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Summary

In 2019, a 5 million m3 sand nourishment was placed at the Ameland ebb-tidal delta.
This pilot nourishment aimed to investigate the feasibility and effectiveness of ebb-tidal
delta nourishments and to understand the dynamics in this system. To assess how this
nourishment has dispersed through the ebb-tidal delta system, SedTRAILS was used.
SedTRAILS is a particle-based sediment transport model currently in development. A
new process for interaction with the bed and burial of sediment was recently added to
the model. The impact of this process on dispersal and sediment pathways needed to
be analysed, as not much is known about the effects of its inclusion on transport and
dispersal.

Several schematisations of wave- and tidal forcing were tested. The wave forcing se-
lection had little effect on the overall model results. Storm conditions included in the
more detailed schematisation were underrepresented in the model results. The imple-
mentation of wave-driven bed velocity had little influence on result as well due to small
magnitudes that were calculated for this. A significant difference was found between
using a morphological tide and an artificial spring-neap tidal cycle however, requiring
further investigation.

Investigation of the burial formulation gave insight into the response of the model to
changes in the different parameters. Direct dependence of erosion probability on de-
position probability presents a major limitation in the current implementation of burial.
Additionally, deposition probability in its current form is positively dependent on the
maximum bed shear stress. Inclusion of burial does provide significant room for cali-
bration of results.

Through modelling these various configurations of SedTRAILS, results consistently
showed a recirculation of sediment from the nourishment on the ebb-tidal delta together
with bypassing around the edge of the ebb-tidal delta, as seen in Figure 1. However,
the degree to which bypassing occurs depends heavily on the chosen burial configura-
tion. The bypassing is largely a result of flow around the periphery of the ebb-tidal delta
and differs from known bar migration and shoal attachment pathways. Transport into
the Wadden Sea basin was not found, likely due to the underestimation of influence of
storm conditions.
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Figure 1 Result of 180 days of simulation of the Ameland pilot nourishment with SedTRAILS,
using six wave conditions, a spring-neap tidal cycle and burial parameters be = 1:7 �
10�5; �s = 0:1; 
e = 0:0055. The arrows indicate the main transport pathways over the
ebb-tidal delta throughout the simulation.

To improve dispersal modelling with SedTRAILS, the impact of storm conditions needs
to be more accurately included in the model. An under-representation of energetic
wave conditions leads to a consistent underestimation of wave-related transport. Addi-
tionally, more investigation into the effects of the spring-neap tidal cycle is required. The
significant difference presented here is an early indication that this is an important fac-
tor for SedTRAILS. Validation of dispersal modelled with SedTRAILS can be achieved
through quantification of transport, assigning a volume of sediment per particle.
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1 Introduction

1.1 Context
As the climate changes and sea level rises, coasts are increasingly susceptible to ero-
sion. This problem is particularly important to address in the Netherlands (Gornitz
1991). For decades, the Dutch government has worked on erosion prevention through
the governmental body Rijkswaterstaat. They have been tasked with maintaining the
coastline of the year 1990, the Basiskustlijn (BKL) (Rijkswaterstaat 1990). Maintaining
this coastline is primarily done through "dynamic coastal management", as opposed to
the construction of static structures such as dikes or groynes. Dynamic coastal man-
agement typically takes the form of nourishing the coast with sand. Nourishments have
historically been in the form of beach or shoreface nourishments ((a) and (b) in Figure
1.1), which are relatively small in scale (Brand et al. 2022).

Figure 1.1 Overview of different types of nourishments and their typical spatial scales over
time. From bottom left to top right: (a) beach nourishment, (b) foreshore nourishment, (c)
channel wall nourishment, (d) the Sand Engine and (e) the Ameland ebb-tidal delta nourish-
ment (Brand et al. 2022).

The use of beach and foreshore nourishments to maintain the BKL means that frequent
application is required to maintain the coastline. Typically, these nourishments do not
last more than 8 years. To increase the resilience of the coasts of the Netherlands, Rijk-
swaterstaat has started looking for longer-term solutions and larger scale interventions
(Brand et al. 2022).

The Sand Engine at Hoek van Holland ((d) in Figure 1.1) was the �rst of its kind. This
"mega"- or system nourishment consisted of approximately 21.5 million m3 of sand.
It was designed to utilise the naturally present waves and currents along the coast of
North- and South-Holland to distribute the sediment over a large area (Stive et al. 2013).
Nourishing at this large scale has both proven effective for maintaining the Dutch coast
and provided additional bene�ts for ecological development and recreation (Huisman
et al. 2021).

One major advantage the Sand Engine has over smaller-scale nourishments is its im-
pact on ecology. With less frequent nourishing of the coast, local ecosystems have
more time to recover from burial. Additionally, it has provided new space for dune
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growth and pioneer plant species. The additional dune growth also serves to strengthen
the natural coastal defences at the dutch coast (Huisman et al. 2021).

With the success of the Sand Engine, another system nourishment was planned, this
time at the Ameland tidal inlet ((e) in 1.1). This nourishment had more research-
oriented goals, mainly being placed to study the dynamics of the inlet, with coastal
management as a secondary goal (Ebbens 2019).

Due to the advantages in long-term coastal management and ecological bene�t that
system nourishments bring with them, their design is becoming increasingly important
as well. Predicting the evolution of a large-scale nourishment before placement is dif�-
cult. Currently available hydrodynamic models can already provide a lot of information
on the impact of nourishments on systems, but give limited information on sediment
pathways. A different (Lagrangian) model approach can provide this insight, comple-
menting the traditional Eulerian approach.

Harlequin (2021) investigated the effect of the nourishment through Eulerian morpho-
dynamic modelling in Delft3D-4. While the modelling done here provided valuable in-
formation on the morphodynamic impact of the nourishment, it gave only limited infor-
mation on where sediment from the nourishment has gone since its placement. Addi-
tionally, such a model study is dif�cult to build, making future evaluations more dif�cult.

Compare two studies of the Ameland tidal inlet with similar goals but different method-
ologies. Pearson et al. (2020) utilised a Eulerian modelling framework to investigate the
sediment connectivity between different zones in the tidal inlet system. This required
many different lengthy model runs. In Pearson et al. (2021), on the other hand, connec-
tivity could be studied much more easily and rapidly by estimating sediment pathways
using a Lagrangian approach. To simulate these sediment pathways, the Lagrangian
model SedTRAILS was used.

SedTRAILS is a model that simulates transport of particles and is in active development
at the TU Delft and Deltares (Elias and Pearson 2020, Pearson et al. 2021, Pearson
et al. 2023). SedTRAILS gives insight into �ow patterns over time and the pathways
sediment takes through a system (Pearson et al. 2021). This insight is valuable for
system nourishment design. Knowing where the sediment goes and which parts of the
system it can reach within a certain timescale are important in assessing effectiveness.
SedTRAILS has already been used to model the Ameland nourishment for that reason
(Lambregts 2021). Early on, these pathways were a visualisation of the sediment trans-
port �eld generated by a Eulerian model. This gave insight on the pathways of sediment
in a system, but no information on transported volumes or timescales (Pearson et al.
2021).

To remedy this, the approach of Soulsby et al. (2011) is now used to model sediment
particle velocities. Grain velocities are calculated by the model itself based on modelled
hydrodynamics. An especially new aspect of the model is burial of sediment. This pro-
cess allows for more interaction with the bed by the particles simulated in SedTRAILS.
The particles can get stuck, simulating how sediment grains can get covered by other
sediment. Not much is known about how the inclusion of burial affects the movement
of particles and what impact this has when modelling dispersal of a nourishment.
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1.2 Research objectives
There are two main objectives in this report: �rstly, to test and assess the impact and
sensitivity of the burial formulation within SedTRAILS; secondly, an increased under-
standing of the dispersal of the Ameland pilot nourishment through the Ameland tidal
inlet system. These two objectives coincide with each other, as the Ameland pilot nour-
ishment functions as a case study for testing and assessing the burial formulation.

Several schematisations for wave and tidal forcing will be assessed. An existing Delft3D-
FM model set-up for the Ameland tidal inlet is used as the basis for these analyses.
Sensitivity to changes in parameters within the bed interaction (burial) formulation will
be assessed to increase understanding of its inclusion in the transport formulation and
the effects it has on modelling dispersal. These extensive tests of the burial formulation
will provide a basis for assessing the dispersal of the Ameland pilot nourishment.

The main research question that will be answered is: "How can SedTRAILS be used to
analyse dispersal of sand nourishments in hydrodynamically complex environments?"
The following sub-questions are used to answer the main research question:
1 How does dispersal of sediment change under a different schematisation in wave-

and tidal forcing?
2 How is dispersal of sediment particles affected by changes in sediment burial prob-

abilities?
3 What dispersal of the Ameland pilot nourishment is modelled when burial is included

in the transport formulation?

1.3 Report structure
Chapter 2 provides an overview of literature relevant to the Ameland tidal inlet, the
pilot nourishment and the SedTRAILS model. A model description of SedTRAILS is
provided here as well. In chapter 3, the implementation of the transport formulation
and an explanation of how SedTRAILS is used is given, as well as the basic set-up
and settings used in modelling the nourishment. After this, chapter 4 gives results of
varying forcing conditions and several model parameters. In chapter 5, limitations and
uncertainties of the methods and results are discussed based on the methodology and
to what extent the results re�ect previous research into the Ameland pilot nourishment
and ebb-tidal delta dynamics. In chapter 6, the research questions are answered and
the objectives are addressed, after which recommendations for follow-up research are
given in chapter 7.
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2 Literature review

To understand the system in which the Ameland pilot nourishment was placed and the
processes relevant to modelling it, some background information must �rst be given. A
short overview of tidal inlets in barrier island coasts is provided along with a description
of the Ameland tidal inlet. The pilot nourishment is also described in this section. This
chapter also includes relevant information on the numerical models that will be used
to model the nourishment: Delft3D-FM and SedTRAILS. In particular, the transport
formulation used in SedTRAILS is described in detail.

2.1 Tidal inlets in barrier island coasts
Tidal inlets function as parts of a barrier island system, the inlets functioning as the
gateway for water to �ll into and drain out of the tidal basins behind the barrier islands
(Swart and Zimmerman 2009). Figure 2.1 shows a general overview of a tidal inlet
system, including the dominant sediment pathways for along-shore transport. Of par-
ticular relevance is the ebb-tidal delta that forms on the seaward side around the main
channel in the inlet. Ebb-tidal deltas form an important link in sediment bypassing pro-
cesses in barrier island systems. In unbroken, wave-dominant coasts, large volumes
of sediment are transported alongshore in the littoral drift. A tidal inlet breaks up the
alongshore transport. However, ebb-tidal deltas provide ways for sediment to bypass
the inlet (FitzGerald 1988, Swart and Zimmerman 2009).

Figure 2.1 Schematized tidal inlet with main morphological features and processes labelled
(Swart and Zimmerman 2009).

Bypassing at a stable tidal inlet system primarily occurs through migration of bars along
the periphery of the ebb-tidal delta. These bars are the result of strong along-shore cur-
rents created by tidal currents and wave forcing along the edge of the delta (FitzGerald
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1988, Herrling and Winter 2018). Often, bar complexes form on the downdrift side of
the ebb-tidal delta (relative to the dominant sediment transport direction) (FitzGerald
1988). However, sediment bypassing more akin to littoral drift on a wave-dominated
coast can occur at more wave-dominated tidal inlets (Fitzgerald et al. 2000). For very
�ne sand grains (125 � m), wave-driven suspended sediment transport along the pe-
riphery dominates independent of bar migration (Herrling and Winter 2018).

2.2 Ameland inlet and pilot nourishment
The Ameland tidal inlet is located in the north of the Netherlands and forms part of
the Wadden Sea. The inlet is bordered by the barrier islands Terschelling to the West
and Ameland to the East. The main morphological features as described in Elias et al.
(2019) are shown in Figure 2.2.

Figure 2.2 Main structures of the Ameland tidal inlet identi�ed from a combination of 2017 and
2018 bathymetry (Elias et al. 2019).

The inlet has Borndiep as its main channel to the east, the Boschgat working as a
secondary channel. To the west, Westgat forms a �ood channel and Akkepollegat
function as an ebb chute. The Kofmansbult and Bornrif are the major ebb shoals on
the ebb-tidal delta. The Kof�ebonenplaat separates the two channels in the inlet and
forms a signi�cant barrier for transport on the west side of Borndiep. The distribution of
channels and shoals on the ebb-tidal delta only re�ects the situation as it was in 2018,
as the system is highly dynamic.
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Elias et al. (2019) conclude that the eastward movement of the Borndiep channel had a
large impact on the system. While Borndiep was previously located in the western part
of the inlet, the channel moved eastward starting in 1854. This movement started to
affect the west coast of Ameland around 1926 and is the reason for 'hard' interventions
in this region, marked in Figure 2.2 as number 19.

Another major change within the system is structural erosion of the Boschplaat, the
section of coast along the northeast of Terschelling. This started in the 1970s and has
continued into the present day.

Sediment characteristics
On the natural bed, sediment with a D50 between 170 and 230 �m can be found, with
�ning taking place rotationally around the inlet in eastward direction. Coarser sediment
was generally found in deeper channels (Elias et al. 2022).

Tidal conditions
The mean tidal amplitude around Ameland is approximately 2 m, with a neap tidal
amplitude of 1.5 m and spring tidal amplitude of 3 m. Storm-related water set-up of
more than 1.5 m has been observed as well (Elias et al. 2022).

Wave climate
For most of the wave record between 2007 and 2017, the observed signi�cant wave
height did not exceed 2 m. However, a small chance of more intense storms exists.
Wave periods under normal conditions typically vary between 3 s and 6 s. For regular
storm waves, with signi�cant wave heights between 2 m and 3 m, this period is around
6.0 s, increasing to 7.6 s for harsher conditions (Elias et al. 2022).

Even though prevailing winds come mainly from a southwestern direction, the orien-
tation of the islands causes most waves to come from a northnorthwesterly direction.
A wind and wave rose of conditions at Schiermonnikoog, which are representative for
those at Ameland (Elias et al. 2022), are shown in Figure 2.3.

Figure 2.3 Wind and wave conditions at the Ameland tidal inlet (Elias et al. 2022).

Classi�cation of coastlines, and thus ebb-tidal deltas, is often based on the relative
magnitude of wave height and tidal range. This gives an indication as to which mech-
anisms are dominant for shaping the system and transporting sediment (Davis and
Hayes 1984). Waves and tides have different levels of in�uence in different zones of
the ebb-tidal delta. The Ameland tidal inlet is considered a mixed-energy system (Elias
2021), with tides and waves having varying levels of in�uence on different parts of the
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ebb-tidal delta. Figure 2.4 shows how waves and tides affect different parts of the ebb-
tidal delta. The outer western edge is predominantly shaped by waves, with the central
ebb-tidal delta being more tide-dominated. The shallow area to the east on the ebb-
tidal delta is again more wave-dominated (Elias 2021).

Figure 2.4 Dominant sources of energy in different zones of the Ameland ebb-tidal delta (Elias
2021).

As mentioned in the previous section, sediment bypassing at tidal inlets at barrier coast-
lines occurs mainly through the formation of bars on the downdrift side of the tidal inlet
(relative to the dominant sediment transport direction). Formation of these bars has
been observed at Ameland as well, as the Bornrif platform evolved from bars to a shoal
to eventually attach at the northwestern coast of Ameland (Elias et al. 2019). Sawtooth
bar migration has also been observed further east of the ebb-tidal delta (Brakenhoff
et al. 2019). However, this does not always lead to a net transport of sediment. With
a wave direction predominantly travelling in an eastern direction, the dominant sedi-
ment bypassing direction along the ebb-tidal delta is eastward as well. There is also
a residual tidal current in eastward direction along the periphery of the ebb-tidal delta,
assisting in �ow bypassing (Elias 2021).

As part of the Kustgenese 2.0 project, a pilot nourishment was placed on the ebb-tidal
delta of the Ameland inlet. This nourishment was put in place between March 2018 and
February 2019 and consisted of approximately 5 million m3 of sand placed on the outer
edge of the delta (see Figure 2.5). The nourishment was placed mainly to study the
dynamics at play in tidal inlet systems, but it also served to offer a soft solution to the
problem of the shrinking ebb-tidal delta. The North Sea coasts of the Wadden islands is
subjected to harsh wind and wave conditions relative to the Wadden Sea coasts. These
outer coasts get their sediment supply mainly from ebb-tidal deltas. When the ebb-tidal
deltas shrink, so does the sediment bypassing capacity. This decrease in sediment
supply to the downstream coasts could then lead to signi�cant erosion (Swart and
Zimmerman 2009).
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Figure 2.5 Bathymetry of Ameland inlet in spring 2018 with nourishment added and its location
marked with a red outline.

Sediment used for the nourishment was dredged from an area with a D50 between 170
and 200 �m (Ebbens 2019).

Through SedTRAILS modelling done by Lambregts (2021), it was found that this nour-
ishment did not signi�cantly impact the sediment pathways within the system. The main
pathways from the nourishment identi�ed by Lambregts were a mainly wave-driven path
along the outer edge of the ebb-shield just east of the nourishment and a mainly tide-
driven path that went further south. These pathways coincide with the nourishment's
aim of supplying the northern coasts of the Wadden Sea with more sediment.

It was noted in Elias (2021) that the ebb-shield the nourishment was placed nearby
stopped outbuilding in 2016, after which it rotated and moved eastward slightly. Had
this outbuilding continued, tide-driven transport of the nourishment would have been
much more signi�cant. As this did not happen, transport of the nourishment from its
original location is mainly wave-driven. This wave-driven transport was also noted by
Van Rhijn (2021) and Lambregts (2021).

Since its placement, the nourishment has shown steady erosion over time. Harlequin
(2021) summarized volume changes together with model results of the erosion of the
nourishment (Figure 2.6). This shows a gradual decrease in volume, interrupted by
large drops during storm events in winters. For instance, there is a large decrease
between october 2019 and april 2020.
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Figure 2.6 Volume changes within the nourishment polygon (red outline in 2.5) over time. Both
observed (red dots) and modelled (orange dots and line) volume changes are included. Place-
ment of the nourishment took place between markers A and B (Harlequin 2021).

The nourishment's decrease in volume can be seen in the bathymetry as well. Figure
2.7 shows strongest erosion from the outer edge of the nourishment, especially shortly
after placement (C). The initial response concerns deposits along the outer edge of
the ebb-shield just East of the nourishment (C), with more sediment depositing on the
western edge of ebb-chute 2 afterwards (D and E).
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Figure 2.7 Erosion-sedimentation map at the nourishment location between January 2017 and
April 2021 (Elias 2021). The nourishment was placed in the period shown in B.

Morphodynamic modelling of the speci�c impact of the nourishment was performed
by Harlequin (2021). Figure 2.8 shows the difference in modelled bed level changes
when comparing a simulation with and without the pilot nourishment present. One
major impact is accumulation just Southeast of the nourishment. This difference is likely
caused by increased wave dissipation from the nourishment. There is also signi�cant
outbuilding of the ebb-shield just east of the nourishment, which can also be observed
in the measurements (Figure 2.7).
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Figure 2.8 Difference in bed level changes of a morphodynamic Delft3D run with and without
the nourishment added to the bathymetry. Changes are representative for a period between
2018 and 2022 (Harlequin 2021).

2.3 Delft3D-FM
To use SedTRAILS, an underlying velocity �eld must �rst be generated. For this report,
that was done with Delft3D-FM. Delft3D Flexible Mesh (FM) is a process-based hydro-
dynamic modelling suite. While it can be used to model morphodynamics and sediment
transport, it will be used here in morphostatic mode, meaning the bed level does not
change. Delft3D-FM gets its name from its functionality to use so-called "unstructured"
grids, where grid cells are not restricted to continuous grid lines. This allows for more
ef�cient increases in resolution in areas where more detail is required.

Waves in the Delft3D-FM simulation are calculated using the D-Wave module, which
uses SWAN (Booij et al. 1999). SWAN is a spectral wave model, which returns wave
statistic information such as the signi�cant wave height and peak period at each grid
cell for each time step.

For running the SedTRAILS model, several variables need to be calculated by Delft3D.
Firstly, the depth-averaged velocity. Delft3D-FM can be run in 3D as the name implies,
but is often used for 2DH (two-dimensional in horizontal direction) simulations. For �ow
velocities, a logarithmic velocity pro�le is assumed over the depth. This velocity pro�le
is then integrated over the depth. A reason to model in 3D would be to include, for
instance, strati�cation over the water column that cause density-driven �ows. As there
is very little freshwater out�ow, density-driven �ows are not signi�cant at the Ameland
tidal inlet (Elias et al. 2019).

Both the mean and maximum bed shear stresses are required for SedTRAILS. Bed
shear stresses are often the result of both waves and currents. A mean and maximum
bed shear stress based on the combined action of currents and waves can then be
de�ned, as is shown in Figure 2.9. This allows for both calculation of threshold of
motion from the maximum shear stress from waves as and transport from tide- and
wave-induced currents.
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Figure 2.9 Method for determining mean and maximum bed shear stresses from combined
action of waves and currents (Soulsby et al. 1993).

Additionally, the non-linear wave velocity components are of interest. This is elaborated
on in subsection 2.4.2, as it is directly relevant to the workings of SedTRAILS.

For a more in-depth description of Delft3D-FM and its use, reference is made to the
Delft3D-FM user manual (Deltares 2023). More information on its con�guration in this
report will be provided in Chapter 3.

2.4 SedTRAILS
Many different sediment transport models exist, so-called Eulerian models (e.g., Delft3D
(Lesser et al. 2004), XBeach (Roelvink et al. 2009)) and particle-based or Lagrangian
models (early examples are PTM (MacDonald and Davies 2006) and SandTrack (Soulsby
et al. 2011), more recently TRACMASS (Aldama-Campino et al. 2020), NEMO (Madec
et al. n.d.), OpenDrift (Dagestad et al. 2018)). A particle-based model currently in devel-
opment is Sediment TRAnsport vIsualization & Lagrangian Simulator, or SedTRAILS
for short (Elias and Pearson 2020). This is a new Lagrangian numerical model that
aims to look at individual sediment particles as they are transported through a velocity
�eld, usually generated by Delft3D (Lesser et al. 2004).

SedTRAILS was �rst developed under the Research Program B&O (Beheer en On-
derhoud kust) (Rijkswaterstaat n.d.) at TU Delft and Deltares, and later also within
the research program TRAILS (TRacking Ameland Inlet Living Lab Sediment) at WUR
(Wageningen University n.d.). SedTRAILS was �rst proposed in Elias and Pearson
(2020), based on code developed for simulating coral larvae dispersal (Storlazzi et al.
2017). While the recent Lagrangian models mentioned previously tend to focus on wa-
ter masses and tracer properties, SedTRAILS is focussed fully on the transport of sand
particles.

There is a fundamental difference in approach when comparing Eulerian and Lagrangian
models. Figure 2.10 illustrates this difference. In a Eulerian model such as Delft3D-FM,
changes to a �xed part of the model are modelled. A Lagrangian model instead fo-
cusses on the motion itself, "following the motion of the �uid element" (Shadloo et al.
2016). Eulerian and Lagrangian approaches are often combined, using Eulerian veloc-
ity �elds to estimate trajectories (van Sebille et al. 2018).
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Figure 2.10 The difference between Eulerian and Lagrangian models in the context of hydro-
dynamics (Shadloo et al. 2016).

The Lagrangian approach has already been widely used in ocean analysis, using �uid
particles as tracers for volume transport, salinity, or biochemical components (van Se-
bille et al. 2018). These tracers can be used to calculate (gross) transport through a
system. SedTRAILS, a Lagrangian model, simulates particles representing sediment.
Introducing a particle to the simulation is done by de�ning a particle source. This is the
starting location of a particle at a speci�ed time step. This speci�ed time step is usually
the start of the simulation.

It should be noted that SedTRAILS is in still development. While used in some publica-
tions (see section 2.4.4), it has not been nearly as broadly used or veri�ed as the more
established (particle tracking) models named in this introduction. This holds especially
true for the transport formulation with burial included. While previous versions used
the sediment transport �eld provided by Delft3D-FM, the latest version of SedTRAILS
calculates its own sediment velocity vectors.

2.4.1 Transport formulation

The main method for calculating transport that SedTRAILS utilizes is outlined in Soulsby
et al. (2011). The velocity of each grain at each time step can be calculated based on
the �ow velocity from a Eulerian hydrodynamic simulation. This is done with the follow-
ing formula:

~ugr = F � P � R � [~Uc + ~�] (2.1)

Where:
� F : Freedom factor, 0 if particle is trapped, 1 if particle is free to move. This is

elaborated on in the following section.
� P : Probability of motion based on shear stress (between 0 and 1)
� R: Velocity reduction factor based on mode of transport, since particles move faster

in suspended load than bed load
� Uc: Flow velocity at given point
� � : Horizontal diffusivity component [m/s], calculated using D = � 2=2� t , where

D is the horizontal diffusivity (typical value of D = 0:2m2=s) and � t is the simu-
lation time step.

Particles are then moved using this formulation:

d
dt

~x(t) = ~ugr (~x(t); t) (2.2)
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Where:
� ~x(t): Time-dependent position vector [m]
� ~ugr : Grain velocity vector [m/s]

How this works in practice is shown in Figure 2.11. Particles get moved in the direction
of the current. Factor P ensures that particles only move when the bed shear stress
is high enough. Factor R is different depending on the mode of transport and can
reduce grain velocity signi�cantly. Factor F is only either 1 or 0, depending on whether
a particle can be considered "buried" or not.

Figure 2.11 Depiction of SedTRAILS grain velocity calculation depending on parameters F
(burial), P (probability of motion) and R (mode of transport). The arrow at the top represents
the �ow velocity ~Uc. The orange circle represents a particle, with the orange arrow represent-
ing the grain velocity.

Importantly, this formulation does not directly include forcing through waves. While the
maximum bed shear stress as a result of waves is used in calculating the value for
several factors and the �ow velocity includes wave-induced currents, there is no direct
dependence on wave-related processes. Because there is no direct inclusion of wave
forcing, the direction in which sediment moves is only in�uenced by the direction the
current is moving in.
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2.4.2 Bed interaction and burial

Of particular interest to this report is the factor F . This factor models interaction with
the bed. The method is based on the concept that a particle is either buried and unable
to move (F = 0 ) or free (F = 1 ). Whether a particle goes from being unable to
move to being able to is based on transition probabilities. These are the probability that
a particle goes from trapped to free and the probability that a particle goes from free
to trapped, in the paper named a and b respectively. a and b are calculated with the
following formulation:

b= 0; if � max;a � � cr;a (2.3)

b= be f 1 � exp[� (� max;a � � cr;a )=� s]g if � max;a > � cr;a (2.4)

a =

 eb

1 � 
 e
(2.5)

These then depend on three tuneable parameters:
� be: Maximum free-to-trapped transition probability [1/s]
� � s: Scale value that determines the distribution of residence times [-]
� 
 e: Long-term equilibrium proportion of particles that are free [-]

In this formulation, � max;a and � cr;a are directly calculated using the bed shear stress
and sediment properties. � max;a is based on the maximum bed shear stress, with � cr;a
being the critical Shields paramater at which sediment starts moving. The likelihood
that a particle deposits thus depends on the difference between the critical bed shear
stress for erosion and the maximum bed shear stress that occurs.

2.4.3 Wave-driven bed velocity

As mentioned in section 2.3, Delft3D-FM is often run with a depth-averaged velocity.
When waves propagate through a system, but especially when they break, the return
current or undertow can become the dominant direction for this �ow (see Figure 2.12).
When waves propagate through water, however, there is a small residual near-bed
velocity, shown at the bottom of Figure 2.12. While undertow (offshore-directed) is
a signi�cant factor in hydrodynamics, as it especially transports suspended sediment
offshore, the velocity near the bed can be in the opposite direction (onshore-directed).
Since near-bed velocity is more signi�cant to sediment transport, it can be used to more
accurately model the in�uence from waves on transport patterns and pathways.

Figure 2.12 Residual velocity pro�le under breaking waves, including Stokes' drift near the
surface, undertow for most of the water column, and a small near-bed orbital velocity. Adapted
from Bosboom and Stive (2022).
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A method to calculate the wave-driven bed velocity, outlined in Ruessink et al. (2012),
uses the Ursell number to estimate wave skewness and asymmetry, which are then
used to calculate the near-bed orbital velocity. This non-linear wave velocity component
is calculated within Delft3D-FM.

The current implementation is a simple addition of the non-linear component to the
overall �ow velocity, and changes equation 2.1 into the following:

~ugr = F � P � R �
�

~Uc + ~Uw;nonlinear + ~�
�

(2.6)

This wave-driven bed streaming or non-linear wave velocity component is sometimes
referred to as Ruessink bed streaming in the remainder of this report, as it re�ects
the naming convention within SedTRAILS and offers a shorthand for referring to this
speci�c model aspect.

2.4.4 Past applications

At �rst, SedTRAILS was developed as a tool for visualisation (hence the vIsualisation
part of the name). The particles it simulated did not represent the actual movement of
sand particles, but were rather visualisations of the net sediment transport �eld. Instead
of calculating a grain velocity vector �eld using the Soulsby et al. (2011) transport for-
mulation, particles were transported using the sediment transport vector �eld generated
in Delft3D (Figure 2.13). This gave quick and easy insights into net sediment pathways
without requiring extensive extra calculations. Note that the main difference between
the method seen in Figure 2.13 and the method described above is a replacement of
the Eulerian Sediment Transport Fields section with the grain velocity calculations us-
ing the Soulsby et al. (2011) formulation.

Figure 2.13 Original concept for calculating sediment pathways in SedTRAILS Pearson et al.
(2021).

One of the �rst applications of SedTRAILS at the Ameland inlet was a connectivity
study described in Pearson et al. (2021). Here, different areas in the system were
mapped out to analyse more broadly which pathways sediment takes through the sys-
tem. The model area was �rst divided into subsections using k-means clustering of the
bathymetry. This resulted in the network seen in Figure 2.14a.
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