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Abstract

This report gathers the experience gained in morphological modelling within the project “Sand dynamics in the
Belgian coastal zone” carried out at Flanders Hydraulics. It aims to provide a single guideline document to help
making decisions or understanding model results when setting up a morphological model. It reviews data and
models available, draws attention to some focus points during the model setup and calibration, presents various
input reduction techniques necessary for morphological modelling, special characteristics of inlet and
embayment modelling, cross-shore profile applications, and various methods to implement structures in the
model. Individual conclusions are summarized at the end of each chapter and in a more practical form at the

end of the report.
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3.3 Model choice

3.3.1  Model type
The model type should be chosen according to :

o  Which processes are dominant based on the data analysis,
e  Which processes could be dominant but cannot be verified with the current data,
¢  Which model type correctly models these processes (and is convenient).

By correctly modelling processes, we essentially mean whether the processes are present or not in the
model, rather than which formulation has been used to model them. Differences in results between different
formulations for a given process can be accounted for in the calibration. A model known to have good
default values for its settings, if available, may be a good start.

In the framework of this project two models have been compared for nearshore application : the
morphodynamic model Delft3D with a stationary wave module and the morphodynamic model XBeach with
an instationary wave module. The reader is referred to Zimmermann et al.(2012a) and to Wang et al.(2012)
for the model comparison focusing on longshore transport, and to Trouw et al.(2012) for cross-shore
transport. Main findings are included in the next paragraphs.

3.3.2 Longshore transport

The theory behind longshore current generation is well-established and is based on the radiation stress of
waves (Longuet-Higgins, 1970a,b). Waves approaching the coast with an angle refract and break. When
breaking, waves transfer momentum to the water column, generating wave set-up (cross-shore component
of radiation stress gradient) and a longshore current in the surf zone (longshore component of radiation
stress gradient). This current is in equilibrium when the shear component of the wave force gradient is
balanced out by the current-induced bottom shear stress. The current is maximum around the breaking
depth, where wave breaking is the strongest, for an approach angle of around 45° at the breaker line.

The cross-shore profile of longshore current is hence a function on a first order of wave energy and
approach angle, on a second order of wave breaking (roller), bottom friction and turbulent mixing (viscosity).
All processes are accounted for in both Delft3D and XBeach, except for the roller model which is too
simplistic and little convenient in Delft3D (Trouw et al, 2012). To allow the longshore current to propagate
through the lateral boundaries, Neumann boundary conditions can be applied for the flow in Delft3D (see
paragraph 3.4.2). If the velocity is imposed, it will take some distance for the longshore current (and
transport) to develop (~km). To prevent local recirculations at the boundaries due to wave set-up, the
keyword #CstBnd# can be used in Delft3D. XBeach does not display such issues because it already
incorporates Neumann boundaries.

Results of longshore current are reasonably comparable between the two models, differences stem from
different formulations for wave dissipation by bottom friction, instationarity of XBeach and sometimes
numerical errors (Zimmermann et al, 2012a).

3.3.3 Cross-shore transport

The importance of cross-shore processes in cross-shore profile and bar growth modelling, and their
implementation in XBeach and Delft3D, are reviewed in detail in Trouw et al.(2012). The main conclusions
are presented below.

Physics

The relative importance of each process determines whether the sediment is transported onshore or
offshore. It depends on the hydrodynamic conditions, which explains the seasonal variability of cross-shore
profiles, which generally tend to be mild in the summer and steep in the winter.

Advances in bar growth modelling also pinpoint how easily a system can shift its morphological
configuration (Walstra et al, 2011). This illustrates the delicate balance of large quantities.

Nevertheless, some processes appear more important than others. Table 3-1 judges the importance of
each process for onshore transport, offshore transport and bar behaviour, as compiled from literature.

Final version WL2015R00_072_19 9
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Less important processes are in red (minus), moderately important ones in yellow (equal) and the most
important ones in green (plus). Some processes can contribute to both on- and offshore transport, some
become particularly important for bar modeling.

Table 3-1: Relative importance of processes for onshore transport, offshore transport
and bar behaviour, as compiled from literature.

Process

Onshore transport

Offshore transport

Bar behaviour

Stokes’ drift _ _
Return flow ++ ++
Wave asymmetry + +
Wave skewness ++ ++

In- and Exfiltration

Gravity = +
Turbulence = = +
Wind stress

Fall velocity

Bed forms

Long waves

Wave roller +
3D effects -to ++

* except liquefaction

** indirectly via dune erosion (avalanching)

Modelling

For modelling purpose cross-shore transport can be reduced to a minimum number of dominant processes:

Table 3-1 and attempts found in literature to model bar growth suggest that the dominant
processes for onshore and offshore transport are respectively wave non-linearity (skewness in the
shoaling zone, asymmetry in the surf zone) and the return flow (combined to turbulent mixing).

Dune erosion by long waves and avalanching is critical to supply the underwater profile with
sediment during storm and to create a bar. This in turn may require a robust drying and wetting
scheme.

The growth and migration of a bar is probably the most sensitive point since it requires sediment
transport to converge on or around the top of the bar, directed onshore from the sea and offshore
from the beach. The location of this convergence point in return strongly depends on the wave
roller and on the concentration profile via turbulence, and possibly via bed forms and 3D effects.
The wave direction has been shown to be of critical importance for the growth or decay of the bar
(Figure 7-20 ; Walstra et al., 2012).

Final version
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Based on these conclusions about physics, Table 3-2 summarizes which processes can be modelled with a
2DH model in Delft3D and XBeach. The following conclusions can be drawn :

Delft3D is not suitable to model bar behaviour with a 2D model, primarily because dune erosion by
long waves and offshore sediment transport by the return flow are not included. A 3D model has
been shown to perform better (Briere and Walstra, 2006) but still misses dune erosion. XBeach on
the other hand includes all main processes necessary to model bar behaviour, with the exception of
the effect of vertical mixing by wave breaking turbulence on the relative importance of onshore-
directed transport by wave non-linearity and offshore-directed transport by the return flow.

In Delft3D, due to the way bed load and suspended transport have been implemented, wave-
related transport in 2DH is always onshore and the only possible offshore-directed components are
bed slope effects or suspended sediment diffusion. The return flow requires a 3D model. Since the
bed slope effect scales on the bed load transport, if the wave-related scaling factors are set to zero,
it is also zero. The diffusion component on the other hand is one to two orders of magnitude lower
than the advection component, which explains why its effect is not visible (Zimmermann et al,
2012a).

In addition, in Delft3D the default values for wave-related bed load and suspended load factors are
too high and lead to an unrealistic steepening of the coastal profile. Values of 0 to 0.1 instead of 1
are suggested.

The popular alternative approach of Bailard (1981) implemented in Delft3D in the transport
formulae of Bijker (1971) may allow to get a tuneable balance between onshore transport by wave
asymmetry and offshore transport by bed slope effects, however without return flow the physics of
the model are still likely flawed.

Morphological simulations can also be sped up with a morphological acceleration factor, or morfac. The
applicability domain of such a factor is however still debated. A morfac induces an amplitude and phase
error in the propagation of a bed form (Ranasinghe et al, in prep). Although this error is generally an order
of magnitude smaller than errors induced by the numerical scheme, it may be more critical to model bar
growth and migration, because the exact location of the convergence of sediment transport is so important.
It is hence advised to begin modelling without morfac whenever possible.

Final version WL2015R00_072_19 11
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Table 3-2: Implementation of processes in a 2DH model in Delft3D and XBeach from the point of view of

sediment transport, and their importance for bar behaviour (see also Table 3-1).

Process

Delft3D

Stokes’ drift

Return flow

Streaming

Yes (in bed load)

Wave asymmetry

Wave skewness

XBeach

Bar behaviour

Yes (in bed load)

In- and Exfiltration

Yes (in suspended +
load)
Yes (in suspended ++

load)

current and wind only)

Gravity Yes (correction of bed Yes (correction of
load transport) equil. concentration)
Turbulence
Wind stress
Fall velocity
Bed forms Yes (predictor) Limited (initial =
conditions only)
Wave roller Limited (not Yes +
convenient)
3D effects Limited (longshore Yes -to ++

* A wind field can be added but a 3D model would be required to model the cross-shore recirculation ;

longshore flow forcing possible depending on flow boundary conditions used

** No intrawave lag effects, only underloading / overloading of suspended sediment
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3.4 Boundary conditions

3.4.1 Resolution, nesting and domain decomposition

The grid resolution obviously has to be chosen such that the features or the area of interest are sufficiently
well defined. This implies for instance a minimum of, say, 5 cells across a navigation channel, and ideally 10
cells across the surf zone (which width in turn depends on the bed slope and the applied wave height) or
more if bars are present and are expected to migrate during the simulation.

Realistic boundary conditions are generally generated by a larger model by means of nesting or domain
decomposition (DD). Satellite or time series measurements can be used at the boundaries of the largest
model (typically a model of the Belgian continental shelf). Only nesting has been tried in this project, short
remarks on DD are added below based on experience in other projects. The large grid will be called mother
model and the small grid daughter model.

With domain decomposition, the daughter grid is basically a local refinement of the mother grid. Once the
DD boundaries have been defined, both models act as one and only one simulation is required. The model
setup is therefore easy. Disadvantages include a uniform time step in both mother and daughter model, a
less flexible grid design, and in Delft3D some unexpected convergence issues if the time step is too large,
possibly due to an explicit numerical scheme in the treatment of the DD boundaries.

|

Figure 3-1 : Example of mother grid (blue) and daughter grid (green) with domain decomposition.

Nesting allows for a flexible grid design since the mother and the daughter grid are independent. However
in Delft3D a nested run requires more steps than a DD model because the boundary conditions of the
daughter model have to be generated. Another limitation particular to this model is that the nesting scripts of
Delft3D do not allow the use of Neumann and Riemann boundaries (see paragraph 3.4.2). Both limitations
can be circumvented with scripts, like the Nesting Tool developed for Simona and Delft3D models at
Flanders Hydraulics. Nesting may save computation time if only the settings of the daughter model need to
be varied and the boundary conditions only need to be generated once.

Final version WL2015R00_072_19 13
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Figure 3-2 : Example of mother grid (blue) and daughter grid (green) with nesting.

XBeach does not have tools to do nesting or domain decomposition. However its boundary conditions can
of course be generated by another model (for instance Delft3D) and applied manually.

3.4.2 Flow boundary conditions
The following boundary conditions are typically used depending on the situation (Delft3D example) :

o Water level (W): Water level and velocity are directly linked via the conservation of mass and
momentum equations. When imposing the water level, deviation from measurements are likely to
be higher for velocity.

e Current (C): Water level and velocity are directly linked via the conservation of mass and
momentum equations. When imposing the velocity, deviation from measurements are likely to be
higher for water level. Velocity vectors in Delft3D are always applied perpendicular to the boundary.

¢ Riemann (R): A Riemann boundary imposes a combination of water level and velocity. Its purpose
is to impose a free propagation of the tidal wave rather than to impose its shape.

e Neumann (N): A Neumann boundary imposes the water level gradient. It is particularly useful
when wind-driven current or longshore current has to be able to pass through the boundary.
Control over the velocity is indirect via the water level slope and very sensitive to for instance jumps
in the bathymetry. Segment-wise Neumann boundaries may create unphysical effects in the
velocity field at the transition between segments, it is therefore suggested to either apply a single
segment or a different time series at each grid cell along the entire boundary.

e Flux (Q) : A discharge combines the water level and the velocity without imposing any of them
directly. It should have advantages similar to Neumann boundaries. It is often used to model rivers
to make sure the correct amount of fresh water enters the domain.

XBeach has little choice for boundary conditions because it focuses on local surf zone applications.
Neumann boundaries or walls are the standard options for lateral boundaries.

To keep some control over the model results, it is advised to include at least partly some water level and
some velocity component in the choice of the boundary conditions, with an emphasis on the velocity
component. Generally speaking, a small error in water level is often compensated by a large error in
velocity. Although it has not been tested here, we suspect that a model with only water level boundaries
may have large errors in the modelled velocity, because other model settings such as roughness and
viscosity will never be perfect. The Delft3D manual does in fact advise against this option because the
model would not be well-posed (Deltares, 2010a). It is more likely that the model is mathematically well-

Final version WL2015R00_072_19 14
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Table 4-4 : Doodson numbers and relative amplitude in the equilibrium tide of the main diurnal and semidiurnal

tidal constituents. Table from Hoitink et al.(2003). i, to ir correspond to the basic frequencies w1 to w6.

iy iy i iy iy ir H (M, = 1)

20, 1 -3 0 2 0 0 0011
a 1 -3 2 0 0 0 0013
o, 1 =2 0 1 0 0 0.079
p 1 -2 2 1 0 0 0015
(5 1 -1 0 0 0 0 0415
M, 1 0 0 -1 0 0 0012
M, 1 0 0 0 0 0 0.007
M, 1 0 0 -1 0 0 0.033
Wy 1 0 2 -1 0 0 0.006
) 1 1 -3 0 0 1 0011
Py 1 1 =2 0 0 0 0.193
5 1 1 -1 0 0 0 -

Ky 1 1 0 0 0 0 0399
K, 1 1 0 0 0 0 0.185
N 1 1 1 0 0 -1 0.005
) 1 1 2 0 0 0 0.008
f 1 2 -2 1 0 0 0.006
Jy 1 2 0 -1 0 0 0.033
00, 1 3 0 0 0 0 0018
2N, 2 =2 0 2 0 0 0025
Ha 2 -2 2 0 0 0 0.031
N> 2 -1 0 1 0 0 0.192
) 2 -1 2 -1 0 0 0036
M> 2 0 0 0 0 0 1.000
Mo 2 1 -2 2 0 0 0.007
Ly 2 1 0 -1 0 0 0.028
Ly 2 1 0 1 0 0 0.007
I 2 2 -3 0 0 1 0.027
5 2 2 -2 0 0 0 0465
R 2 2 -1 0 0 -1 0.004
K> 2 2 0 0 0 0 0.087
K 2 2 0 0 0 0 0.040

An harmonic analysis can be done in two ways : with a mathematically correct direct or fast Fourier
transformation (DFT, FFT) or with a more practical least square equation (LSE). In both cases it is possible
to get the signal back by a reverse process, and the frequencies which can be resolved in a time series
both have a lower and an upper bound :

The Rayleigh criterion states that the lowest frequency which can be detected (wp;,) is limited by
the duration of the time series. The largest wave period which can be resolved (T,..x) is at most the
duration of the time series (Tops) :

Thax < Tops OT Wpin = Aw >
obs

In practice an observation duration of 1 month is generally sufficient : with Aw = 0.5 °/hour only few
important components are not resolved and their contribution is aggregated into the nearest
frequency. Common components close to each other are for instance (K1,P1), (N2,NU2) and
(S2,K2).

The Nyquist criterion states that the highest frequency which can be detected (wp.y) is limited by
the data acquisition frequency. The smallest wave period (T.,) has to be at least twice the

measurement time step (At,ps) in order to resolve at least half a wave length :
s
Tmin > ZAtobs O Wpmayx < 77—
Atobs

In practice a data sampling interval of at least 1 hour is generally sufficient : with w.,= 1/2hours,
components up to the 12" diurnal band are resolved. Higher frequencies are however possible in
some complex river and estuarine situations. In most of the cases no energy is found back at the
12" diurnal band.

Final version WL2015R00_072_19 25
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For illustration, several figures are shown below for two tides which could potentially be selected as
representative tides. Figure 5-3 to Figure 5-5 show the 8" tide of the neap-spring tidal cycle, which has the
best slope on the correlation graph but a consistent error in spatial agreement in the zone of interest (bad
correlation, good slope). Figure 5-6 to Figure 5-8 show the 9" tide of the neap-spring tidal cycle, for which
transport needs to be scaled but spatial agreement is much better once scaled (good correlation, bad
slope).

Final scaling can be done in several ways :

e Transport can be scaled directly via a transport coefficient in the model. However once adding the
waves it will scale the full transport due to the current and waves instead of only scaling the tidal
contribution. This option can hence only be used if the current contribution is dominant, or if the
waves have been added beforehand in the tidal reduction.

e Transport can be scaled via the morphological factor. Transport values are then left wrong but bed
updates are corrected. Like the transport coefficient however the contribution from waves will be
scaled down.

e Transport can be scaled via the boundary conditions. Sediment transport is assumed to be a power
of the velocity (equal to that in the model used), and the velocity is scaled to yield the correct
transport values. Water levels are scaled equally assuming a linear relation between water level
and velocity. This method yields correct transport values, but currents and water levels are wrong.
Waves can be superimposed to the current with this method.

To make the tide cyclic, the representative tide is repeated, provided there is no strong discontinuity in
velocity between consecutive cycles. Roelvink and Reniers (2011) use an inverse Fast Fourier
Transformation (FFT) to make it cyclic without discontinuity. We think however that it adds an unnecessary
reduction step, because a harmonic analysis over a period of 24 hours only may have a high uncertainty in
the result and the quality of the transport reduction would need to be checked again. This has not been
verified here.
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Figure 5-3 : Gross alongshore sediment transport in 14 times the 8" tide (upper left), in the full neap-spring
cycle (upper right), reduction error once scaled for the average transport ratio between the two (lower left)
and tidal cycle (lower right). Solid discharges (no porosity), model results in Delft3D.
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Figure 5-8 : Comparison of net alongshore sediment transport (upper left),
gross alongshore transport (upper right) and initial erosion-sedimentation (lower left) between
14 times the 9" tide (x axis) and the full neap-spring cycle (y axis). Tidal elevation in lower right figure.
Solid discharges (no porosity), model results in Delft3D.
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Condition 1

Condition 2 Condition N

Figure 5-22 : Schematisation of the MorMerge process for morphological modelling with a reduced wave climate.
Figure from Lesser (2009).

The maximum morfac which can be used depends very much on the application. It can typically be in the
range 1-10 for storm erosion, 10-100 for the long term average evolution of the surf zone, for 100-1000 for
the evolution of inlets and estuaries without waves. Dastgheib (2012) shows a very long term application for
the Wadden Sea evolution in the Netherlands over 5000 years, with a simplified model setup.

Mormerge

This method has been applied to model the morphological evolution of the Belgian coast over 10 years
(Wang et al., 2014 ; Figure 5-23). MorMerge is an undocumented tool of Delft3D, its installation and use are
described in Annex B.

The Mormerge approach has the major advantage to generate smooth results because the yearly climate is
applied at each time step. The stability associated with this smoothness allows to use a larger morfac and
therefore to reach longer time scales with this method (paragraph 5.6.3).

Results show a good quantitative agreement on the transport rates in the surf zone. The major
morphological changes expected are qualitatively reproduced by the model, where the system is strongly
out of equilibrium (coastline orientation in Wenduine, sedimentation in approach channel of Zeebrugge,
sedimentation West of Zeebrugge, erosion in Knokke, sedimentation in the Zwin inlet). The Baai van Heist
is an exception, there 3D effects and multiple sediment fractions have been shown to play a role. On the
other hand, at places with weak anthropogenic impact like on the shelf, the morphological evolution is
poorly predicted. This is expected because the sea bed is in a weak dynamic equilibrium, it is constantly
weakly adjusting to the natural forcing. The natural evolution is easily overshadowed by the effect of model
inaccuracies such as spatially varying roughness and sediment characteristics, as well as human activities
such as dredging, dumping and regular nourishments. A great deal of interpretation is therefore necessary
to analyse long term modelling results.
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Figure 5-23: Observed (upper) and modelled (lower) sedimentation/erosion from Nieuwpoort to the Zwin inlet
(in cm/year averaged over 10 years).

Time-varying morfac

This method has been tested in XBeach for the morphological evolution of the coast near Knokke (Lanckriet
et al., 2015b). It allows to speed up the simulation more than the constant morfac approach, but it strongly
distorts the cross-shore profile because wave conditions are sped up too much and not “mixed” (i.e. there is
no calm period between two storms). Also in XBeach the difficult implementation complicates pre- and post-
processing.

This, the slower code, and the lack of a MorMerge method in XBeach make it difficult to model periods
longer than a few years in 2D. An example of a bash script to run a time-varying morfac simulation in
XBeach is shown in Annex C.

Constant morfac

The constant morfac approach has the big advantage of being easy to implement and provides valuable
information about individual storm events, however it also introduces undesired side effects due to the
decoupling of hydro- and morphodynamic time scales : the equivalent of an entire storm is modelled with a
constant water level, and wind generated currents do not have the time to be established. An example of
long-term morphology computed with the constant morfac approach is presented in Wang et al. (2012 ;
Figure 5-24, Figure 5-25).
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Figure 5-24 : Long-term sedimentation rates in Blankenberge estimated from measurements.
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Figure 5-25 : Erosion-sedimentation pattern in Blankenberge after one year, computed in XBeach. Reference

results. Differences with measurements are mostly due to side effects of the modeling methodology.
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e Data is often not available. Megaripples and dunes can be derived from multibeam echosounder
data with geostatistical and spectral methods (Van Dijk et al, 2008), but the resolution is not
sufficient yet for smaller ripples. Measurement techniques for smaller bed forms do exist, like the
Acoustic Ripple Profiler (Davies and Thorne, 2008), but only cover a small area, and only one
moment in time.

e The roughness coefficient used in models is generally not directly related to geometric
characteristics of bed forms. Possible roughness coefficients are either constant (Darcy-Weisbach,
Chezy), dependent on the depth (Manning power law, White-Colebrook log law) and/or sometimes
related to a roughness length z, (White-Colebrook log law). This roughness length comprises a skin
friction (flat bed grain size), a form drag (bed form geometry) and a sediment transport contribution
(momentum transferred from flow to sand grains ; Soulsby, 1997), each with several formulations. It
hence depends on local hydrodynamic conditions, including wave-current interaction, and like the
viscosity on the grid resolution (subgrid bed forms). The finer the grid, the lower the form drag
contribution will be.

e ltis advised to keep roughness calculations simple, because the full approach is still partly based
on very uncertain formulations for the roughness length and implicit relations are present. A
roughness predictor can be considered to evaluate the expected spatial and temporal variability of
the roughness field and to help determine calibration values (Villaret et al, 2012), but should not be
considered as ground truth either. The roughness predictor of Van Rijn for instance does not
predict a significantly lower roughness for a muddy sea bed, which strongly limits its applicability.
As a consequence the predicted roughness does not vary spatially enough to give a clear added
value compared to a constant value.

The roughness formulation influences the equilibrium morphology even in simple test cases (Lesser, 2009).
It also controls strongly whether a negative or a positive feedback exists between the flow and the
morphology, that is whether bed forms will develop or not (Ter Brake and Schuttelaars, 2011).

5.6.3 Scaling up the time horizon

The methods presented above allow to simulate long term morphology. However some specific issues arise
in the surf zone because it is an order of magnitude more dynamic than on the continental shelf. This is why
many morphological applications exclude the surf zone.

Ranasinghe et al. (2011) proposed a CFL criterion based on the bed form migration speed to determine the
maximum morfac acceptable before impacting results (CFL < 0.05). Applying this criterion in the surf zone
even under normal conditions (wave height 1m, approach angle 45 degrees) results in a critical morfac of
about 5 to 10 in the surf zone compared to 300 on the shelf (Figure 5-29). Obviously a higher morfac has to
be used to keep computation time realistic.
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Figure 5-29 : Critical morfac according to the criterion of Ranasinghe et al. (2011) on a simplified coast (surf zone
at bottom) under a calm wave climate (wave height 1m, approach angle 45 degrees).
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Figure 6-9 : Example of application and limitations of the parabolic shape model on bay beaches in Mexico. Good
fit on green curves, bad fit on red curve, physically doubtful fit on southmost beach (incorrect wave direction).

6.3.2 Experience from modelling the Baai van Heist

Bay beaches can probably be modelled with a 2D long term morphology model. The Baai van Heist shares
some common features with bay beaches, in the sense that the coastline shape is locally affected by its
sheltered location. The modelling of the tidal flat in this bay is supposed to be closely linked to that of 2D
coastline modelling.

Wang et al. (2015) presents numerical modelling work on the sedimentation in the Baai van Heist, East of
Zeebrugge. The area experiences long term sedimentation of about 200 000 m3/year on the tidal flat, which
the model cannot reproduce easily. Although the cause has not been clearly identified, investigations
suggest that for this specific case, both 3D modelling and a spatially-varying grain size distribution are
necessary to improve results. The reader is referred to the report for further details.

It is worth noting that this issue has been encountered as well in a project in the Netherlands. A 2D
morphological model proved incapable of reproducing the observed sedimentation in the leeside of the port
of ljmuiden (personal communication Dano Roelvink).

6.3.3 Suspended transport formulations in 2D models

The necessity to use 3D modelling for the sedimentation in the Baai van Heist may stem from the limitations
of the suspended transport formulation used in 2D models. The basic concept is presented below (rough
math only).

2D models such as Delft3D and XBeach assume that the suspended transport concentration ¢ adjusts to
the bed load equilibrium concentration ¢4 at the bed with a relaxation time scale T. They hence model an
exponential return to the equilibrium state from an initial underloading or overloading situation (Figure 3-3)
with a source term in the advection-diffusion equation :

ac  9c  0°C Tpq—C

E + ua + VW T
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in which for simplicity of the argument the spatial derivatives will now be omitted.

The main uncertainty lies in the equation used for the relaxation time scale T. A simple equation can be
derived from the 2DH formulations for the advection-diffusion of mud and from a 1DV equilibrium
concentration profile (such as the Rouse profile).

The most simple 2DH advection-diffusion equation for mud features a balance between the erosion rate E
from the bed shear stress and the deposition rate D from the fall velocity (Partheniades-Krone formulation).
It reads in depth-averaged form :

6E_E D
at
ac _
ha=M(T—Tcr) — wC
ac _ .
h5=Ws(Ceq —c)

M
With Coq = — (T — 1)
WS
When using similar source-sink terms for erosion-deposition in the 3D advection-diffusion equation, and
integrating it vertically, the following very similar equation is obtained for 2DH advection-diffusion (personal
communication George Schramkowski) :

Jdc w
E = TS(Cbed eq — Cbed)

the difference being that the concentration is defined near the bed instead of depth-averaged. The near-bed
equilibrium concentration can be related to the depth-averaged equilibrium concentration with the Rouse
profile, and the instantaneous near-bed concentration is related to the instantaneous depth-averaged
concentration with a perturbation analysis (yielding a comparable coefficient for small deviations).

The 1DV equilibrium concentration profile stems from a vertical balance between turbulent upward flux with
diffusion coefficient v and downward flux with settling velocity ws :

which can be integrated into :

-¥s(z+n)
Ceq (2) = Cpea eq€ v

yielding a depth-averaged equilibrium concentration in the water column :

v Wg
— —Zsp
Ceq = hw. (1 —e v ) Ched eq
s

Ceq = AChed eg

The shape factor « is the ratio between suspended sediment concentration and near-bed concentration. It
equals 0 if there is only bed load transport and 1 if there is fully mixed suspended load transport. It is a
function of x = %h (Figure 6-10) :

e For a low fall velocity (mud), a high diffusivity (turbulence) or a small depth (tidal flat), sediment
stays in suspension (small x, large shape factor) ;

e For a high fall velocity (sand), a low diffusivity (low energy area) or a large depth (shelf), sediment
stays near the bed (large x, small shape factor).

The exact expression of the shape factor depends on the assumptions made, in particular for the diffusivity
profile. Combining the two equations (depth-integrated 3DH with source-sink from mud and 1DV equilibrium
profile) yields an expression for the relaxation time scale :

h

T=a—
WS
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shape factor function (ratio of suspended to near bed concentration)
K)=(1-exp(=0)/x with x=ws*h/mu
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Figure 6-10 : Shape factor function as a function of the adimensional parameter %h

As an example the shape factor of the relaxation time scale is computed for four typical cases :
e Sandy shelf: ws =0.02 m/s, h=10m, v=0.01 m%*s 2 a =0.05
e Sandy flat: ws =0.02m/s, h=1m,v=0.01 m¥s 2> a= 0.4 (10x larger)
e  Muddy shelf: ws =0.002 m/s, h=10m, v=0.01 m%*s > a = 0.4 (10x larger)
e Muddy flat : ws =0.002 m/s,h =1 m, v=0.01 m*s > o= 0.9 (20x larger)

The first value (sandy shelf) is close to the default value used in XBeach (constant shape factor of 0.1). The
computation shows that for a constant diffusivity, the shape factor and hence the importance of suspended
transport can easily vary by more than an order of magnitude. A 2D morphological model using a constant
value of the shape factor therefore presents serious shortcomings to model suspended sediment transport,
hence the evolution of tidal flats, accurately.

Delft3D on the other hand uses the Galappatti formulation for the relaxation time scale (Wang and De
Vriend, 2004). This non-documented formulation (in the manual) is more rigorous : it is derived from the
linear perturbation analysis of the full 3D advection-diffusion equation. Probably because of this more
rigorous approach and of the assumption made for the diffusivity, the resulting expression of the relaxation
time scale differs considerably from the simple expression presented above (u, is the bed shear velocity) :

Tpsp = weexp[(1.547 — 20.12u,)wd + (326.832u22%47 — 0.2)w? + (0.1385log(u,) — 6.4061)w;
+(0.547u, + 2.1963)]

Figure 6-11 compares the relaxation time scale in Delft3D, in XBeach and as computed from the simple
expression presented above in the case of a tidal flat (1m depth, diffusivity 0.01 m?%s) and with a formula for
the fall velocity. It shows that the relaxation time scale of Delft3D is significantly larger. In this particular
case the relaxation time scales of XBeach and of the simple expression are very comparable. When varying
the parameters, the simple expression yields quite variable results depending on the diffusivity, but is
generally found to predict a shorter time scale than XBeach. The time scale of XBeach is found to be
comparable to that of Delft3D for a shape factor of 0.5 instead of 0.1.
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Figure 6-11 : Computed relaxation time scale as a function of grain size (hence fall velocity) in Delft3D (Galappatti
formulation), in XBeach (constant shape factor) and in the simple expression derived from the Rouse-like
equilibrium concentration profile. Sandy sediments in the Baai van Heist are comprised between 100 and 200 um.

This implies that Delft3D is the most likely to transport suspended sediment further into the embayment and
on the tidal flat. XBeach will not always be capable of modelling sedimentation in embayments and on tidal
flats. The simple expression will not solve the problem since it predicts shorter time scales than both
Delft3D and XBeach. Based on the exercise and on some additional non-reported tests, it is however not
excluded that another expression may yield larger time scales more able to transport sediment further onto
the flat.

Finally, the equations above also show the very close similarity between sand and mud models :

gc E —wsC d 1
Frie W for mud (a~1)

0C Cq—C
at T

The main difference is that a mud model imposes the sediment flux at the bed (erosion rate E as a function

of shear stress) while a sand model imposes the sediment concentration at the bed (equilibrium bed load

concentration cpeq eq = %q). These two equations are equivalent if

= %(@— E) for sand

Ws___
E= 7Ceq = WsChed eq

Under a certain number of conditions (such as a constant shape factor, a similar dependency of the erosion
term E and of the equilibrium bed load concentration ¢, eq ON the shear stress, adding the shape factor a
to the mud equation...), a spatially varying erosion rate M (see definition of E) can hence be computed, for
which a mud model would yield similar results to a sand model. The larger underlying issue would be to
reconcile the many data measurements of sand concentration and mud erosion rate.
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6.4 Conclusion

We advise the following concerning morphological modelling of inlets and bay beaches :

Tidal inlets are subject to very complex behaviours because wind, waves, tide, surge and river
discharge can all play an equally important role. For this reason, it is important to make important
efforts in the (historical data) analysis of the system.

Several tools can help in estimating temporal and spatial scales, as well as in evaluating the
system stability and the impact of human activity :

o Tidal prism relationships and the stability criterion of Bruun et al. (1978) are the most
simple tools, and can help in evaluating the cross-sectional area and the stability of an
inlet. It is recommended to compute the minimum stable cross-sectional area A = cP% with
coefficients ¢ and d respectively equal to 10 and 1, and to apply an uncertainty of +30%,
rather than to use empirical formulas such as those of Jarrett and O’Brien. If results differ
by an order of magnitude with the measured stability, the physically based formulas of
Stive and Rakhorst (2008) and of Kraus (1998) can be used, or one’s own relation be
calibrated on known systems.

o If simple modelling is desired, without setting up a complex 2D model, the Escoffier
diagram and the Inlet Reservoir Model can be used. The first allows to evaluate the
sensitivity of the inlet stability to the temporal variations in forcing. The second allows to
quantify the long term evolution of the different inlet elements interacting with each other,
and in response to human impacts, and is to be preferred over the ASMITA model which
relies on many calibration parameters.

o Process-based morphological modelling is possible but should not focus on reproducing
exactly the observed behavior, except if it is robust and the cause well identified. Instead it
should focus on qualitative behavior and relative impact (of processes or human impact).
Simulations on a time scale of a storm to a year can be done with the methods described
in the previous chapter, albeit with potentially complex input reduction. Simulations on a
time scale of decennia to centuries (inlet evolution) can be done in most cases by
assuming that the tide is the dominant forcing, thus neglecting waves.

Bay beaches are interesting for design of artificial beaches because their shape generally
corresponds to a kind of equilibrium shape. The state of this equilibrium (static equilibrium, dynamic
equilibrium, natural reshaping) can be assessed with the Mepbay software based on the empirical
equation for a parabolic beach profile. Care and expert judgement is however necessary for the
interpretation of results.

From a modelling perspective, bay beaches are related to longshore transport. A coastline model
or a long term 2D model can therefore be used. However difficulties can be encountered with both
methods. A coastline model is difficult to calibrate for strongly curved beaches. In a 2D model, the
time horizon involved will often be a limiting factor.

Tidal flats in embayments such as the Baai van Heist are difficult to model, in this particular case
because the lack of data does not allow to clearly discard or validate some assumptions. 2D
morphological model are based on a relaxation time scale for suspended sediment, which
formulation may present serious shortcomings for tidal flats. The Galappatti formulation used in
Delft3D is better than the constant time scale used in XBeach, but may still be insufficient. Other
major limitations include the lack of data on the spatial variability of the grain size, of the bed
roughness, and the vertical stratigraphy. A 3D morphological model may perform better but can
easily present instabilities.
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7 Modelling cross-shore profile development

7.1 Overview

The main processes driving cross-shore transport and their implementation in the morphological models
Delft3D and XBeach have been discussed in paragraph 3.3.3. In this chapter applications at various time
horizons are discussed :

e Short term (1 day) : storm response
e Medium term (1 year) : erosion and recovery cycles, evolution of a nourishment

e Long term (>10 years) : sea-level rise and climate change, of interest for the evolution of a
nourishment and for long term coastal advance and retreat

o Very long term (geological time scale) : geological profile development and stratigraphy

All applications are carried out with XBeach. The specific details of the modelling exercises can be found
back in their respective reports (Lanckriet et al., 2015, Zimmermann et al., 2015).

7.2 Short term (1 day) : storm response

The response of the coastal profile to a storm is well understood (in terms of governing processes) and
easy to model (models validated against data). In the frame of the “Wettelijk Toetsinstrumentarium 2017”
project in the Netherlands (WTI ; Deltares, 2015), aiming at defining the methods to test the coastal safety,
a set of calibration parameters has been defined for the Groundhog Day 2014 release of XBeach focusing
on dune erosion. Their optimal value has then been determined by an automatic optimisation procedure
based on a large number of simulations compared to laboratory and field data of the Dutch coast (Table
7-1).

Table 7-1 : WTI calibration settings with the Groundhog Day release of XBeach

parameter | Default | WTI settings |
fw 0.000 0.000
cf 0.003 0.001
| gammax 2.000 2.364
beta 0.100 0.138
wetslp 0.300 0.260
alpha 1.000 1.262
facSk 0.100 0.375
facAs 0.100 0.123
gamma 0.550 0.541

These calibration settings, combined with a pseudo 2D approach to partially resolve edge waves (here 5
cells of 200m each in alongshore direction), have been shown to yield outstanding results in a hindcast of
the Sinterklaas storm in Belgium (Lanckriet et al., 2015 ; Figure 7-1). This agreement is supposed to come
from the close similarity between Belgian and Dutch beaches in terms of forcing, beach slope and sediment
characteristics. These same settings still yield surprisingly good results for applications on the medium term
(see paragraph 7.3), meaning that the calibration on storm events does not significantly impact the
accretive events.

The parameters changed the most compared to their default value are the bed friction on the flow (cf) and
the importance of onshore transport due to wave skewness (facSk, in the surf zone) and wave asymmetry
(facAs, in the swash zone). This compares to the following experience within the Sand Dynamics project :
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e The 2D models of Blankenberge and Knokke suggest that a higher value of the bed friction cf
(instead of lower) is needed to avoid overestimating longshore transport, but these were done with
an earlier release of XBeach. XBeach is notorious for changing both the process formulations and
the default values in different releases. We note however that a coefficient cf of 0.001 as proposed,
corresponds to a Chezy friction parameter of about 90. This is physically doubtful and suggests
that the statistical procedure compensates errors by other errors (in other parameters / processes).

e The long term profile evolution presented in paragraph 7.4 confirms the necessity to increase
onshore transport, albeit with wave asymmetry instead of skewness, but infirm the general
applicability of the WTI settings : with the same settings and the Groundhog Day release, the
studied profile (swell-dominated, coarse grain, steep slope) becomes unstable over a year contrary
to a Belgian profile. Hydro-meteorological conditions different from North Sea conditions will
probably also lead to different results.
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Figure 7-1 : Eroded volume along the Belgian coast during the Sinterklaas storm, compared to measurements.

7.3 Medium term (1 year) : erosion and recovery cycles

Beach recovery during calm weather is not well understood yet. Onshore transport is believed to be due to
wave skewness and wave asymmetry, however it is difficult to quantify. From a hydrodynamic point of view
both skewness and asymmetry can be quantified from wave theory. From a sedimentary point of view, the
efficiency of this skewness and asymmetry strongly depend on the grain size via time lag effects (see also
review of O’'Donoghue and Van der A (2012)). Coarser grain sizes, moved onshore during the uprush but
already settled when the less energetic downrush comes, will experience more onshore transport than finer
grain sizes, which stay in suspension both during the uprush and the downrush. XBeach uses an elegant
formulation to account for onshore and offshore transport. Onshore transport is calibrated with factors for
the efficiency of wave skewness (facSk) and wave asymmetry (facAs).

A theoretical modelling exercise has been set up to evaluate the capability of XBeach in modelling medium
term erosion and recovery cycles (Zimmermann et al., 2015). Two main profile types are considered :

e A steep beach profile in a swell-dominated environment, with very coarse sand on the beach (600
pm) and fines on the shelf> (< 100 um). This profile is chosen because it presents a calibration
challenge for medium term modelling.

® Data courtesy of IMDC, exercise not associated with the project the data stems from.
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e A mild beach profile typical of the Belgian coast in a wind sea-dominated environment, with
medium sand on the beach and on the shelf (200-300 pym). This profile is chosen to verify the
applicability of the conclusions regarding the first profile to the Belgian coast.

The objective of this exercise is to answer the following questions :
e Can the profile be stable in medium (1 year) to long term applications (>10 years) ?
e Can XBeach be used to evaluate the medium to long term evolution of a nourishment ?
¢ Does XBeach handle multiple sediment fractions properly ?

The latter question is relevant for nourishments. Computations are done with the Easter 2012 release of
XBeach. Long term morphology is computed by using a truly 1D model (so-called “superfast” model) and a
morphological acceleration factor of 10 to 30, in combination with the measured time series of waves and
morfacopt = 1 (only applicable without advection).

Theoretical profile

In general the exercise shows that the cross-shore profile can be calibrated to remain stable over a period
of a year. In both cases the main calibration parameters are the factors for onshore transport. For the steep
profile onshore transport alone is insufficient (Figure 7-2 ; facAs = 0.4 instead of 0.1), another process is
necessary. The inclusion of groundwater — with permeability 10 m/s, at the upper limit of what is physically
expected for vey coarse well-sorted sand — strongly improves the results for this steep profile (Figure 7-3),
but the question remains open whether it creates artificial damping of morphodynamic activity. The shallow
profile is more stable and the onshore transport factors are sufficient for calibration.
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Figure 7-2 : Steep profile after one year without groundwater
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Figure 7-3 : Steep profile after one year with groundwater

The WTI settings have also been tested on both profiles with the Groundhog Day 2014 release of XBeach :
they yield a particularly good calibration for the mild Belgian profile, but do not yield realistic results on the

steep profile (Zimmermann et al., 2015). This is expected since these settings have been derived for the
Dutch coast.

Finally a test with multiple sediment fractions for the steep profile shows two limitations of XBeach :

e Fines are unexpectedly found onshore (Figure 7-4) because the onshore transport factors are the
same for all fractions, instead of accounting for time lag effects in reality (lower onshore transport
for smaller grain sizes). The source code has been modified to assign one value of the onshore
transport factors for each fraction in order to calibrate them separately. With facAs set to
respectively 0, 0.1 and 0.4 for the 60 pm, 100 um and 540 um fractions instead of 0.4 for all
fractions, fines do not end up on the beach. These values suppose that onshore transport is limited
or non existent for sediment smaller than 100 ym, and becomes more important for coarser sand
(O’Donoghue and Van der A, 2012).

e With a spatially uniform grain distribution of sediment fractions (1/3 each), mass is not conserved
(Figure 7-5). This issue is related to the morfac chosen and is discussed further in the next
paragraph. It is not related to sediment losses at the offshore boundary.
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Shoreface nourishment

On the Bredene profile a fictive shoreface nourishment of 400 m*m has been simulated (berm at -1m
TAW). The modelled evolution after 3 years is shown in Figure 7-14. The results show that the nourished
sand is slowly moving in the onshore direction, suggesting that XBeach is indeed capable of simulating the
long term evolution of nourishments.

In the first year the foreshore nourishment has a negative effect of -9 m®*m on the intertidal zone (between
+0.5m TAW and 4.5 m TAW), in the second year a positive effect of 4 m*m (so 13 m® sand extra has
moved onshore), in the third year 37 m3/m positive (33 m?® extra) and in the last half year 50 m3*m positive
(26 m®*/m/year extra). It should be noted that these values are rather limited compared to the extra 400 m3*/m
sand of the nourishment itself.
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Figure 7-14 Evolution of the shoreface nourishment during the third year : profile (full lines) and cross-shore
transport (dashed lines).

7.4 Long term (>10 years) : sea-level rise and climate change

The effect of sea level rise on coastal retreat is currently not modelled. It is usually estimated based on long
term trends and on the Bruun rule. The Bruun rule relates the coastal retreat to sea level rise by assuming
conservation of the profile shape and of mass up to the closure depth. There is however considerable
debate about the applicability of this rule. As an example the physical background of the steep profile used
in the previous paragraph is discussed.

The steep profile is thought to continuously loose sediment due to a variety of reasons, one of which being
that fines present in and eroded from the coast deposit on the shelf and never come back. This small grain
size combined to long swell waves imply a closure depth much larger than commonly computed from
empirical formulas (30m instead of 8m), therefore large accommodation space for coastal retreat due to sea
level rise (SLR).
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Figure 7-20 : Bar growth or decay (left) and bar migration (right) in Noordwijk as a function of water depth and
wave direction (Walstra et al., 2012).

7.5 Very long term : geological profile development and stratigraphy

The longest time horizon which could be simulated with XBeach in the exercise above is 30 years, because
the number of input files generated by the model became too large. In terms of computation time, at this
stage a limit of 50-100 years is foreseen (computation time of 2 weeks to a month).

Longer time horizons generally fall outside the scope of coastal engineering, which focuses on the human
time horizon. However geological models exist which can help in determining a profile shape or a
stratigraphic record, giving extra information on the system behaviour. Barsim (Storms, 2002 ; Storms et al.,
2013) is such a model (Figure 7-21, Figure 7-22). The CSDMS system (Community Surface Dynamics
Modelling System ; http://csdms.colorado.edu/wiki/Main_Page ) also contains several open source tools to
deal with such issues.

Figure 7-21 : Barrier island formation with the geological model Barsim (source : CSDMS website)
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normalized sediment transport contribution

1 L
n
Ak a
| | | | |
n 10 20 30 40 A0 G0
1 -
|:| \
gL i
| | | | |
n 10 20 30 40 a0 B0
1
|:| - -
gL i
| | | | |
n 10 20 30 4] a0 B0

time [days]

Figure A-1 : From top to bottom, example of noise (semi-diurnal contribution), beat contribution (beat frequency of
six months) and residual transport component (constant), compared to a simulation period of two months.

We can see from this that the residual transport is generally not a simple function of the amplitude ratio
M4/M2 (when normalized) and of the phase difference 2ay, - ays. In fact, the number of interactions to take
into account for the residual transport, and in a similar way, for the beat contribution, increases with each
new harmonic component added to the analysis. The Table 4-4 (in Chapter 4) can be considered as a
matrix with tidal components in the rows and their decomposition on the Doodson frequencies in the
columns. A matrix has a rank, or number of independent rows/columns, which is at most the lowest of its
two dimensions, or 6 here. This implies that if, say, 15 components are taken into account in the analysis, 9
of them at least can be expressed as a function of other ones.

If we consider that often the time scale of interest is a couple of months, then the relevant rank is only 2 (w1
and w2 for beat contribution) and 13 components are functions of the other two. Not all of these interactions
will directly lead to a net residual transport : for this only those which decomposition restricts to three
components (and not 2 or 4 ; including the component being decomposed itself) will be included in the
generic expression of the residual transport.

Two additional things are noteworthy. Firstly, this entire approach depends on the power assumed for the
transport formula (also Van de Kreeke and Robaczewska ,1993; Hoitink et al, 2003). If 5 instead of 3 is
chosen, a similar calculation would show a similar result with interactions between 5 components instead of
3. Secondly, the residual current Z0, although not properly a tidal constituent, plays a vital role in this
approach since it interacts with every other component : (Z0, M2, M2) is a residual transport component, as
well as (Z0, Z0, Z0), (Z0, K1, K1), (Z0, MS4, MS4), etc. The sum of all these may be significantly different
than just the (Z0, M2, M2) contribution (15% in the example below).

Finally we have seen that if frequencies are too close to each other, like K1 and P1, results of the harmonic
analysis will differ if one or two components are included, because their beat frequency cannot be resolved.
This should not affect the residual transport because the beat frequencies will then have an important
contribution to the results.
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Example

We consider a case of flow with little ellipticity. The velocity signal has been decomposed with a LSE
harmonic analysis. Table A-1 presents all tidal components for which the measured velocity amplitude is
larger than 2cm/s, plus K1 and O1 which are used by Hoitink et al.(2003). The modeled velocity still
comprises a couple other components with a velocity amplitude larger than 2cm/s, but they do not affect the
general outcome.

To be sure that no net contribution and low beat frequency is forgotten a brute force computation with for
instance Matlab should ideally be used, here it will be done manually. The notation used for the tidal
component already shows where the component comes from. The last number indicates the diurnal band
the component belongs to, and the first number and the letters seems to indicate which main components it
is composed of. For instance it can easily be verified that 2MN6 is the combination of 2*M2 and of N2, the
total belonging to the 6" diurnal band.
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Table A-1 : Measured and modeled velocity amplitude and phase of selected tidal components on major axis
(amplitude >2cm/s). Model results in Delft3D.

Measured Modelled velocity Measured Modelled velocity

Componen | "SEEb AL || meln | veeowmmen | s

[m/s] [m/s] (OKNO) [deg] [deg] (OKNO)
20 -0.018 -0.044 NA NA
M2 0.530 0.609 31 25
S2 0.100 0.130 76 66
N2 0.087 0.108 31 18
M6 0.065 0.060 337 341
M4 0.057 0.093 43 48
2MS6 0.046 0.044 18 20
MN4 0.036 0.032 31 34
2MN6 0.036 0.039 338 329
M8 0.028 0.023 8 1
MS4 0.028 0.050 81 84
K1* 0.013 0.022 238 189
o1* 0.008 0.022 68 80

*K1 and O1 are not dominant components but are added because they are frequently referred to in

literature and they are used for the residual sediment transport

From this observation it can be deduced that the table comprises the following net transport contributions
due to three components interacting :

(20, all, all), factor 3/2, as in Roelvink and Reniers (2011)

M2, M2, M4), factor 3/2, as in Van de Kreeke and Robaczewska (1993)
M2, M4, M6), factor 3/4, as in Van de Kreeke and Robaczewska (1993)
S2, M4, 2MS6), factor 3/4
M2, N2, MN4), factor 3/4

M2, M6, M8), factor 3/4
M2, S2, MS4), factor 3/4
K1, O1, M2), factor 3/4, as in Hoitink et al.(2003)

(
(
(
(
(N2, M4, 2MN®), factor 3/4
(
(
(

In addition the table also comprises many beat frequencies due to three components interacting, but all
have here a beat period lower than one month.
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Table A-2 shows the residual transport contribution of each interaction of three components. Although the
residual current and the interaction between M2 and its overtide M4 are the two main contributions, in this
particular case two new contributions play an important role for the total residual transport because the two
main contributions have opposing signs. The interactions between M2 and its overtides M4 and M6, as well
as the interaction between the diurnal components K1 andO1, only have a limited contribution due to their
respective phases.

Table A-2 : Residual sediment transport due to three components interacting, for the measured velocity.
Main contributions are marked in bold. Positive is in eastward direction.

Interaction Permutation AmplituQe .Pha.se Total net residl_JsaI

factor contribution contribution (cos) transport [*10™]
(20, all, all) 3/2 -5.50 1.00 -8.25
(M2, M2, M4) 3/2 16.06 0.95 11.42
(M2, M4, M6) 3/4 1.98 -0.12 -0.37
(S2, M4, 2MS6) 3/4 0.26 -0.19 -0.07
(M2, N2, MN4) 3/4 1.65 0.86 213
(N2, M4, 2MN6) 3/4 0.18 -0.09 -0.03
(M2, M6, M8) 3/4 0.09 0.19 0.01
(M2, S2, MS4) 3/4 0.98 1.00 1.47
(K1, 01, M2) 3/4 0.06 0.10 0.01
Total NA NA NA 8.31

The same calculation can be done for the model results. Figure A-2 shows a comparison of the main
contributions between measurements and model results. The contributions presented correspond to the
following net transport :

3 3 3
<ud>, = EAZO * (Z Ak2> + ZAMZZAMAL cos(2ay, — ays) + EAMZAM4AM6 cos(@ye — Apa — Auiz)
k

3 3
+ EAK1A01AM2 cos(agy + @1 — ayp) + EAMZASZAM.M cos(@ysa — Az — As2)

+ EAMZANZAMNAl cos(ayns — Az — Anz)

In practice it is maybe not always worth the effort to go into such details for the residual sediment transport.
However this example shows that if the residual transport approach is chosen, it is better to use a generic
approach than to apply formulae from literature. In any case, residual sediment transport involves small
differences of large values and conclusions about model calibration should not be made too hastily.
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Figure A-2 : Main contributions to residual sediment transport due to interaction between three tidal components: first term (Z0, all, all), second term (M2, M2, M4), third term
(M2, M4, M6), fourth term (K1, O1, M2), fifth term (M2, S2, MS4), sixth term (M2, N2, MN4). The third and fourth terms are not dominant but are included because mentioned
in literature.
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Annex B — Mormerge installation

Installation of Mormerge as executed at Flanders Hydraulics :

e Work under the /home folder with a strict folder structure, it does not seem to work elsewhere
(figure below)

e Prepare the MorMerge input file mormerge.mm in the /merge folder :

o Change the scheduler in the input file with queuesystem=torque instead of sge (Sun Grid
Engine)

o Add the debug option debug=1

o Set the number of nodes to one per wave condition, else one node has to do several
computations and it results in a time out, i.e. nodes=11 here

o Add the paths to the executables and the weights of the wave conditions with
condition:weight = N225:0.143 for instance

e Prepare the content of the /input folder :
o Add all input files of the base simulation

o For each wave condition prepare a subfolder named after the condition and containing all
simulation specific files for that condition (i.e. wave.mdw in subfolder N225 for instance).
These files will overwrite the respective input files of the base simulation when the given
wave condition is run.

o In the MOR file of the base simulation, add the keyword multi=true to activate the
MorMerge functionality

e Prepare a generic script to kill the process if something goes wrong. This is needed because
although the main job is submitted via the scheduler, it creates a lot of other scripts which continue
to run if the main process is stopped in the scheduler. The entire MorMerge procedure consists of
the following scripts :

o The user starts run_mormerge
o It calls mormerge.tcl
o Itcreates and calls :
=  d3d-mormerge_qsubwait.sh
=  d3d-mormerge_qsubgo.sh
= d3d-flow_shell*.sh, with * being the wave condition
= d3d-flow_run*.sh, with * being the wave condition
=  d3d-mormerge_shell*.sh, with * being the base simulation
= d3d-mormerge_run*.sh, with * being the base simulation
= each condition calls the various Delft3D executables

e Run MorMerge with the script run_mormerge in the /home folder. During the run one folder per
wave condition will be created such as /home/N225 for instance, in which this condition is run. The
resulting trim files of each condition should be identical, a difference plot of erosion-sedimentation
will return zero.

e Debugging information can be found in the /merge folder in the output file d3d-
mormerge_qsubgo.sh.o*, where * is the run ID. Several other output files are available there, such
as mormerge_*.log for the user options, mormerge_*.scr for the merging process, or the log files of
the individual simulations in their respective folder under /home.

e If it cannot find some libraries, adapt some lines in mormerge.tcl which is part of the Delft3D
installation. At Flanders Hydraulics this meant to replace lines 1191 and 1393 (version
5.00.00.1234)

puts $scriptfile "export LD_PRELOAD=[file join $libdir libgfortran.so.3]"
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by a call to use_d3d_version which loads the required libraries

puts $scriptfile "# Imposing D3D settings once more (GSI)"
puts $scriptfile ". use_d3d_version 5.00.00.1234"

Note that MorMerge creates lots of files and folders, because in mormerge.tcl one line copies the entire
content of the /input folder into each folder of the individual wave conditions, instead of just copying the
input files (and ignoring the subfolders). This is probably unnecessary and could be easily fixed if the lines
responsible for this are identified in the code.

4 | input
. MNZ25
. MEDTS
. NW125
. SW225
. SW2T5
. W125
. W225
. W275
. WINW2T5
. WSWO75
. WEW325

* L merge
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Annex C — Script for time-varying morfac simulation in
XBeach

Example of a bash script starting successively 4 simulations for the 4 wave conditions and reusing the final
bathymetry of the previous run as the initial bathymetry of the next. The input file params.txt of each
simulation is adapted from a protofile in the /base subfolder.

Note that the call to Matlab to convert this bathymetry works only standalone, and not within the PBS
scheduler. This is probably a bug which has to be fixed.

#!/bin/sh -x

#

#PBS -g euler

#PBS -1 nodes=1l:ppn=1
43BS -N test006

$PBS_ENVIRONMENT
SPBS O WORKDIR

module add openmpi/intel/éd4/1.4.3 intel/compiler/64/11.1/046

¥BDIR=/opt/xbeach/revEaster2012
PLTH=SXBDIR/bin:S5PLTH
LD LIBRARY PATH S¥BDIR/1lib: 51D LIBRARY PATH

HOMEDIE=/projects/12 107 Knokke Zwin/XB realKnokke/test006/ #run folder
LSEDEPTH=dep002.dep #hase depth file

SUBE =("'8W1l25 W275 N175 W175'") #wave conditions in the order to be run
WEIGHTS=(425 22 193 68) #0OPTI weights of the wave conditions x1000 (integers)
TIMEREAL=fbc <<< "365 * 86400"] #morphodynamic duration of full run
#hydrodynamic duration of single condition [s], excluding spinup

TIMECOND=Effbc <<< "1 * ( 24 * 3800 + 50 * 60)"}]

TIMESPINUP=14400 #spinup

TSTOP= C < "STIMESPINUP + STIMECOND n

#run counter
#3=0

#loop
DIE=dummydir

i=0; j<S{[SUBRUNS[@]}: j++

#for 1 in SSUBRUNS
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#create folder

PREVDIE=SDIR

DIR=runs{j }-_S {SUBRUNS[57]}

mkdir SDIR

cp SHOMEDIR/base/* SHOMEDIR/SDIR/
SDIR

#compute morfac
MORFAClecho "scale=2; (${WEIGHTS[$j]} * STIMEREAL) / STIMECOND / 1000 bef]
#MORFAC=5 (bc <<< " (${WEIGHTS[537]} * STIMERERL)")
#MORFRC=S (bc <<< "SMCRFAC / STIMECCND")
run 5j : waves S{SUBRUNS[5]]} morfac SMORFAC

#prepare run

sed 5/ {depth}/SBASEDEFTH/" params.txt temp.txt

sed s/ {morfac}l/SMORFEC/" temp.txt params.txt

sed s/{bcfile}/waves S{SUBRUNS[5]]}.sp2/" params.txt temp.txt
sed s/ {morstart}/STIMESPINUR/" temp.txt params.txt

sed s/{tstart}/STIMESPINUPR/" params.txt temp.txt

sed s/{tstop}/STSTOR/" temp.txt params.txt

rm temp.tLxt

#change initial depth

53 0
#echo bla
cp ../SPREVDIR/newdepth.dep depth.dep
sed 5/SBRSEDEPTH/depth.dep/" params.txt temp.txt

mv temp.txt params.txt
rm temp.txt

#run XBeach
#mpiexec -n 1 SXBDIR/bin/xbeach

#exit folder
SHOMEDIR

#plot results and prepare next bathy in Matlab
printf {"addpath pwd;cd SDIR;MyJob xb subrun;exit;"} matlab -nodisplay

#increment
SHOMEDIR
#i=9+1
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Associated Matlab script for conversion of the output depth :

%% user options output
OPT.strOpenEarthDir="'P:\cpenearthtoocls\trunkimatlab'; % Open Earth Tocls

%% code

% install Open Earth Tools

if exist('xb read input')~=Z;
addpath (OPT.strOpenEarthDir) ;
oetsettings;

end;

% read final depth
xbi=xb read input; % read input

xbo=xb read ocutput('zb mean.dat'); % read mean depth

% peel wvariables
xs _peel (xbe); % XBeach results
xs_peel (DIMS); % XBeach dimensicons

% write new initial depth

zb new=squeeze (zb mean(end,:,:})); % depth at last time steps

zb new=permute (zb_new, [2 1]}; % change x v order for Delft3D script
zb new(:,end+1)=-999; % dummy row

zb new(end+1l,:)=-999; % dummy column

zb new=-zb new; % depth positive downwards

tdlmwrite ("newdepth.dep',zb new, 'delimiter',' ', 'precision','%7.2£f');

wldep ('write', 'newdepth.dep','',zb new); % Delft3D format used
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