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Abstract
Tidal sand ridges are large-scale bedforms that occur on continental shelves with strong tidal currents
and a sandy bottom. The length of these features is in the order of several kilometres, the height in the
order of tens of meters and they evolve on centennial time scales. The key objective of this study is to
quantify the impact of sea level rise (SLR) on the long-term evolution of tidal sand ridges on a realistic
shelf. This also requires the assessment of the changes in tidal and wind waves with a rising sea level.
For this, an existing shelf model (Delft3D-SWAN) is used, and applied to model the evolution of tidal
sand ridges on the Belgian continental shelf. These ridges are subject to change in mean sea level and
related changes in tidal and wave forcing with time. First, the changes in tides and waves as a result
of SLR are quantified through nesting of the shelf model into a larger-scale North Sea model (called
DCSM-ZUNO). Second, starting from an alongshore uniform and sloping bottom, the shelf model is run
in absence of SLR, until mature tidal sand ridges develop on the shelf. Finally, these ridges were used
as a starting point for assessing morphodynamic changes due to SLR or differences in tidal and wind
wave forcing. Different SLR scenarios were explored, using rate of SLR over the last century (2 mm/yr),
the current rate of SLR (3.3 mm/yr) and different SLR rates derived from IPCC projections (3.3 mm/yr,
4.5 mm/yr, 5.4 mm/yr and 11 mm/yr).
Model results show that on the Belgian shelf a larger water depth, resulting from SLR, causes the
tidal wave to travel faster and to have a larger amplitude, while the tidal current amplitudes decrease.
The significant wave height and the peak wave period increase with a rising sea level, while the wave
orbital velocity slightly decreases. The weakening of tidal currents and wave orbital velocities results in a
decrease of sediment stirring at the bed. When imposing present-day conditions for waves and tides, the
tidal sand ridges are able to keep pace with the rising sea level, even for the most extreme SLR scenario
(11 mm/yr). When the effects of SLR on waves is imposed on the boundaries, the off-shore migration of
the tidal sand ridges is reduced. However, the ridges are still able to keep pace with the rising sea level.
Finally, when the effects of SLR on both the waves and tides are accounted for, the tidal sand ridges
can keep pace with SLR, up to a SLR rate of 11 mm/yr, where the growth rate is lower than the rate of
SLR.

1

Contents
1 Introduction

3

2 Material and Methods
2.1 The models . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.1.1 Belgian Shelf Model . . . . . . . . . . . . . . . . . .
2.1.2 ZUNO+ and DCSM models . . . . . . . . . . . . . .
2.1.3 Numerical aspects and choices of model parameters
2.2 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.1 Analysis of model results . . . . . . . . . . . . . . .
2.2.2 Background information on sand transport . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

3 Results
3.1 Effects of sea level rise on tides . . . . . . . . . . . . . . . . . . . . . . .
3.1.1 Present-day conditions . . . . . . . . . . . . . . . . . . . . . . . .
3.1.2 Influence of sea level rise on tides . . . . . . . . . . . . . . . . . .
3.2 Effects of sea level rise on waves . . . . . . . . . . . . . . . . . . . . . .
3.2.1 Present-day conditions . . . . . . . . . . . . . . . . . . . . . . . .
3.2.2 Influence of sea level rise on the mean wave conditions . . . . . .
3.3 Effects of sea level rise on shelf morphodynamics . . . . . . . . . . . . .
3.3.1 Present-day conditions . . . . . . . . . . . . . . . . . . . . . . . .
3.3.2 Influence of sea level rise with present-day tides and waves . . .
3.3.3 Influence of sea level rise, including sea level rise effects on waves
3.3.4 Influence of sea level rise, including sea level rise effects on waves

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

4
. 4
. 5
. 8
. 9
. 10
. 11
. 12

. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
. . . . . .
and tides

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

12
12
12
15
18
18
20
22
22
24
27
29

4 Discussion
30
4.1 Effects of sea level rise on tides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.2 Effects of sea level rise on waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.3 Effects of sea level rise on shelf morphodynamics . . . . . . . . . . . . . . . . . . . . . . . 31
5 Conclusions

32

6 Appendix

36

2

1

Introduction

A sea shelf is an area of relatively shallow water that stretches from the coastline to the end of the
continental shelf (the shelf break). The shelf break separates the sea shelf from the deep ocean. The
shelf is divided into three parts, the shore (between the coastline and the water level of low tides), the
inshore (with slopes in the order of 0.01 − 0.001) and the offshore area (with slopes less than 0.001) (see
Figure 1). In the shore and inshore areas, waves dominate the water motions, while tides induce changes
on a times scale of several hours. In the offshore area, tides become more important, even though waves
still play a role [De Swart and Yuan, 2019].
On sea shelves with a sandy bed, different bottom patterns are observed. In the shore area the
distances between the crests of these patterns are in the order of 10 cm to 100 m. In the inshore area
patterns can be found with a length scale up to 10 km, while in the offshore area bottom features with a
length scale of up to several kilometers and a height of tens of meters can be found. The latter features
will be investigated in this study, and are called tidal sand ridges (TSR). Generally, these ridges only
form in the presence of medium to coarse sand and strong, asymmetric tidal currents [Dyer and Huntley,
1999]. Due to the asymmetry in the tide, the sand transport during both the ebb and flood phase is
directed onto the crest [Huthnance, 1982]. Their shape is further determined by the presence of wind
waves [Roos et al., 2004]. An example of TSR in the East Chinese Sea is shown in Figure 2.
Already around 40% of the world’s population lives near a coastline [Bricheno and Wolf, 2018] and
this is expected to grow by 58% to 71% by 2050 [Merkens et al., 2016]. Next to that, large harbours,
are located near the world’s coastlines. In total, 35% of the world’s GDP is generated in coastal areas
[Bricheno and Wolf, 2018]. It is therefore extremely important to protect these areas from storm surges
and future sea level rise (SLR). Tidal sand ridges protect the coast by dissipating wave energy during
storms and they are a potential source of sediment for beach nourishment [De Swart and Yuan, 2019].
The rate of SLR over the last century is measured to be 1.7 mm/yr, however this accelerated to a rate
of 3.1 mm/yr in the last decade ([Pickering et al., 2012]). According to the RCP8.5 scenarios created
by the Intergovernmental Panel on Climate Change (IPCC), this rate may even increase to 11 mm/yr
[Church et al., 2013]. The increase in water depth will impact the behaviour of tides and waves. Previous
studies have looked into the these effects. For example, Pickering et al. [2012] has studied the changes in
tidal amplitude and phase of the (symmetric) M2 tide with SLR. However, this study does not address the
changes in tidal current velocities, nor are residual currents and overtides included. Both are important
for sediment transport.
Amores and Marcos [2020] studied the influence of SLR on waves along global coastlines, focusing on
swell waves, while Debernard and Røed [2008] investigated the future wind wave climate in the North
sea. These studies provide valuable information for predicting the future wave climate, but neither of
them focuses on the effects of SLR on the near bed wave orbital velocity, a key variable for sediment
transport.
Tidal sand ridges can be classified, according to their present-day morphodynamic activity, as active
(sand transport everywhere), quasi-active (sand transport on parts of the ridges) or inactive (no sand
transport) [De Swart and Yuan, 2019]. Belderson et al. [1986] showed that the now inactive ridges in
the Celtic sea could have been formed during a period with a lower sea level. This leads to the belief
that active ridges can be ’drowned’ if the sea level rises faster than the ridges can grow. Yuan and De
Swart [2017] looked into the effects of SLR on tidal sand ridges and found that the time scale for ridges
to become inactive is inversely proportional to the rate of SLR. However, this study uses a strongly
idealized model with an open domain, a constant mean depth and schematized formulations for waves
and sand transport. Building on previous knowledge, this study will look into the effects of SLR on
tidal sand ridges, specifically those located along the Belgian coast, in a more realistic setting than any
previous studies.
The knowledge gaps mentioned before lead to the formulation of the following research questions:
1. What is the impact of SLR on the characteristics of the tidal wave (amplitude/phase of water level
and tidal current, for different constituents) on the shelf, as well as for the characteristics of wind
waves (significant wave height, wave period, wave direction and wave orbital velocity near the bed).
2. What is the impact of solely SLR (present-day conditions of waves and tides) on the evolution of
tidal sand ridges and how does the rate of SLR affect this?
3. As in 2, but also accounting for changes in the characteristics of the tidal and wind waves.
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To answer these questions, the state-of-the-art coupled numerical morphodynamic model Delft3DSWAN will be used, which solves for currents, waves, sand transport and bed level changes. This model
will be discussed in section 2, together with the different model domains, the design of experiments and
some background information on sand transport. The results are shown in section 3 and discussed in
section 4. Section 5 contains a summary and the conclusions.

Figure 1: Schematic morphology of the continental shelf [De Swart and Yuan, 2019].

Figure 2: Tidal sand ridges in the East Chinese Sea [Liu et al., 2003].

2

Material and Methods

In this thesis several models will be used to simulate the tides, waves and morphodynamics in the three
areas of interest. The model domains range from small to medium to large-scale. The small-scale domain
represents the area of interest, which is part of the Belgian shelf. The model that governs the hydro- and
morphodynamics on that domain will from now on be called the Belgian Shelf Model. The medium-scale
domain represents the southern North Sea. On this domain only hydrodynamics is considered and the
model is called the ZUNO model (ZUiderlijke NOordzee) [Roelvink et al., 2001]. The large-scale domain
comprises the entire North Sea shelf area. The hydrodynamic model for that domain is called DCSM
(Dutch Continental Shelf Model) [Verboom et al., 1992]. This chapter will discuss each of these models
separately and elaborate on the variables of interest and the equations solved. It will also explain how
these models are combined into a so-called model train.

2.1

The models

Each of the models is based on the model system Delft3D. This is a system with integrated modules
that, amongst others, allows for simulations of (wave-averaged) currents, short wave generation and
propagation, sediment transport and morphological changes. A detailed explanation about the modules
4

is given in Lesser et al. [2004], but a short overview will be given here. Figure 3 is a visualisation of the
different models and the Delft3D modules used in each model. Figure 4 shows the domains of each of
these models and how they are nested.

Figure 3: Different models versus Delft3D modules.

Figure 4: The three different model grids used in this study. The Belgian Shelf Model, the ZUiderlijke
NOordzee model and the Dutch Continental Shelf Model.
2.1.1

Belgian Shelf Model

This model has the smallest domain and is used to study the local changes in morphodynamics. These
changes are affected by changes in the tides and waves, which are therefore also modelled. Figure 5
shows the two different grids, one used for the larger computational domain for wave modelling (grey
and blue) and on for the smaller physical domain, where tides and morphodynamics are modelled (blue).
The physical domain represents the region of the Belgian coast seen in Figure 6. This domain is smaller
than the computational domain to exclude boundary effects and to prevent wave shadow effects from
affecting the results.
The model needs accurate boundary conditions for both waves and tides. For tides, the water level
(ζ) is imposed on the west boundary, while the north and south boundary have Neumann boundary
∂ζ
conditions ( ∂y
). On the eastern boundary, it is assumed that there is no cross-shore transport of fluid
between the shelf and the nearshore zone, so the u-component of the velocity vanishes [Nnafie et al.,
2020] and [Roelvink and Walstra, 2004]. As for the waves, a wave spectrum (including significant wave
height, peak wave period and wave direction) is imposed on the north, south and west boundary. The
specific values for tide and waves at these boundary are generated by the larger-scale models described
in section 2.1.2.
5

The flow chart in Figure 7 shows an overview of the variables computed, the module used for the
computation, and how the variables are connected. To calculate the morphodynamic changes, first the
tides and waves need to be computed.

Figure 5: Delft3D-Flow and SWAN grid for the Belgian Shelf Model.

Figure 6: Location of the Belgian Shelf Model. Bathymetry retrieved from the EMODnet Bathymetry
website.
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Figure 7: Flow Chart on coupling between the different Delft3D modules
The Delft3D module that calculates the hydrodynamic flow is called Delft3D-FLOW, which solves the
three-dimensional non-linear shallow water equations. In this study, only the depth-averaged equations
are used, which read:
∂(hu) ∂(hv)
∂ζ
+
+
= 0,
∂t
∂x
∂y

(1)

∂u
∂u
∂u
∂ζ
τbx
1 ∂
∂u
∂
∂u
1
+u
+v
− f v = −g
−
+ ( (νe h ) +
(νe h )) +
Fx ,
∂t
∂x
∂y
∂x
h
h ∂x
∂x
∂y
∂y
ρh

(2)

∂v
∂v
∂v
∂ζ
τby
1 ∂
∂v
∂
∂v
1
+u
+v
+ f u = −g
−
+ ( (νe h ) +
(νe h )) +
Fy .
∂t
∂x
∂y
∂y
h
h ∂x
∂x
∂y
∂y
ρh

(3)

Here, u and v are the depth-averaged velocities in the x and y direction respectively, ζ the sea surface
elevation with respect to the undisturbed water level, h the water depth, f the Coriolis parameter, g
the gravitational acceleration, τbx and τby the wave averaged bed-shear stress resulting from the joint
action of waves and currents respectively in the x and y direction, νe the horizontal eddy viscosity and
Fx and Fy the components of the wave-induced force by waves, determined by the divergence of the wave
radiation stress tensor S,
∂Sxx
∂Sxy
+
]
∂x
∂y
∂Syx
∂Syy
Fy = −[
+
]
∂x
∂y

Fx = −[

Here, Sij are the radiation stresses which transfer j-momentum in the ith direction. These components
depend on wave properties, like wave height, wavenumber and wave direction [Dingemans et al., 1987].
The components of this tensor are calculated in the Delft3D-WAVE module. The Delft3D-WAVE module
used is the SWAN (Simulating WAves Nearshore) model. This is a third-generation spectral wave model
that represents all physical processes explicitly [Booij et al., 1997]. When both waves and currents are
present, the conserved wave quality is wave action (N ), which is equal to the energy density (E) divided
by the relative frequency (σ). Energy density is proportional to the square of the wave height and the
wave amplitude is proportional to the wave period. This model solves the spectral wave action balance:
∂N
∂cg,x N
∂cg,y N
∂cθ N
∂cσ N
S
+
+
+
+
= .
∂t
∂x
∂y
∂θ
∂σ
σ

(4)

Here, N is the spectral wave action density, cg the group velocity, θ the wave direction, σ the relative
frequency and S the source and sink term. The first term on the left hand side represents the local
rate of change of spectral action density (N ), the second and third term represent the propagation of
action density in the physical space with propagation velocities cg,x and cg,y . The fourth term represents
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the depth- and current-induced refraction, with propagation velocity in the wave direction space cθ and
the fifth term represents the frequency shift due to variations in currents, with propagation velocity
in the frequency space cσ . The righ- hand side represents all source and sink terms of wave energy.
Including generation due by wind, dissipation by whitecapping, bottom friction, depth-induced breaking
and redistribution of energy in the wavenumber space by non-linear wave interactions.
Sediment transport is calculated using the Delft3D-SED module. The total transport is calculated by
the sum of the bed load transport and the suspended load transport [Dissanayake, 2009]. The physics of
these different modes of transport are discussed in section 2.2.2. The bed load transport is by calculated
using the following equation by Van Rijn et al. [1993]:
|Sb | = η0.006ρs ws d50 M 0.5 Me0.7 .

(5)

Here, η is the relative availability of sediment at the bottom, ρs is the density of the sediment particles,
ws is the sediment fall velocity, d50 is the median sediment diameter, M is the sediment mobility number
due to waves and currents and Me is the excess sediment mobility:
M=

v 2 + Uw2
,
(s − 1)gd50

p
[ v 2 + Uw2 − vcr ]2
Me =
,
(s − 1)gd50

(6)

(7)

In these expressions, Uw is the near-bed peak orbital wave velocity (computed by SWAN), s the density
of sediment divided by the density of water and vcr the critical depth-averaged velocity, consisting of a
part due to currents and a part due to waves. The critical velocity will also be discussed in section 2.2.2.
The suspended load transport is computed with the following integration [Van Rijn, 1984]:
Z

0

|Ssus | =

cudz

(8)

h

c is the depth averaged sediment concentration, which will be approximated by the depth-integrated
advection–diffusion equation:
∂hc
∂hc
ws (ceq − c)
∂hc
∂ 2 hc
∂ 2 hc
+u
+v
− DH
− DH
=
.
2
∂t
∂x
∂y
∂x
∂y 2
Ts

(9)

Here, DH is the horizontal eddy diffusion coefficient, ceq is the depth-averaged equilibrium concentration,
ws the settling velocity and T s is an adaptation time scale (∝ water depth over settling velocity) [Dissanayake, 2009]. The bed level is dynamically updated in the Delft3D-MOR module, using the following
formula:
∂zb
1 ∂Sb,x
∂Sb,y
ws (ceq − c)
=−
[
+
+
].
(10)
∂t
1 − p ∂x
∂y
Ts
Where zb is the bed level and p the porosity of the bed.
The hydrodynamic processes act on a shorter time scale than the morphodynamic processes. The
difference can be several orders of magnitude. To solve this problem the morphological acceleration factor
is introduced (fM OR ). This factor allows for accelerated bed level changes and couples the hydrodynamic
and morphodynamic time scales.
∆tmorphology = fM OR ∗ ∆thydrodynamics .
2.1.2

(11)

ZUNO+ and DCSM models

The ZUNO Model is an existing model of the southern North Sea, which computes tides [Roelvink
and Walstra, 2004]. In this thesis the SWAN module was added, so that waves are also accounted for.
Therefore, it will from now on be called the ZUNO+ Model. The output of ZUNO+ is used to specify
the forcing at the boundaries of the Belgian Shelf Model. The model grid covers the area between the
English Channel up until the north of Denmark (see Figure 4). The existing DCSM Model, which covers
the entire North Sea shelf area, is able to compute tides, but can also generate wind waves.
The ZUNO+ boundary conditions are derived from the DCSM model in two ways. When modelling
waves, the ZUNO+ model is nested into the DCSM model, which links them directly. When modelling
tides, the DCSM model is simulated first and the time series at the location of the ZUNO+ boundaries
8

are extracted. These time series are put into the ZUNO+ model as boundary conditions. By doing
this, the computational time is reduced. In case of the DCSM model, there is no larger-scale model
to provide boundary conditions, therefore, another approach was used. The astronomical tide is used,
assuming the water depth at the boundaries is large enough for overtides to be absent. Regarding the
wave conditions, it was found that on domains that have sizes like those of ZUNO+ and DCSM, the
SWAN model cannot accurately solve for swell and wind waves at the same time. Therefore, the choice
was made to generate wind waves in the DCSM model (and consequently also in the nested ZUNO+
model). Using this approach, only the wind speed and wind direction are needed at the boundaries of
the DCSM model. This data comes from two buoys in the North Sea (see red circles in Figure 8). From
this, several scenarios were constructed. The wind data was split up into eight different wind direction
bins (north [337.5o − 22.5o ], north-east [22.5o − 67.5o ], east [67.5o − 112.5o ], etc.) and in two wind speed
conditions (< 10.5 m/s or ≥ 10.5 m/s), so 16 different wind scenarios in total. Each of these scenarios
had a corresponding probability, based on the number of occurrences in the dataset. With each of these
wind scenarios a model run was done, which calculates the waves for the specific conditions. Using
the corresponding probabilities, average wave conditions were constructed. In all model runs the wind
climate was kept constant, meaning neither the wind directions and speeds, nor the probabilities were
changed.

Figure 8: Location of buoys used for wave analysis.
2.1.3

Numerical aspects and choices of model parameters

The Delft3D and SWAN solve the equations on rectilinear staggered grids (Figure 5). The physical
domain in the Belgian shelf model has a cross-shore width LxD = 50 km, a alongshore length LyD = 75 km
and a grid size of about 800 m. Here, the tide and morphodynamics is modelled by Delft3D. The larger
computational grid, where the waves are modelled by SWAN, has a cross-shore width LxS = 75 km, an
alongshore length LyS = 120 km and a grid size ranging from 800 m nearshore to ≈ 2000 m offshore. A
linear depth profile is chosen, with a depth hsea = 38.5 m at the seaward boundary and hshore = 5 m
at the shore boundary. The tidal and wave forcing at the boundaries was extracted from the ZUNO+
results for present-day conditions. This lead to a M2 tidal wave traveling from south to north, with
a tidal period of T = 12.41 h, an amplitude of ζ = 1.55 and phase of φ = 235.4o at the southern
point of the western boundary and an amplitude of ζ = 0.92 m and a phase of 14.6o at the northern
point of the western boundary. Wave spectra are imposed on the south, west and north boundary of
the SWAN model domain. With significant wave height Hsig = 1.67, 1.74, 1.73 m, respectively, peak
wave period Tp = 5.76, 7.79, 7.84 s, respectively and wave direction θ = 270o at all boundaries. These
boundary conditions were adjusted when SLR effects came into play. This was done by using a WaveCon
file [Deltares, 2019b] when changing the wave boundaries and a time series file [Deltares, 2019a] when
changing the tidal boundaries.
The Delft3D-FLOW and SWAN modules run separately and are coupled through communication
files. The WAVE module runs and stores the results on wave height, wave period, wave direction, etc.
The FLOW module will use these results in the next calculations. The new velocity fields will be stored
and in turn used in the new WAVE calculations [Lesser et al., 2004]. The communication time between
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the modules is 60 minutes. As the morphological timescale is much longer than the hydrodynamic time
scale, a morphological acceleration factor fM OR = 200 was used. There is a limit to this acceleration
factor, but as long as the bed level changes do not exceed 5% of the water depth this methodology is
justified according to Roelvink [2006]. An overview of all model parameters in the Belgian Shelf Model
is presented in Table 1.
Table 1: Default model parameters Belgian Shelf Model. Adjusted from Wolf [2019] and Nnafie et al.
[2020].
Parameter
Physical
domain
Lx,D
Ly,D
hsea
hshore
Flow
f
νe
ζS , ζN
φS , φN
ω
SWAN
fs
bins
Bf
Hsig
Tp
θ
Sediment
η
d50
ρs
ρ
DH
p
Numerics
∆t
Tcom
fM OR

Value

Description

50 km
75 km
38.5 m
5.0m

Width of domain
Length of domain
Depth at seaward side
Depth at landward side

1.43x10−4 s−1
1 m2 s−1
1.55m, 0.92m
352.4o , 14.6o
1.405x10−4 s−1

Coriolis parameter
Eddy viscosity
Amplitude M2 at South and North point of western boundary
Phase M2 at South and North point of western boundary
Angular frequency M2 tide

[0.05 2] Hz
40
0.035 m2 s−3
1.74 m
5.79 s
270o

Range of frequency
Number of frequency bins
Bottom friction, JONSWAP
Significant wave height at western boundary
Peak wave period at western boundary
Wave direction at western bounary

1.66
200 µm
2650 kgm−3
1024 kgm−3
0.2 m2 s−1
0.4

Relative availability of sediment
Grain size diameter
Sediment density
Water density
Horizontal eddy diffusivity
Porosity of bed

60 s
60 min
200

Time step
Communication time Delft3D-Flow and SWAN
Morphological acceleration factor

The DCSM grid covers the area from −12o to +9o E and 48o to 64o N and has a grid resolution of
1/20o x 1/30o (≈ 3.6 km x 3.6 km). The ZUNO grid covers the area from approximately −3o to +9o E
and from 49o to 57o N. It is a curvilinear, staggered grid with resolutions ranging from 200m (nearshore)
to 2 km [Gautier and Caires, 2015]. In this grid the water level points and depth-points are co-located
in the cell centres and the u- and v- velocity points are located in the middle of the cell walls [Roelvink,
2006].
The ZUNO model was run over the period of 2-1-2007 to 9-1-2007, this time frame falls in between
the spring and neap tide. This was done in order to get a impression on the average tide in the North
Sea, but saves on computational time, by only modelling a couple of tidal cycles (instead of e.g. a year,
or several years).

2.2

Experiments

To answer the research questions, several experiments were conducted. First the impact of SLR on tides
was investigated with the ZUNO model. Similar to Pickering et al. [2012], tides were modeled for a
default case without SLR, for cases between 0 and 2 meters SLR and for a case with 10 meters SLR. The

10

phase, amplitude and tidal currents of different tidal constituents are analysed and compared for these
different cases.
The impact of SLR on waves was investigated with the ZUNO+ model, by creating the mean wave
conditions from the 16 scenarios discussed in section 2.1.2. Similar to the tidal experiments, for a default
case, for cases between 0 and 2 meter SLR and for a case with 10 meter SLR. The significant wave height,
the peak period, the wave direction and the orbital velocity at the bed are analysed and compared.
The gathered information on tides and waves were used as a forcing in the morphodynamic model.
First, the present-day tidal and wave conditions were used to force the model, to see how the tidal
sand ridges would evolve without any SLR. Next, the forcing was kept the same, but the water depth
increased. This time, not in steps, like in the tide and waves experiments, but by gradually increasing
the water depth, giving the tidal ridges time to adjust to a new equilibrium. The rates of SLR are those
of present-day SLR and of projections done by the IPCC [Church et al., 2013] (see Figure A1). The
same experiments were done, but including the previously found changes in wave forcing and later also
including the changes in tidal forcing, to see how this would affect the morphodynamic features. An
overview of these experiments and in which model domain they were executed can be found in Table 2.
Table 2: List of model runs and in which model domain it was executed. (BSM=Belgian Shelf Model)
Run name
PresentTides
Tides2mSLR
Tides10mSLR
PresentWaves
Waves2mSLR
Waves10mSLR
SpinUp
SLRPresentDay
SLRWaves
SLRWavesTides

2.2.1

Description
Present-day tidal conditions
Tidal conditions with 2 m SLR
Tidal conditions with 10 m SLR
Present-day wave conditions
Wave conditions with 2 m SLR
Wave conditions with 10 m SLR
Spin-up run for TSR
Morphological run with present-day conditions for waves
and tides and a SLR ranging form 2-11 mm/yr
Morphological run with present-day conditions for tides,
future conditions for waves and a SLR ranging form 2-11
mm/yr
Morphological run with future conditions for waves and
tides and a SLR ranging form 2-11 mm/yr

Model
ZUNO
ZUNO
ZUNO
ZUNO
ZUNO
ZUNO
BSM
BSM
BSM
BSM

Analysis of model results

The model results were analysed in several ways. First, a harmonic analysis of the water level was done.
The water level signal is divided into several tidal constituents, such as the M0 , M2 and M4 . The u-tide
function was used for this. This function determines a constituent by confirming it is independent from
other included constituents, by checking the significance relative to noise and to other constituents and
by characterizing the reconstructed harmonic fits [Codiga, 2011]. This function also calculates the tidal
current for each constituent.
Second, to determine the height of the ridges, the root-mean square ridge height is calculated (the
integral of the square heights). From this, the growth rate was calculated, by dividing the change in
hrms over time. An indication of whether the tidal sand ridges can keep pace with the rising sea level is
found when dividing the growth rate over the rate of SLR.
Finally, to determine the location of the sediment in the domain a sand volume balance of the shelf
domain is carried out. The relative changes of the total volumes of all the crests and troughs are analysed,
as well as the relative changes of the sand volume that is lost or gained through the model boundaries.
These volumes are computed using the formulations by Nnafie et al. [2020]:
Z Z
VC (t) =
hΘ(h)dxdy,
A
Z Z
VT (t) =
h(1 − Θ(h))dxdy,

(12)
(13)

A

VBN D = VC (t) − VT (t).
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(14)

Here, Θ(h) is a Heaviside step function with Θ(h) = 0 for h ≤ 0 and Θ(h) = 1 for h > 0 and A is the
surface area of the shelf. To calculate the sediment lost or gained over each boundary separately, the
residual transport was integrated over each boundary.
2.2.2

Background information on sand transport

The effects of currents and waves primarily take place through the friction they exert on the bed, this is
expressed in terms of the bed shear-stress. The magnitude of the bed shear-stress depends both on the
speed of the flow and the roughness of the bed. The total bed shear-stress is made up of skin friction
(produced by the sediment grains), form drag (produced by the pressure field associated with flow over
bed features) and sediment transport (caused by momentum transfer to mobilise grains) [Soulsby, 1998].
For sediment particles to start moving a critical bed shear stress has to be reached. This can also be
expressed in terms of velocity. The critical velocity is the velocity at which grains of sediment begin
to move [Soulsby, 1998]. The magnitude of both of these parameters depends mainly on grain-size
[Andersen et al., 2007]. On a sloping bed, gravity provides a force on the grains which may increase or
decrease the critical shear-stress (and velocity), depending on the direction of the flow and the slope.
There are two way sediment can be transported through the domain, which are sketched in Figure 9, by
bed load transport (through sliding, rolling and saltating) or by suspended load transport.
When the wave orbital motion near the bed is higher than the critical velocity, sediment will be
transported in the direction of wave propagation. Tidal currents can also transport sediment. However,
with a pure M2 tide the sediment transport over a tidal cycle averages to zero. When adding a single
overtide M4 , the tidal wave becomes asymmetric and the influence by the ebb and flood phase on
sediment transport are no longer the same. The phase angle between the two constituents determines
the direction of the transport [Van de Kreeke and Robaczewska, 1993].

Figure 9: A sketch of bed load and suspended load transport by Gao [2010].

3
3.1
3.1.1

Results
Effects of sea level rise on tides
Present-day conditions

Figure 10a shows the results of the ZUNO+ model for the sea surface elevation related to the M2 tide
under present-day conditions in the southern North Sea. The colors represent the tidal amplitude and
the black lines the tidal phase. Figure 10b shows the measured M2 tide in the North Sea [Reynaud and
Dalrymple, 2012]. The black lines with the bold numbers are the lines of equal tidal amplitude and the
black lines with the regular numbers are the phase lines. The locations where the phase lines meet are
amphidromic points. The amplitude in the amphidromic points is (close to) zero. In these figures, three
amphidromic points are present, to the north of the Netherlands, in between the Dutch and the British
coast (the Southern Bight) and in the south of England (on land). The locations are approximately
the same for the modelled and the observed tide, as are the phase lines connected to them. Along the
eastern British coast the amplitude reaches up to 2 m and it is even higher in the English Channel, while
along the Dutch coast it reaches 1 m. This corresponds to the observed M2 tide, as well. The tidal wave
travels counter-clockwise around the amphidromic points, which means it travels from south to north
along the Belgian coast. More detailed figures of the M2 tide for the Belgian coastal area are given in
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the Appendix Figure A2a. This figure shows the tidal wave with an amplitude of ≈ 1.5 m travelling
from southwest to northeast along the Belgian coast.

(a)
(b)

Figure 10: a M2 sea surface elevation computed by the ZUNO+ model for present-day conditions in
the Southern North Sea. Black lines represent tidal phase in degrees, the colors represent tidal amplitude
in m. Figure b shows a map of the measured M2 amphidromic systems in the North Sea. [Reynaud and
Dalrymple, 2012]
The M4 tidal constituent is created due to non-linear interactions in shallow water [Gerkema, 2019,
and references herein]. The addition of the M4 constituent to the M2 tide results in an asymmetric
tidal wave. Figure 11a shows the M4 tide in the ZUNO+ model, with the amplitude in meters as the
background color and the phase in degrees as the black lines. Similar to the M2 tide, the tidal constituent
travels counter-clockwise around amphidromic points. Figure A2b shows a zoom-in for the Belgian shelf.
The M4 constituent travels from southwest to northeast with an amplitude of 0.2 m.
The modelled residual sea surface height in the North Sea is shown in Figure 11b. The same is shown
in Figure 11c, but computed by Prandle [1978]. Both figures show the same pattern; high amplitudes
along the Dutch coast and low amplitudes in the English Channel. The amplitudes are in the same order
of magnitude, but do not match exactly, which is likely due to the higher resolution used in the ZUNO+
model. This pattern will lead to a residual current flowing from high to low amplitudes. So from north
to south, along the Dutch, Belgian and French coast. This can also be seen in the zoom-in figure in the
Appendix (Figure A2c).
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(a)

(c)
(b)

Figure 11: a M4 tidal constituent of sea surface variation in the ZUNO+ model for present-day
conditions. Colors represent the water level in m and the black lines represent the phase in degrees. b
M0 tidal constituent in the ZUNO+ model for present-day conditions. Colors represent the water level
in m. c M0 amplitude [cm] in the southern North Sea computed by Prandle [1978].
In Figure 12a the M2 tidal ellipses computed by the ZUNO+ model is shown and Figure 12b shows
the tidal current (major axis of the ellipse) and the phase. In the Northern North Sea the major axes are
mostly orientated in a north-south direction. The tidal current velocities range from 0.6 ms−1 near the
British coast to 0.1 ms−1 away from the coast. Both clockwise and counter-clockwise rotating currents
are found here. Along the northern Dutch coast the major axes are orientated in a east-west direction.
Here and in the Southern Bight, the currents magnitude is in the order of 0.25 ms−1 . Finally, in the
English Channel, the current is almost rectilinear, with magnitudes up to 1.5 ms−1 . These results are very
similar to the results found by Davies and Furnes [1980] (Figure 12c). The velocities and the orientations
of the major axis in all locations of the North Sea match the results. However, the rotation of the ellipses
is slightly different. Davies and Furnes [1980] find clockwise rotating ellipses in the Northern North Sea
and counter-clockwise ellipses in the Southern Bight. Here, both of these areas show a combination of
clockwise and counter-clockwise rotating ellipses. This could be explained by the fact that the model
used in this study has a higher resolution compared to the model by Davies and Furnes [1980].
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(a)

(b)

(c)

Figure 12: a Tidal ellipses of M2 tidal current as calculated by the ZUNO+ model for present-day
conditions. The background colors represent the bathymetry in m. The red ellipses indicate a clockwise
rotation and the black ellipses a counterclockwise rotation. b The M2 tidal current in m/s (colors) and
the phase in degrees (black lines). c The M2 tidal ellipses in the North Sea, modelled by Davies and
Furnes [1980], based on current measurements.
3.1.2

Influence of sea level rise on tides

Based on the approach by Pickering et al. [2012], two SLR cases were examined. In both cases the
water depth was increased at once, either by 2 m or 10 m. Figure 13 shows the model results, while
Figure 14 shows the results obtained by Pickering, both figures subtract the default case from the SLR
cases. In Figure 13 the black and magenta lines represent the phase of the default case and the SLR
case, respectively. Remembering that the tidal wave travels in a counter-clockwise direction, in the SLR
cases the tidal wave travels faster. In the case of 2 m SLR (Figure 13a), the amphidromic points shift
only slightly and in a similar fashion as in Figure 14a. This leads to a similar pattern in the change in
amplitude, which is shown as the background colors in all figures. However, for 10 m SLR, Figures 13b
and 14b show very different results. The difference in the shift of the amphidromic point also leads to
a difference in amplitude change. Nevertheless, the order of magnitude is the same between the two
models. The difference between these models could, again, be due to the improved model resolution used
in this study. The tidal amplitude increases along the Dutch and Belgian coast, while it decreases along
the British coast. This is also seen in observations, showed in Figure 15. This figure shows the change
in M2 tidal amplitude most likely caused by SLR [Flanders Hydraulics Research, Antwerp]. There is a
clear increase along the Dutch coast, while the amplitude along the British coast shows both an increase
and a decrease, depending on the location.
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(a)

(b)

Figure 13: Different phase lines of the M2 tide. The black lines represent the phase lines of the default
case, the magenta lines represent the phase lines of the SLR case. The background colors show the
changes in sea surface amplitude in meters between 2 m SLR (a) or 10 m SLR (b) and the default case
in the ZUNO+ model.

(b)

(a)

Figure 14: Plot of the change in M2 sea surface amplitude and shift in amphidromic points with 2 m
SLR (a) and 10m SLR (b) by Pickering et al. [2012].

Figure 15: Observed changes in M2 sea surface amplitude are most likely caused by SLR [Flanders
Hydraulics Research, Antwerp].
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The change in tidal current is shown in Figure 16, again for 2 m SLR (16a) and 10 m SLR (16b).
Note the different scales on the colorbars. Along the Belgian, Dutch and Danish coast the tidal current
increases, which will lead to an increase in sediment stirring. Along the British coast, the tidal current
decreases, which also decreases the amount of sediment stirring.

(a)

(b)

Figure 16: Difference in amplitude of M2 tidal current (or tidal ellipse major axis) in m/s between 2 m
SLR (a) or 10 m SLR (b) and the default case in the ZUNO+ model.
To examine the local effects of SLR on tides on the Belgian shelf, several runs were done, each time
with a slightly increasing water depth, between the range of 0 to 2 m SLR. The M2 tidal amplitude, phase
and velocity, as well as the M4 and M0 (residual) tidal velocity at the southern point of the Belgian
Shelf Model are shown in Figure 17 (Location xD = 0, yD = 0 in Figure 5). The horizontal axis shows
the amount of SLR in meters. The tidal amplitude and phase are used as boundary conditions in the
morphodynamic runs that include the effect of SLR on tides. It seems that there is a almost linear
increase in tidal amplitude, while there is a almost linear decrease in tidal phase. A decreasing tidal
phase means that at this location the tidal wave will arrive sooner, indicating a faster travelling wave.
The tidal velocity shows a different response to SLR. At first it increases with rising sea level, but a
maximum is reached around 1 m SLR, after which the velocity decreases with a rising sea level. Note
that the change in velocity is only in the order of mm/s. For the M4 and M0 constituents, the tidal
velocity decreases with increasing SLR. This indicates less sediment stirring due to tidal currents with
an increasing sea level.
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(a)

(b)

(c)

(d)

(e)

Figure 17: The M2 tidal amplitude (a), phase (b) and velocity (c), the M4 tidal velocity (d) and the
M0 tidal velocity (e) at the southern point on the western boundary of the Belgian Shelf Model versus
sea level rise. The M0 (residual) tidal velocity is negative, because it flows from north to south.

3.2
3.2.1

Effects of sea level rise on waves
Present-day conditions

Figure 18 shows the mean wave conditions in the southern North Sea, as calculated by the ZUNO+ model,
for present-day conditions. Figure 18a shows the significant wave height [m] and the wave direction [o ],
Figure 18b shows the peak wave period and Figure 18c shows the root-mean-square orbital velocity
near the bottom [m/s]. These average wave conditions are constructed from runs with different wind
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conditions and corresponding probabilities, discussed in section 2.1.2. To see if the average conditions are
modelled accurately, the results are compared to the results found by Neill et al. [2009] (Figure 19). Neill
finds slightly higher values for both the significant wave height and the peak wave period. This is likely
due to the difference in wind forcing between the two models. In this study, the wind data is based solely
on two buoys, whereas Neill uses ECMWF-ERA-Interim reanalysis data to force the model. In table 3
a comparison between the modelled and observed data for the significant wave height, peak period and
wave direction is shown. Unfortunately, most locations do not have data on wave direction. Most of
the time the model underestimates both the significant wave height and the peak period, probably due
to the absence of swell waves. Zoom-ins on the Belgian shelf are shown in Appendix, Figures A3a and
Figure A3b. They show a significant wave height of approximately 1.2 m, a direction of 170o and a peak
wave period of 5 s.

(a)

(b)

(c)

Figure 18: a Significant wave height [m] (colors) and wave direction (arrows) calculated from wave
scenarios. b Peak period [s] calculated from wave scenarios. c Root-mean-square amplitude of near bed
wave orbital velocity [ms−1 ] calculated from wave scenarios.
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(b)

(a)

Figure 19: Significant wave height [m] (a) and peak period [s] (b) by Neill et al. [2009]. The black box
represents the ZUNO+ domain.

Table 3: Comparison between model and buoy data, for significant wave height (Hsig ), peak wave
period (Tp ) and wave direction (θ). The locations of the buoys can be found in Figure 8.

Europlatform
Westhinder
Buoy 63110
Buoy 62103
3.2.2

Hsig [m]
observed
1.26
1.0
2.2
1.4

Hsig [m]
modelled
1.15
1.17
1.6
1.3

Tp [s]
observed
5.7
5.8
7.9

Tp [s]
modelled
4.6
4.7
5.6
5.1

θ [o ]
observed
240
-

θ [o ]
modelled
270
245
277
277

Influence of sea level rise on the mean wave conditions

The effect of SLR on the wave climate is investigated in a similar way compared to the tides. This means
the water depth was increased by 2 m and 10 m, while to coastlines were kept constant. Figure 20 shows
the difference between the 2 m SLR and the default case. The significant wave height (Figure 20a) as
well as the peak period (Figure 20b) increase with increasing sea level. In Figure 20c the average wave
direction of the default case is shown in black and the 2 m SLR case in magenta. There is little to no
change in wave direction when the water depth increases. The root-mean-square orbital velocity near
the bottom (Figure 20d) decreases over the entire domain, except in the Wadden Sea and near the coast
line. The decrease is extra pronounced near features that are closer to the water surface, like the Dogger
bank (DB) and the crest of tidal sand ridges (Norfolk banks (NB) and Flemish banks (FB)). These same
results are found in the case of 10m SLR, but the difference are larger. These results are presented in
the Appendix, Figure A4.
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(a)

(b)

(c)

(d)

Figure 20: a Difference in significant wave height [m], averaged over the different wave scenarios,
between 2 m SLR and present-day conditions in the ZUNO+ model. b Difference in peak period [s]
averaged over the different wave scenarios, between 2 m SLR and present-day conditions in the ZUNO+
model. c Wave direction [o ] calculated from wave scenarios in the ZUNO+ model, for 2 m SLR (magenta
arrows) and present-day conditions(black arrows) d Difference in root-mean square orbital velocity near
the bottom [ms−1 ] averaged over the different wave scenarios, between 2 m SLR and present-day conditions in the ZUNO+ model. Figure (d) shows the Dogger bank (DB), the Norfolk banks (NB) and the
Flemish Banks (FB).
Again, similar to the tides, several runs were done to examine the local effects of SLR on waves on the
Belgian shelf, each time with a slightly increasing water depth. The significant wave height, peak wave
period, wave direction and orbital velocity are shown in Figure 21. The horizontal axis shows the amount
of SLR in m. The significant wave height shows a linear increase with SLR. The peak wave period also
increase with SLR, but not entirely linear. The wave direction shows only very slight variations with
SLR and will therefore be assumed constant. The orbital velocity at the bottom shows a slight decrease
with increasing SLR. This also means that the sediment stirring due to wave motion will slightly decrease
with increasing sea level.
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(a)

(b)

(c)

(d)

Figure 21: Significant wave height (a), peak period (b), wave direction (c) and orbital velocity at bed
(d) averaged over each of the Belgian Shelf Model boundaries versus amount of sea level rise.

3.3
3.3.1

Effects of sea level rise on shelf morphodynamics
Present-day conditions

To construct the present-day tidal sand ridges, a spin-up run of 500 years was done. Figure 22 shows
snapshots of the model after 0 (a), 200 (b), 350 (c) and 500 years (d). The black line in Figure 22d
shows the transect over which the cross-section in Figure 23a was taken. Figure 23b shows the same
cross-section, but from measured data taken from the EMODnet Bathymetry website. Both the observed
and modelled ridges are cyclonically rotated with respect to the tidal current and have a height between
10 and 15 m. There is a difference in the shapes of the troughs, though. The observed ridges have a
u-shaped trough, while the modelled ridges have a v−shaped trough.
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(a)

(b)

(c)

(d)

Figure 22: Bed level [m] during the spin-up run for different times, 0 years (a), 200 years (b), 350 years
(c) and 500 years (d). Here, x is the cross-shore and y the long-shore coordinate. The coast is on the
right and the black line in figure d shows the transect over which cross-sections were made.

(a)

(b)

Figure 23: a Cross-section of bed level [m] after spin-up along the transect shown in Figure 22d. b Crosssection of the measured Belgian shelf along the transect shown in figure 22d. [EMODnet Bathymetry]
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3.3.2

Influence of sea level rise with present-day tides and waves

To study the effect of SLR on the tidal sand ridges, 200 years were modelled, starting with the bed level
from Figure 22d and adding different rates of SLR. This means that the sea level will increase gradually
over time, instead of all at once, like in the tides and waves experiments. Two examples of how the ridges
evolve are shown in Figure 24. Both figures show the bed level after 200 years, Figure 24a for 2 mm/yr
SLR and Figure 24b for 11 mm/yr SLR, the black lines show the contour levels of the spin-up run after
500 years. Comparing the locations of the crests to the spin-up run shows an offshore migration of the
sand ridges. There is also a more pronounced difference between the crests and the troughs visible, when
comparing to Figure 22d.

(a)

(b)

Figure 24: Bed level [m] at 200 years after the spin-up time, with a rate of SLR of 2 mm/yr (a) or
11 mm/yr (b). The black lines represent the contour lines of the spin-up run after 500 years.
The root-mean-square of the ridge height (hrms ) is shown in Figure 25a, for the spin-up run and
for the different SLR scenarios. It shows that with a higher the rate of SLR, the ridge height becomes
higher. The hrms in Figure 25a is calculated over the full domain, while in Figure 25b only the 20 km
closest to the shore are considered. This is where most of the ridges are located (see Figure 22d). Note
that the ridge height is higher compared to the full domain. However, the slope is less steep, indicating a
slower growth rate. The ratio of the growth rate to SLR rate is shown in Figure 25c. When the ratio is 1
or higher, the ridges can keep up with the rising sea level. When the ratio drops below 1, the ridges are
in the risk of ’drowning’. This means in the long term ridges can become quasi-active or even inactive.
In this case the ridges can keep up with all the SLR rates, except maybe the 11 mm/yr case, which has
a ratio very close to 1. Figure 25d shows the root-mean square ridge height versus the rate of SLR. The
ridges grow linearly with the rising sea level.
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(a)

(b)

(c)

(d)

Figure 25: a Root-mean square wave height (hrms ) of the sand ridges [m] vs time. b Root-mean square
wave height of the sand ridges [m] vs time, but calculated for the 20 km nearest to the coast (in the x
direction). c Growth rate of the sand ridges divided by the rate of SLR for the different rates of SLR over
the entire domain. Above the value of 1 the ridges will stay active, below 1 there is a risk of ’drowning’,
meaning the ridges could become quasi-active or inactive. d Root-mean square ridge height vs the rate
of SLR at 200 years after the spin-up time.
To investigate the source of the sediment that allows the ridges to grow, sediment volume plots were
made (Figure 26). The black line shows the volume of sediment in the crest area, the red line shows the
volume of trough area (so a negative amount of sediment) and the blue line shows the volume of sediment
that passes over the boundaries. The sediment that ends up on the crest originates from the trough,
the sediment that does not end up on the crest is transported out of the domain. Figure 26b shows
the change in the different volumes versus the rate in SLR. With an increasing rate of SLR the troughs
deepen, which leads to the availability of sediment. This available sediment is deposited mostly on the
crests. However, the troughs deepen more than the crest are able to grow, which causes a surplus of
sediment in the water column. This surplus is transported over the boundaries and lost from the domain.
Figure 26c show the residual sediment transport over the entire domain. Figure 26d is the same figure,
but zoomed-in on the northern boundary. This shows that the most of the sediment is transported over
the crests and through the northern (and southern) boundary.
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(a)

(b)

(c)

(d)

Figure 26: a Volumes of the crests, troughs and the amount of sediment that moves over the domain
boundaries, for the default case. b The change in volumes of the crest, trough and the amount of
sediment that moves over the domain boundaries compared to the default case, versus the rate of SLR. c
The residual sediment transport per unit width in m2 /s. d A zoom-in of Figure c on the north boundary.
Figure 25 showed that the tidal sand ridges can keep up with a rate of SLR of 11 mm/yr in the
modelled 200 year time period. However, since the ratio between the growth rate and the SLR rate is
close to 1, a longer run was done to see how the ridges would evolve over a longer time scale. Figure 27a
shows on the left axis the root-mean square ridge height over a thousand years, both for the entire
domain and for the near shore area. On the right axis the amount of SLR is plotted. Interestingly, the
ridges keep on growing with the rising sea level during this entire time period, even though the ratio
between the growth rate and the rate of SLR fluctuates around 1 (Figure 27b). The growth of the ridges
near the coast is slower compared to the rising sea level, up until 1000 years (500 + 500 years spin-up),
when the growth rate increases and the ridges keep pace with the SLR.
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(a)

(b)

Figure 27: a Root mean square ridge height for the 11 mm/yr SLR case, run for 1000 years (+500 years
spin-up). The blue line is the hrms for the full domain, while the red line was calculated using only the
20 km nearest to the coast. b Ratio between the growth rate and the rate of SLR for the 11 mm/yr SLR
case, run for 1000 years. The blue line is the ratio for the full domain, while the red line was calculated
using only the 20 km nearest to the coast.
3.3.3

Influence of sea level rise, including sea level rise effects on waves

As seen in chapter 3.2.2, SLR affects the significant wave height and the peak wave period. These changes
are now also considered in the morphodynamic runs. Figures 28a and 28b show the bed level after a 200
year run with a rate of SLR of 2 mm/yr and 11 mm/yr, respectively. When comparing these figures to
Figure 24, at first glance, there seem very little changes. However, when comparing the cross-sections,
(Figures 28c and 28d) a clear shift towards the coast is visible when higher waves are present (yellow
versus orange lines). This does not mean that the ridges migrate towards the coast, but that the off-shore
migration of the ridges is slowed down due to the waves. This becomes clear when comparing the initial
bed level (blue line) to the bed levels after 200 years (orange and yellow lines). Figure 29 shows the
ratio between the growth rate of the tidal sand ridges and the SLR rate over the entire domain, similar
to Figure 25c, but only for the 11mm/yr SLR case. The blue line shows the results with present-day
wave conditions and the orange line shows the results including the effects of SLR on waves. In the first
years the increase in significant wave height will make the ridges grow faster. However, over the years,
when the water depth has increased more and more, the growth rate slows down and converges with the
growth rate of present-day conditions. Both these rates are above 1, so the ridges will not drown.
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(a)

(b)

(c)

(d)

Figure 28: Bed level [m] after 200 years with a SLR rate of 2 mm/yr (a) and 11 mm/yr (b). Crosssection after 200 years with a SLR rate of 2 mm/yr (c) and 11 mm/yr (d). The blue line is the initial
bed level, the red line uses present-day conditions for waves and the yellow line includes the effects of
SLR on waves.

Figure 29: Growth rate of the sand ridges divided by the rate of SLR over the entire domain for the
11mm/yr SLR case. The blue line shows the results with present-day wave condition and the orange
line shows the results including the effects of SLR on waves. Above the value of 1 the ridges will remain
active, below 1 there is a risk of ’drowning’, meaning the ridges could become quasi-active or inactive.
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3.3.4

Influence of sea level rise, including sea level rise effects on waves and tides

Finally, in this section results of the morphodynamic runs are shown, in which the effects of SLR on
depth, as well on wave forcing and tidal forcing at the boundaries, were included. As was discussed in
section 3.1.2, this means an increase in tidal amplitude and a decrease in tidal phase at the boundary
of the Belgian Shelf domain. So in these runs the effect of SLR on both tides and waves is taken into
account. Figure 30a shows, for the case of 11 mm/yr SLR, the cross-sections of the initial bed level (in
blue), the bed level after 200 years with present-day conditions for tides and waves (red) and the bed
level after 200 years including the effects of SLR on tides and waves (yellow). The ridges (yellow line)
have hardly grown compared to the initial bed. When looking at the ratio of growth rate of the ridges
and the SLR rate (see Figure 30b), all the values are well below 1. This indicates that the ridges are not
able to keep up with the imposed SLR. However, this does seem unlikely as the tidal sand ridges would
not be able to grow even with present-day rates of SLR. Therefore, the ridges are no longer compared
to the initial bed level, but to the bed level after a couple of years, to avoid any spin-up problems.
These results are shown in Figure 30c. In the case of 11 mm/yr SLR the growth rate is below 1 during
the entire period, eventually, these ridges will become inactive. For the other rates of SLR the growth
rates do reach values higher than 1, but these rates slowly decline, meaning the ridges are not at risk of
’drowning’ yet, but might be on longer time scales.

(a)

(b)

(c)

Figure 30: (a) Cross-section after 200 years with a SLR rate of 11 mm/yr. The blue line is the initial
bed level, the red line uses present-day conditions for waves and tides and the yellow line includes the
effects of SLR on waves and tides. (b). Growth rate of the sand ridges divided by the rate of SLR over
the entire domain for the 11mm/yr SLR case. The blue line shows the results with present-day wave
condition the orange line shows the results including the effects of SLR on waves and the yellow line
shows the results including the effects of SLR on both waves and tides. Above the value of 1 the ridges
will remain active, below 1 there is a risk of ’drowning’, meaning the ridges could become quasi-active
or inactive.
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4.1

Discussion
Effects of sea level rise on tides

This study extends earlier work by Pickering et al. [2012] and Schindelegger et al. [2018] and examines
the effect of SLR on the tide in the North Sea. Similar to what is in those papers the changes in M2
sea surface amplitude and phase are assessed, but in addition also the changes in tidal current and in
the residual M0 and first overtide M4 . The model used is state-of-the-art and has a high resolution
bathymetry. Overall, it was found that the model accurately represents the tidal constituents in the
North Sea. Nevertheless, some differences were found between the modelled results and the results by
Pickering et al. [2012] (Figure 13 and 14, respectively). Both show a change in M2 amplitude in the
same order of magnitude and a shift in the amphidromic points. The location of these points is different,
though. This could be explained by a difference in forcing (Pickering et al. [2012] forces only with the
M2 tide, while this study uses the astronomical tide, which includes many constituents), but also by the
improved quality of the model used in this study. A sensitivity analysis on the shift in amphidromic points
could be done to find out which variable is the most important contributor. Despite these differences,
the conclusion by Pickering et al. [2012] that the changes in tidal characteristics are non-linearly with
SLR still stands. The shifting of the amphidromic points leads to a non-linear change in tidal amplitude.
However, when looking specifically at the boundaries of the Belgian Shelf Model, it was found that the
M2 tidal amplitude increases (and the phase decreases) more or less linearly with SLR. The M2 , M4 and
M0 current velocities all decrease with SLR, which leads to a decrease in sediment stirring.

4.2

Effects of sea level rise on waves

As mentioned in section 2.1.2, the waves in the model are generated in the large-scale DCSM domain
by wind. A downside of this approach is that only the effects of wind waves is investigated, thereby
ignoring the effects of swell waves. The reason behind this is that the model could not cope with an
input for swell waves and wind waves at the same time. A study on swell waves by Amores and Marcos
[2020] finds that the number of swell events will likely decreases in the future. With the influence of swell
waves decreasing over time, the assumption of only modelling wind wave becomes slightly more valid.
Nevertheless, the lack of swell waves is the reason that the modelled data does not completely match the
observed data.
Another limitation is that, to construct the wave climate, realisations are performed for different
wind speeds and directions, where the wind and the probability distribution over the different winds are
considered to be spatially uniform. Thus, it is expected that this approach does not properly account
for the effects of changing pressure fields. To achieve that, the model should be forced with time series
of the wind, as is done in Neill et al. [2009] and Bricheno and Wolf [2018].
The third limitation of this study is that the probabilities used to construct the average wave conditions are kept the same when sea level changes. According to Debernard and Røed [2008] the frequency
of storm surges will increase over the southeastern North Sea. If this would have been taken into account
the probabilities for the storm scenarios would have been increased. As storm surges are linked to high
significant wave height, including this effect would have lead to an even higher increase in significant
wave height with SLR.
What is new in this study, compared to previous studies [Neill et al., 2009, and others] is examining
the effects of SLR on the wave orbital velocity near the bed. This is important quantity for coastal morphodynamics, as it induces stirring of sediment from the bottom. Soulsby [1998] defined the amplitude
of the wave orbital velocity as follows:
Uw =

πHsig
.
T sinh(kh)

(15)

Here, Hsig is the significant wave heigth, T the wave period, k the wavenumber and h the water depth. So,
both the water depth and the height of the waves influences the value for Uw . This is seen in Figure 20d,
where the increasing water depth leads to a decreasing near bed wave orbital velocity throughout most
of the domain. The only areas where the wave orbital velocity increases is in the coastal areas where the
increase in significant wave height with SLR is high.
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4.3

Effects of sea level rise on shelf morphodynamics

The Belgian Shelf Model models the tidal sand ridges on the Belgian shelf. The model extends the study
of Nnafie et al. [2020] in the sense that it accounts for changes in mean sea level. It does so in three
ways: changes in depths, changes in tidal forcing and changes in wave forcing at the boundaries. Effects
of changes in mean sea level on the evolution of tidal sand ridges were also assessed by Yuan and De
Swart [2017]. However, the present model is more realistic. First, it considers a sloping shelf bounded
by a coast, instead of a domain with open boundaries in which the mean depth is constant. Second,
it accounts for phase differences of the tide over the domain, which are ignored by Yuan and De Swart
[2017]. And third, rather than using highly schematized formulations for waves and sand transport, this
model employs state-of-the-art formulations for these variables.
Figure 23 shows the cross-section of the model run and the cross-section of the measured bathymetry.
The cross-sections look similar, both show five main ridges with a depth between 5 and 30 meters.
However, there are also some differences. The troughs are more sharply defined in the model run and
the location of the ridges is also slightly different. A reason for this could be that the ridges were still
growing as the spin-up run (in which the mean sea level was fixed and which lasted 500 years) was not
yet in a steady state. In the modelled 200 years after the spin-up the tidal sand ridges can kept with the
rising sea level, even under the most extreme case of 11 mm/yr. The sediment to keep the crests growing
originates from the troughs, as can be seen in Figure 26. This figure also shows that sediment is lost
over the boundary. Figure 26c shows that this sediment is lost over the north boundary.
From Figure 25c it seems that 11 mm/yr SLR causes the ridges not to keep pace with SLR over a
longer time period. This case was modelled for 1000 years, which is shown in Figure 27. Clearly, the
tidal sand ridges grow with the sea level as long as there is a sediment supply. This sediment supply from
the troughs will cease if the critical velocity for erosion is no longer reached in the troughs. According
to Miller et al. [1977] and Soulsby [1998] the critical velocity for sediment with a grain size of 0.2 mm
is 4 cm/s. Figure 21d shows that the orbital velocity at the bed does not fall below this value if the
sea level rises up to 2 m. When, the effects of SLR on waves are included, the significant wave height
increases with ≈ 4 cm. This small increase is enough to decrease the offshore migration of the tidal sand
ridges. This could be due to the decrease in orbital velocity near the bed, which leads to less sediment
stirring. When the effects on tides are implemented as well, there seems to be a spin-up problem, as
the ridges cannot keep up even with present-day values for SLR. When the first years are removed from
the dataset, more realistic results are found. This time, only the ridges in the most extreme case of
SLR are unable to keep pace. Nevertheless, the ratio between growth rate and SLR rate decreases over
time for all scenarios. This could be expected, as the tidal current velocities for both the M2 , M4 and
M0 constituents is reduced with an increased water depth, which also leads to a decrease in sediment
stirring. To know for sure if the tidal sand ridges can keep pace with the smaller rates of SLR, longer
runs have to be done. Similar to the 1000 year run with present-day conditions for tides and waves.
There are several simplifying assumptions in the Belgian shelf model. One of them is that with
increasing sea level the location of the boundary between shelf and coastal area is kept fixed. In other
words, when sea level rises, the entire shelf gets deeper. In reality, with increasing sea level the shelf
extends landward and, without hard protection works, the coastline would retreat. Another limitation
is that the nearshore zone, where waves break, is not explicitly modelled. Consequently, there is no
feedback between what happens on the shelf and what occurs near the coast. These would be interesting
topics for future research.
Tidal sand ridges have an important role in coastal protection, for example by dissipating wave energy.
The future evolution of these ridges is of great interest for coastal management. This study shows that
the ridges can keep up high levels of SLR, as long as there is sediment available, but in extreme cases they
will become inactive. As tidal sand ridges are a favoured location for sand extraction (used for beach
nourishment) and the troughs cannot keep deepening infinitely, the sediment supply may at some point
no longer be enough. If this would happen and the ridges would be come quasi-active or even inactive,
this would have severe consequences for the coastal zones located behind these ridges. Therefore, with
the rising sea level the growth of the tidal sand ridges should be monitored. When extracting sand it
should be taken into consideration not to disrupt the sediment supply to the crests. Overall, extreme
cases of SLR should be mitigated.
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Conclusions

The impact of sea level rise on tides, waves in the North Sea and tidal sand ridges on the Belgian shelf
has been modelled using the state-of-the-art morphodynamic model Delft3D. The model was found to
accurately model the present-day M2 and M4 tidal constituents of sea surface height an velocity, as well
as the residual current, in the North Sea. When implementing SLR the impact on the amplitudes and
phases of these constituents was investigated. It was found that the tidal range increases along the Dutch
and Belgian coast, as well as in the English Channel. However, along the eastern UK coast the tidal
range decreases. With increasing water depth, the tidal wave was found to propagate faster. The tidal
current increases along most of the Belgian, Dutch and Danish coast, but decreases along the British
coast.
Furthermore, the effect of SLR on the significant wave height, the peak period, the wave direction and
the orbital velocity at the bed in the North Sea was investigated. The significant wave height was found
to increase throughout the entire North Sea, but especially over ridges such as the Dogger Bank and near
the coasts. The peak wave period also increases throughout the domain, while the wave direction stays
constant. The wave orbital velocity, which causes stirring of sediment, mainly decreases, specifically over
crests of ridges like the Dogger bank and the Norfolk banks. However, it increases near the coast and
in the Wadden Sea, at all these locations the significant wave height was higher than the rest of the
domain, indicating that the increasing wave height offsets the effects of the increasing water depth.
Zooming in onto the Belgian shelf, where the tidal sand ridges are modelled, it was found that the
tidal amplitude increases almost linearly with SLR, while the tidal phase decreases almost linearly. A
decreasing phase indicates an earlier arrival of the tidal wave at a certain location and therefore a faster
travelling wave. The tidal currents of the M2 , M4 and M0 all decrease with a rising sea level. As for the
waves, both the significant wave height and the peak period increase with an increasing sea level. The
wave direction stays more or less constant and the wave orbital velocity decreases slightly. The decrease
in wave orbital velocity and tidal currents will lead to less sediment stirring.
Next, the effect of SLR on the evolution of tidal sand ridges was studied in three different ways. In
the first series of experiments, only depth was changed and present-day conditions for tides and waves at
the open boundaries of the domain were imposed. After a spin-up period of 500 years, in which the mean
sea level was kept fixed, different rates of SLR were considered (up to 11 mm/yr). The tidal sand ridges
were found to keep pace with SLR for the next 200 years for all rates of SLR. For the most extreme SLR
scenario the tidal sand ridges were modelled for 1000 years and even then they grew along with the rising
sea level. The sediment needed for the ridges to keep growing originates from the troughs. However,
not all the available sediment is deposited on the crests, a small part is transported over (mainly) the
northern boundary out of the domain. In the second series of morphodynamic experiments, SLR affected
both depth and wave forcing, while tidal forcing was still maintained at present-day conditions. In this
case it turned out that the offshore migration of the tidal sand ridges is reduced, meaning that they will
stay closer to the coast for a longer period of time, offering better coastal protection. In the third series
of experiments, SLR affected the water depth, wave forcing and tidal forcing. In this case the tidal sand
ridges were found to no longer grow with SLR, when the rate is 11 mm/yr. For the other cases the ridges
are able to keep pace with the rising sea level. However, the growth rate decreases over time, which
might lead to implications in the future.
For future coastal protection, the growth of the tidal sand ridges should be monitored. When extracting sand it should be taken into consideration not to disrupt the sediment supply to the crests and
extreme cases of SLR should be mitigated.
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6

Appendix

Figure A1: Projections of global mean rate of sea level rise and its contributors for different IPCC
scenarios. [Church et al., 2013]
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(a)

(b)

(c)

Figure A2: a Zoom-in of Figure 10a. M2sea surface elevation computed by the ZUNO+ model for
present-day conditions inthe Southern North Sea. Black lines represent tidal phase in degrees, the colors
represent tidal amplitudein m. b Zoom-in of Figure 11a. M4tidal constituent in the ZUNO+ model for
present day conditions. Colors representthe water level in m and the black lines represent the phase in
degrees. c Zoom-in of Figure 11b. M0tidal constituent in the ZUNO+model for present day conditions.
Colors represent the water level in meters.

(a)

(b)

Figure A3: a Zoom-in of Figure 18a. Significant wave height [m] (colors) and wave direction (arrows)
calculated from wave scenarios.b Zoom-in of Figure 18b. Peak period [s] calculated from wave scenarios.
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(a)

(b)

(c)

(d)

Figure A4: a Difference in significant wave height [m] calculated from wave scenarios, between 2m
SLR and present day conditions in the ZUNO+ model. b Difference in peak period [s] calculated from
wave scenarios, between 10m SLR and present day conditions in the ZUNO+ model. c Wave direction
[o ] calculated from wave scenarios in the ZUNO+ model, for 10m SLR (magenta arrows) and present
day conditions(black arrows) d Difference in root mean square orbital velocity near the bottom [ms−1 ]
calculated from wave scenarios, between 10m SLR and present day conditions in the ZUNO+ model.
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