducing these
character, tidal sand waves may pose a threatncertainties. Furthermore, these types of
to offshore constructions and navigation models could offer solutions for data-scarce

channels. Through deformation  and areas and give insight into the effect of
migration of these bedforms, cables andhuman interventions and extreme conditions.
pipelines can become exposed and Past effOI’tS to numel’ica”y S|mU|ate the

navigational depths can be reduces (Nemeti$and waves have resulted in increased
et al., 2003). understanding of the sand wave system. It

Tidal sand waves are found on shallowWas found that residual currents (Nemeth et

seabeds throughout the world. These sandl., 2002) and superposition of the M4 tidal
waves have lengths of hundreds of meterscomponent (Besio et al., 2003) can cause
can grow up to 25% of the water depth migration of sand waves. Moreover,
(Damen et al., 2018) and migrate with speedd-eenders et al. (2021) found a significant
up to tens of meters per year (Van derinfluence of underlying tidal sand banks on
Meijden et al., 2023). Hulscher (1996) usedSand waves, causing upslope migration.
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Campmans et al. (2018) studied the influencediscovered height reductions of over a meter
of wind waves combined with (steady) wind (for sand waves with a height of ~15m) and
driven currents on sand waves. They found amomentarily increased migration rates of the
increased migration rate and a reduced sandand waves.
wave height due to surface waves. The aim of this paper is to determine the
However, in all long-term modelling influence of irregular time-varying currents
studies the quilibrium sand wave height ison sand wave dynamics. It is hypothesized
largely overestimated (e.g. Van den Berg etthat non-tidal currents from hydrodynamic
al., 2012, Van Gerwen et al. 2018), althoughgyents, such as storms, have a significant
comparison with the field is complicated due ) ence on the temporal sedimentation and

to numerous model simplifications. -
: erosion rates, and thereby on sand wave
Krabbendam et al. (2022) were the first tomigration and shape.

apply a sand wave bathymetry based on
measurements in their Delft3D-4 model.
Although the migration rates seemed to be2 METHODS

well represented, the results showed growing , , ,
sand waves, while, in reality, they were stable 10 study the influence of time-varying
in height. Moreover, the shapes of the sandlydrodynamic influences on sand wave
wave deformed during the simulation, dynamics, a Delft3D Flexible Mesh (FM)

leading to reduced steepness of the lee-sigé@nd wave model is set up. To allow for
slopes. validation of the hydrodynamics within the

These differences between the modelModel a location is chosen where Acoustic

results and reality indicate that there are stillDoppler  Current  Profiler  (ADCP)
processes missing in our simulations. AMeasurements are available.
common factor between these and other .
studies are the simplifications made in the2-1 Study site
hydrodynamic forcing of the model. In all The chosen location lies within the
cases it is assumed that sand wave dynamiagollandse Kust Zuid (HKZ) offshore wind
are purely caused by the main tidal farm area. In relation to the development of
components (M2 and M4), possibly the wind farm, two ADCP buoys were
combined with a constant residual current.deployed here for a period of two years. At
However, in the field we often see shapethe site location (shown in Figure 2), sand
deformations and changes in migration ratewaves are present with a height of around 3
over time (see for example Figure 1). Thismeters and a wavelength between 300 and
cannot be explained through purely periodic700 meters. The mean water depth is 23
forcing. Moreover, at the Taiwan shoal a meters. The sand waves migrate with 1-2
substantial influence of a passing tropicalmeters per year towards the north-east.
storm was found by Bao et al. (2020). They

2.1.1 Measurement data

-20.5

— 2002 An ADCP measurement buoy was
i — 2008 deployed at the model site from June 2016
= ~2L5] = until June 2018. The buoy measured among
3 —22.01 others the current profile over depth and the
9 o5z water level. The current was measured at
3 intervals of 2 meters, between 4 and 20
—23.04
meters below the surface. Measurements are
285 available at intervals of 10 minutes and are
-24.0 - - ‘ , , publicly available via RVO (2018)
P00 P00 e atong tansecttm The current data has high coverage (94%)

Figure 1 Observed changes in sand wave heigh and showed excellent correlation with a

migration rate over time. From MBES data ¢ neighbouring buoy (deployed for
transect close to Texel, The Netherlands robustness), see Deltares and Fugro (2018).
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36 contrary to its predecessor. Combined with a
time-varying timestep, automatically defined
based on the Courant number, the efficiency

21 is increased significantly. For the numerical
scheme refence is made to the user manual

E (Deltares, 2023)
z -22¢
g % 2.3 Sand wave model set-up
g § The model set-up used in this study is
£ e based on the Delft3D-4 model by Borsje et al.
2 (2014). Some alterations had to be made, to
- make the model suitable for simulating
realistic, time-varying hydrodynamics in this
study site. In this section the main focus will
-25 be on the differences in the set-up.
567 568 569 570 571
Easting UTM-3IN [km] 2.3.1 Model lay-out
Figure 2. Measuredasd wave bathymetry at mo .
location (2016)including sand wave transect in To reduce computational effort a 2DV
model indicated by line and thiecation of th model is set up, limiting the domain to the
ADCP buoy indicated by the cross. direction perpendicular to the crest and the
This data is thus judged to be highly Vertical (see Figure 2). Since the sand waves
trustworthy. are quite regular and long crested in this

The measurement device for the waterdomain, this simplification is expected to
level measurements showed more problemshave limited effect on the results. The
The device was frequently out of order andoriginal domain length from Borsje et al.
thus only has a coverage of 26% of the(2014) is reduced from 50 to 17 km. By
period. Moreover, significant offsets were pringing the boundaries closer to the area of
observed between the data of the two buoysinterest, the hydrodynamics at the boundary
The data was corrected for the offset usinggre more alike what is present in the sand

the large scale DCSM model (see Deltaresyaye domain. In the middle of the domain a
an(Ij Fulgr?, 2?18): d farm devel ¢ also S2Nd wave area of 7 km is present, where the
n relation to wind farm development also o, \yayes are dampened over the outermost

high resolution Multibeam Echosounder ;. .
(MBES) bathymetry data was collected. Thek'lomEtre' This sand wave bathymetry,
composed from measurements, is

survey took place in the spring of 2016, ) q h ic bath
which perfectly aligns with the available SUP€rimposed on the static bathymetry. At
hydrodynamic data. the location of the sand waves, horizontal

grid cells of 2 meters are used, which increase
in size towards the boundaries, outside of the
2.2 Delft3D Flexible Mesh model area of interest. In the vertical 40 sigma
layers are used, with increasing size from

To simulate hydrodynamics, sediment 0.05% at the bed to 14% at the surface.

transport and morphology the newly
developed Delft3D FM modelling software is .
used. IEI)'his model is the sucgessor of the?-3-2 Hydrodynamic set-up

Delft3D-4 model (Lesser et al., 2004), which  The Riemann boundaries in the original
is established in sand wave modelling (seemodel set-up (Borsje et al., 2014, which are
a.0. Borsje et al., 2014; van Gerwen et al.geveloped to simulate tidal conditions, are
2018 and Leenders et al., 2021). The Delft3Dyepjaced by one velocity (SW) and one water

FM model offers the possibility to use : i
unstructured grids (flexible meshes) and canleveI (NE) boundary. In this way non-tidal

. . currents can be included, which is not
run models in parallel (on multiple nodes),
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Table 1: Model cases. Positive velocities indidkted direction (from left to right in the figures)

Case I I 1
Forcing type M2, M4, Z( M2, S2, M4, Z( Complete timeserit
Residual current tyj Constar Constar Time-varying
Residual current strength [m +0.02¢ +0.02¢ Betweer-0.40 anc+0.7¢

possible using Riemann boundaries. Thetidal component and a constant residual
timeseries for the boundary conditions arecurrent (leading to migration). In Case Il the
derived from the large scale DCSM model S2 tidal component is added, which generates
(see Deltares, 2018), which includes tidal@ SPring-neap tidal cycle. The Case Ill model
flows, meteorological influences and density!S forced by a timeseries of the full

driven flows. With this model a hindcast is hydrodynamics (including meteorological
fluences). All models are run for 2 years.

done for the measurement period (June 201 or Case lll this period spans June 2016 until

T oParscn ol aune 2015 (concidng wih the ADCP
9 measurements).

currents, also purely tidal models are set up
(see Table 1). For these models, specific tidal
components are filtered out of the current and3 RESULTS

water level timeseries.
3.1 Hydrodynamic validation

2.3.3 Morphodynamic set-up To assess the quality of the model nesting

For simplicity the morphodynamic and the ability of the model to reproduce non-
parameters are not tuned and purely based otidal currents and water levels a validation is
measurement or previous model studies. Adone between the sand wave model and the
single fraction sediment is used, with a log- ADCP measurements. For this validation the
uniformly distributed grainsize. The median current measurements at a depth of 12 meters
grainsize is chosen as 350n based on below the surface are used, since here the best
Deltares (2016). The Chézy bed roughnessagreement between the two buoys was found
(C) is taken as 70 His® and the bed slope (Fugro and Deltares, 2018). The modelled
parametennsof 3 is applied, following Van velocity at this depth is constructed through
Gerwen et al. (2018). Only bed load transportinterpolation. As shown in Figure 3, a good
is included in the model, since this is @greementis found between the modelled and
expected to be the dominant transport modemeasured velocities. The mode_l is well able
The bed load transport is calculated following ©0_féproduce momentary —high current
the Van Rijn 2004 transport formula. No velocities. Some outliers are visible, which
morphological scaling is applied, so that theSa" be attributed ~ to ~ measurement

hvdrod it Is th hologi Imaccuracies, and the velocity is slightly
lydrodynamic ime equals the morphological o e rastimated in the sand wave model. A
time. The first 2 days of the simulation are

, - "'~ similar comparison between the sand wave
used as hydrodynamic spin-up, excludingmode| and the large scale DCSM model

morphological change. shows a RMSE of 0.036 m/s, indicating that
these errors cannot be reduced much further,
2 3.4 Model cases while using the DCSM model as nesting host.

) _ The modelled and measured water level

To assess the impact of_non-tldal currentS ghow good agreement (see Figure 3). Since
three model cases are defined. The cases affere were some technical issues with the
listed in Table 1. The Case | model mostyyater level measurements only the first 4.5
resembles the state-of-the-art model set-UPmonths of measurements at the end of 2016

Here the M2 tidal component (which causesyre sed for the comparison here. After a long
sand wave growth) is combined with the M4
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Velocity at z = -12 m Water level
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Figure 3. Validation of the modelled current vetms (left) and water levels (rightfrom the Case Il sand ws
model with the ADCP measurements.

interception, the last 1.5 months of consecutive days. Events can cause large
measurements in 2018 showed a larganstantaneous migration. At other times, a
absolute offset, probably caused by incorrectsedimentation-erosion pattern indicating
referencing. The model shows a slightmigration opposite to the long-term
overestimation of the water level variations, migration direction can be distinguished.
but otherwise a nice match is found. Again, This can be recognized by the erosion of the
with a 0.02 m RMSE between the sand wavdee-side slope. The tide averaged
model and the DCSM model, not much roomsedimentation and erosion rates during these

for improvement is left. events can easily be 4-8 times higher than
. what is found using a simple tidal forcing
3.2 Morphodynamic results (Case I). The different periods in the model

showed similar results, with a highly chaotic

e morphodynamic development o € character.

sand waves clearly shows the influence of
time variations in the current velocities. In the
more traditional model set-up in Case | we4 DISCUSSION
see a steady pattern of erosion at the crest of
the sand wave and deposition at the steep lee In this research we have improved the
slope. This indicates migration of the sandmodel set-up of the state-of-the-art sand wave
wave in flood direction. Since every tide is model and shown the importance of non-tidal
the same with this type of forcing (M2, M4 current for sand wave dynamics. By applying
and Z0), the sedimentation and erosiona different kind of boundary conditions more
patterns stay the same throughout the run. realistic hydrodynamics could be included in
When we add the S2 tidal component inthe model and the accuracy of both tidal and
Case Il we see more variation in the non-tidal hydrodynamics was improved. The
sedimentation and erosion patterns due to théwitch to the Delft3D FM modelling software
creation of a spring-neap tidal cycle. During increased the efficiency of the model
neap tides the bed is quite stable, whilesignificantly. This offers the possibility to run
during spring type significant migration is years of hydro- and morpho-dynamics in a
occurring. 2DV sand wave model in just a few days
Lastly the full forcing model shows a very (without using a morphological scale factor;
scattered pattern, where spring-neap tidal-€. morfac). The morphological results show
cycle can still be distinguished in the results,2 large influence of the time-varying
but the rates differ significantly between hydrodynamics on sand wave migration.
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Periods with sedimentation-erosion patternthan an entire year of tidal forcing. These
indicating opposite migration are observed. events thus lead to a certain stochasticity,
One limitation of this study is the which should be considered when predicting
exclusion of free surface waves. Waves carfuture bed levels in sand wave areas. The
influence sand waves even at large wateisame holds for areas where tidal currents are
depths. Campmans et al. (2018) found thatlose to the critical current for sediment
especially extreme waves have a significanttransport. Here the ability of the tides to cause
influence on sand wave migration, even with migration and deformation of sand waves is
a low probability of occurrence. The limited, increasing the importance of specific
hydrodynamic events present in the Case lllevents.
model would, in reality, largely coincide with
the periods of intense wave action. In this
way the sedimentation-erosion pattern5 CONCLUSIONS

leading to migration caused by these wind-  Thjs research shows the delicacy of the
driven currents are amplified and the patternssand wave system. Relatively small changes
will be even more stochastic. in hydrodynamic forcing can have a large
Due to the 2DV set-up of the model, jnfluence on sand wave dynamics. We should
currents with an angle of |nC|denc_e with thus be careful when trying to predict the
respect to the sand waves were only include@ynamics of sand wave fields using
with their component in the along transect simplified models.
direction. Although sediment transport along  As a next step the morphodynamic results
the crests will not directly lead to sand wave gf the model can be validated using field
migration, these currents may well help in measurements. Since there are no
reaching the sediment transport thresholdmeasurements available for the simulation
Moreover, in sand wave fields with more period used in this study, this is not an option
variation in the bathymetry this along crest here, By running the simulation for the period
direction cannot be left out of consideration. petween two bathymetry measurements, the
The morphological parameters used in thisneed for calibration of the morphological
study were not calibrated. They are purelyparameters can be determined. With a
based on recent papers and fieldcalibrated model, more accurate predictions
measurements. These parameters are nejf sand wave migration and deformation can
expected to have a significant effect on thepe realized using process-based models.
qualitative results of this study, although the pjoreover, these models can give insight into

magnitude of the sedimentation and erosionyncertainties in predictions related to extreme
could differ. The scattered pattern of gyents.

sedimentation and erosion caused by the non-

tidal currents will still be present and may

even be amplified through different 6 REFERENCES
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