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Abstract
To investigate the historical development of the tidally averaged transport of sandy sediments in the main branch of the
Scheldt estuary over the last decades (1950–2013), a 2D exploratory model has been developed. This model comprises
the depth-averaged (2DH) shallow water equations, driven by an asymmetric tidal forcing at the seaward side, as well as
an advection-diffusion equation to describe the depth-integrated dynamics of the suspended sediment concentration. The
tidally averaged sand transport results from a subtle balance between the various contributions; advective contributions due
to internally generated and externally prescribed overtides and the diffusive and topographically induced contributions. A
seaward tidally averaged sand transport is found near the open boundary, whose magnitude has increased since ca. 1950.
Moving upstream, the magnitude of the seaward transport decreases and changes into a smaller landward transport with a
local maximum near the landward boundary. This maximum has increased over the years. Varying parameters that capture
changes in the environment, e.g. historical changes in the bathymetry, future mean sea-level rise or changes in tidal forcing,
results in changes in the tidally averaged sand transport that are systematically analysed and related to changes in the
various contributions. Our model shows that there is a competition, in terms of determining the magnitude and the direction
of the tidally averaged sand transport, between the effects of historical bathymetric changes, changes in tidal forcing
and (projected) SLR. Even small changes in the tidal forcing at the seaward boundary can have a large impact on the
magnitude and the direction of the tidally averaged sand transport. This hampers accurate predictions of sediment transport
and morphodynamic changes in tidal systems, due to the uncertainty in the response of the tidal dynamics to the projected
sea-level rise.

Keywords Sand transport · Scheldt estuary · 2DH exploratory model

1 Introduction

Estuaries and tidal rivers are highly dynamic systems,
where the natural morphological development is the result
of a complex interplay between water motion, sediment
transport and bed topography. In most estuarine environ-
ments, tidesz are the most important forcing factor and the
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morphological development is a result of the divergences in
the residual or tidally averaged sediment transport. There-
fore, mechanisms and processes influencing residual sed-
iment transport play a key role in the development and
understanding of how an estuary responds to changing
natural forces and human interference (Chu et al. 2015).

In an estuary with a large tidal prism, the net sedi-
ment transport is the difference between two large numbers
(import during flood and export during ebb). To accu-
rately obtain this small difference from field measurements
is very difficult, as sediment fluxes are hard to measure,
requiring simultaneous flow and sediment concentration
measurements across different cross-sections of the river
(Bi and Toorman 2015). However, a good knowledge of
the sediment transport is essential for planning of main-
tenance dredging activities and predicting the ecosystem
services on the longer term (Temmerman et al. 2004; Kir-
wan et al. 2016).
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The aim of this paper is to assess the influence of
changing estuarine conditions, both historical and projected,
on the residual transport of sandy materials and to gain a
better understanding of the underlying physical transport
mechanisms, by using a process-based numerical modelling
approach. There are two different flavours of process-
based modelling: simulation models on the one hand and
exploratory or idealised models on the other (Murray 2003).
In this paper, the exploratory model, developed in Boelens
et al. (2018), will be extended and applied to the Scheldt
Estuary.

Exploratory models aim at qualitatively reproducing the
main trends and observations of the system by retaining
only those processes that are believed to be important for
the overall dynamics in an (often) schematised geometry.
The key advantages of these models are their excellent
ability to quickly investigate the sensitivity of the model
outcomes to parameter variations and the possibility to
systematically study physical processes in isolation (Murray
2003; Brouwer et al. 2018). However, only qualitative
comparison with natural systems is possible, due to the
idealised nature of these models and the interpretation of
the results has to be conducted in the light of the underlying
assumptions. Exploratory models have been used to study
sediment dynamics in estuaries in e.g. Dronkers (1986)
and Friedrichs et al. (1998) (analytical), Ridderinkhof et al.
(2014) (1D), Chernetsky et al. (2010) and Dijkstra et al.
(2017) (2DV), Boelens et al. (2018) (2DH) and Kumar et al.
(2016), Wei et al. (2018), and Donatelli et al. (2018) (3D).

Simulation models try to reproduce a natural system as
accurately as possible by implementing all known physical
processes and state-of-the-art parameterisations. However,
these models are in need of quantitative measurements
for calibration and verification (Bi and Toorman 2015).

Furthermore, simulation models are computationally expen-
sive, which hampers the performing of sensitivity studies.
Moreover, simulation models have a limited suitability for
long-term (decades to centuries) predictions (Wang et al.
2012) and the results can be difficult to interpret. Neverthe-
less, simulation models should be applied when a high level
of accuracy is required. Simulation models have been used
to study sediment dynamics in estuaries and salt marshes in
e.g. Bolle et al. (2010), Fagherazzi et al. (2012), and van
Maren et al. (2015).

To assess the (isolated) effects of changes in bathymetry,
mean sea-level and tidal forcing on the residual transport of
sandy sediments, we will focus on historical and projected
changes in the Scheldt estuary (see Fig. 1). The Scheldt
estuary has undergone several modifications since the mid-
twentieth century. Since 1950, the area of the Western
Scheldt has been reduced with about 141 km2 (i.e. 8%)
due to land reclamation at Sloe/Kaloot (next to Vlissingen),
Braakman (next to Terneuzen) and Ossendrecht (van der
Spek 1994; Vroon et al. 1997). Furthermore, there have
been three periods of deepening and widening of the fairway
(1970 − 1975, 1997 − 2001, 2008 − 2010), as well as a
systematic maintenance dredging works (Meire and Van
Dyck 2014). Since the 1950s, an annual amount of 2 Mm3 of
sand was extracted out the Western Scheldt for commercial
purposes (Van der Werf and Briere 2013). Both natural
evolution and the aforementioned human interferences (land
reclamations, sand mining and fairway deepening) have
considerably altered the bathymetry of the Scheldt estuary
(Nnafie et al. 2018).

The mean sea level at the mouth of the estuary has
increased with an average of 2.1 mm/year over the past
century and with an average of 4.1 ± 1.5 mm/year between
1993 and 2011 (Wahl et al. 2013). Since mean high water

Fig. 1 The Scheldt estuary
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has risen more than mean low water, the tidal range at the
mouth of the estuary has increased as well. More upstream
in the estuary, the tidal range has increased up to 10% in the
last century (Barneveld et al. 2018).

Next to changes in bathymetry and mean sea level, also
the tidal forcing at the mouth of the estuary has altered over
the past century (Wang et al. 2002). This can have a large
influence on the residual sediment transport, see Gräwe
et al. (2014) and Müller et al. (2014),

Global mean sea level rise (SLR) will continue during
the twenty-first century, very likely at a faster rate than
observed from 1971 to 2010 (IPCC 2013). According to
Pickering et al. (2012), there can be substantial changes in
the tidal characteristics on the shelf seas, such as the North
Sea. Large-scale models are used to predict the changes
in the tidal dynamics under the influence of SLR, e.g. in
Apecechea et al. (2017).

This paper is organised as follows. In Section 2, the
adopted model and solution method will be outlined. This
includes a detailed description and a schematisation of the
Scheldt estuary and an extension of the model of Boelens
et al. (2018) with a more accurate sediment concentration
equation. Section 3 will present the model results, based
on a historical and a recent situation in the Scheldt estuary.
Subsequently, the sensitivity of the results to (future)
changes in bathymetry, mean sea level and tidal forcing is
discussed in Section 4. Finally, the main model results are
summarised in Section 5.

2Model formulation

2.1 Geometry

The geometry considered is that of a semi-enclosed basin
with length L∗ (see Fig. 2), where the ∗-notation denotes a
dimensional (unscaled) quantity. The schematised geometry
of the basin and coordinate system is introduced in Fig. 2.
The x∗-axis is oriented along the longitudinal axis of the
basin, pointing in the landward direction, with the origin
at the seaward side of the basin. The y∗-axis is oriented
along the lateral axis, with the origin in the middle of
the main channel. The total width, including the shallow
zones, is denoted by B∗(x∗) and varies along the channel.
Based on data of yearly averaged values of the width at the
water surface, the total width B∗(x∗) will be defined as the
average of the width at high and low water. This will be
further eleborated in Section 3.1.

The local water depth is given by H ∗ − h∗ + ζ ∗, where
H ∗ is the tidally and width-averaged water depth at the open
boundary (the overbar notation denotes the average over
the total width B∗ at the open boundary). The sea surface
elevation is denoted by ζ ∗ and is measured with respect
to z∗ = H ∗ (positively upwards). The bottom profile is
denoted as h∗(x∗, y∗). The shape of the bottom profile is
taken from Li and O’Donnell (2005) and reads

h∗(x∗, y∗) = H ∗ − d∗
1 (x∗) − d∗

2 (x∗)e−(y∗/α∗
h(x∗))2

, (1)

Fig. 2 Top view, cross-channel
view and side view of a
semi-enclosed tidal basin,
flanked by shallow zones. For an
explanation of the symbols, see
the text
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where a smaller α∗
h implies a narrower channel with steeper

slopes. The bathymetry is symmetric with respect to the
central axis of the estuary.

The boundary of the model domain consists of two parts.
Solid boundaries are denoted by �c and consist of vertical,
non-erodible walls. Open boundaries are indicated by �s

and have a connection to the open sea.

2.2 Study area

The parameters introduced in the previous paragraph are
derived from detailed bathymetric data of the Scheldt. The
river Scheldt is 350 km long; it originates in France and
flows through Belgium, towards the Netherlands, where it
connects to the southern North Sea, through the Vlakte van
de Raan. The part of the river, influenced by tides, extends
160 km from the mouth at Vlissingen to Ghent, where
sluices impair the further propagation of the tidal wave (see
Fig. 1). The estuary has a funnel-shaped geometry and its
width reduces from about 6 km near the mouth to a couple
of tens of meter near the head in Ghent. The width-averaged
depth decreases non-linearly from 15 m at Vlissingen to
only 3 m near Ghent (Wang et al. 2002). The saltwater
influence typically reaches up to Temse (see Fig. 1) and
the salinity can be regarded as vertically well mixed. The
seaward (Dutch) part is referred to as the Western Scheldt
while the Belgian part is called the Sea Scheldt and is mainly
a single channel. Upstream of Dendermonde (see Fig. 1),
the estuary is almost completely channelised (Hoffmann
and Meire 1997). The Western Scheldt on the other hand
has a complex and dynamic morphology. The flood and
ebb channels are interconnected, bordered by large intertidal
flats and salt marshes.

The tides in the Western Scheldt are dominantly semi-
diurnal. The mean tidal prism is 2.2 × 109 m3 at Vlissingen,
0.2 × 109 m3 at the Belgian-Dutch border and 0.1 × 109 m3

at Antwerp (Verlaan 1998). The mean tidal range increases
between Vlissingen and about Temse from 3.8 to 5.5 m and
decreases again to 1.9 m near Ghent (Hertoghs et al. 2018).
The combined mean river outflow from the head and from
the tributaries is about 120 m3 s−1, which accounts for a
volume of 5 × 106 m3of water per semi-diurnal tide. This
is less than 1% of the tidal prism at the down-estuarine

boundary. The maximum depth-averaged current velocities
in the channels are in the order of 1−1.5 m s−1 (Wang et al.
2002). Typical parameter values for a historical and a recent
situation in the Scheldt estuary are given in Table 1.

2.3 Model equations

2.3.1 Hydrodynamics

Since the horizontal length scales are much larger than
the typical water depth, the water motion can be described
by the depth-averaged (2DH) shallow water equations,
consisting of the continuity equation

ζ ∗
t∗ + ∇∗ · [

(H ∗ − h∗ + ζ ∗)u∗] = 0, (2.2a)

and the momentum equation

u∗
t∗+(u∗·∇∗)u∗+g∗∇∗ζ ∗+f ∗ez∗×u∗+ r∗u∗

H ∗ − h∗ + ζ ∗ = 0,

(2.2b)

where u∗ = (u∗, v∗) with u∗ and v∗ the depth-averaged
velocity components in the x∗ and y∗ direction, respectively.
Time is denoted as t∗ and g∗ is the acceleration due to
gravity. The Coriolis coefficient is f ∗ = 2Ω∗ sin ϕ, with
Ω∗ the rotation rate of the earth and ϕ the latitude. The
unit vector in the z-direction is denoted by ez∗ and ∇∗ =
(∂/∂x∗, ∂/∂y∗) is the horizontal gradient. The Reynolds
stresses, related to turbulent exchange of momentum in the
horizontal direction, are neglected and no density gradients
or wind effects are taken into account. The last contribution
on the left-hand side of Eq. 2.2b is the bed shear stress,
divided by the product of the water density ρ∗ and the
local water depth. Here, a linearised formulation of the bed
shear stress, the so-called Lorentz linearisation (Lorentz
1922; Zimmerman 1982), is adopted, where r∗ is a friction
coefficient with physical units m s−1, that is assumed
constant across the entire domain.

The water motion is forced at the seaward entrance of the
estuary by a prescribed sea surface elevation, consisting of
M2 and M4 tidal constituents. At the landward side and at
the sidewalls, the water transport is required to vanish. Note
that this implies that river flow is not accounted for. The
boundary conditions can then be written as

ζ ∗ = A∗
M2

cos(σ ∗t∗ − θM2) + A∗
M4

cos(2σ ∗t∗ − θM4) for (x∗, y∗) ∈ �s, (2.3a)

u∗ · n = 0 for (x∗, y∗) ∈ �c, (2.3b)

with A∗
M2

the amplitude, θM2 the phase and σ ∗ the angular
frequency of the semidiurnal tidal component of the water
level. The quantity A∗

M4
is the amplitude and θM4 the phase

of the quarter diurnal constituent of the water level. It should

be noted that A∗
M2

, θM2 , A∗
M4

and θM4 all depend on the x∗
and y∗ coordinates of the points along the seaward boundary
�s . Finally, n is the outward pointing normal unit vector at
the solid boundary �c.
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Table 1 Dimensional values for the model parameters, based on a historical and a recent situation in the Scheldt estuary

General parameters

Length L∗ = 160 km Gravitational g∗ = 9.81 ms−2

accelaration

Tidally averaged H ∗ = 14.73m (13.71m) Coriolis frequency f ∗ = 1.13 × 10−4 s−1

water depth

Tidal parameters

M2 water level A∗
M2

= 1.77 m (1.68 m) M2 water level θM2 = 0◦

amplitude phase

M4 water level A∗
M4

= 0.14 m (0.11 m) M4 water level θM4 = −1.3◦ (−5.4◦)

amplitude phase

Angular frequency σ ∗ = 1.4 × 10−4 s−1 Friction parameter r∗ = 1.7 × 10−3m s−1

Sediment parameters

Horizontal μ∗ = 100 m2 s−1 Vertical diffusion κ∗
v = 0.1 m2 s−1

diffusivity coefficient

Settling velocity w∗
s = 0.02 m s−1 Erosion parameter α∗ = 0.01 kg s m−4

Dimensionless Order

ε = A∗
M2

H ∗ = 0.12 (0.12) O(ε) γ = A∗
M4

A∗
M2

= 0.08 (0.07) O(ε)

η = σ∗L∗√
g∗H ∗ = 1.86 (1.93) O(1) r = r∗

σ ∗H ∗ = 0.82 (0.89) O(1)

f = f ∗
σ∗ = 0.81 O(1) a = σ ∗κ∗

v

(w∗
s )2 = 0.035 O(ε2)

μ = μ∗
σ∗(L∗)2 = 2.8 × 10−5 O(ε5) � = w∗

s H ∗
κ∗
v

= 2.95 (2.74) O(1)

The values for the historical situation are given between brackets, in case they differ from the recent situation. For further information we refer to
the main text

2.3.2 Sand transport

To evaluate how the basin geometry and the tidal forcing
affect the net transport of sandy material (here consisting
of non-cohesive material with a single grain size of ∼
2 × 10−4 m), a simple sediment transport formula is used.
The fine sandy material is assumed to be transported
predominantly as suspension load. Following Ter Brake
and Schuttelaars (2010) and the supplementary material
of de Swart and Zimmerman (2009) and Burchard et al.
(2018), the temporal evolution of the suspended sediment
concentration can be modelled using a depth-integrated
advection-diffusion equation:

C∗
t∗ + ∇∗ ·

(
u∗C∗ − μ∗∇∗C∗ − μ∗ w∗

s

κ∗
v

βC∗∇∗h∗
)

︸ ︷︷ ︸
q∗

= α∗|u∗|2 − (w∗
s )

2

κ∗
v

βC∗, (2.4)

where C∗ is the depth-integrated sediment concentration,
μ∗ the horizontal diffusion coefficient, κ∗

v the vertical
diffusion coefficient, w∗

s the settling velocity and α∗
a constant erosion parameter. Typical values of these
parameters can be found in Table 1. Furthermore, q∗ =

(q∗
u, q∗

v ) denotes the depth-integrated, tidally averaged
suspended sediment transport. Finally, the dimensionless,
depth-dependent deposition parameter β is defined as

β =
[

1 − e
− w∗

s
κ∗
v

(H ∗−h∗+ζ ∗)
]−1

. (2.4)

The depth-integrated sediment concentration C∗ with
dimension (kg m−2) refers to the total amount of sediment
stored in a water column with unit horizontal area. The first
contribution on the right-hand side of Eq. 2.4 models the
whirling up of sediment from the bed, due to shear stresses
exerted on the bed. As we only consider transport of fine
sand in this paper, the critical velocity of motion is small
compared with the tidal velocity during the largest part of
a tidal cycle. Therefore, as a first approximation, we set the
critical velocity for erosion to zero. The second contribution
on the right-hand side of Eq. 2.4 models the deposition
of sediment. The first contribution on the left-hand side of
Eq. 2.4 is the local inertia of the concentration. The second
term is the divergence of the advective sediment transport,
while the third and fourth terms model the diffusive
contributions. More precisely, the fourth term on the left-
hand side represents the convergence and divergence of the
horizontal diffusive sediment flux induced by topographic
variations. The occurrence of this sediment flux can be
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easily understood if one considers the vertical distribution of
sediment in the water. The concentration is highest near the
bed and reduces with decreasing depth. Therefore, at a fixed
depth, the sediment concentration is higher in the shallower
areas than in the deeper areas. Hence, there is a horizontal
concentration gradient between these regions, resulting in
a diffusive sediment transport directed towards the deeper
water area (for more information and a derivation, see Ter
Brake and Schuttelaars (2010)).

At the landward side and at the sidewalls, the suspended
load transport is required to vanish. At the seaward entrance,
a balance between erosion and deposition is imposed as
a boundary condition for the tidally averaged sediment
concentration. Concerning the time-dependent components
of the concentration, we require that no diffusive boundary
layer develops at the seaward side (see Schuttelaars and
de Swart (2000)). This leads to the following boundary
conditions

〈
α∗|u∗|2 − (w∗

s )
2

κ∗
v

βC∗
〉

= 0 for (x∗, y∗) ∈ �s, (2.6a)

C̃∗(x∗, y∗, t∗, μ∗) = C̃∗(x∗, y∗, t∗, μ∗ = 0) for (x∗, y∗) ∈ �s, (2.6b)

(u∗C∗ − μ∗∇∗C∗ − μ∗ w∗
s

κ∗
v

βC∗∇∗h∗) · n = 0 for (x∗, y∗) ∈ �c, (2.6c)

where 〈.〉 denotes the tidal average, defined as 1
T

∫
T

· dt ,
with T the tidal period, and C̃∗ = C∗ − 〈C∗〉. Note, that the
boundary conditions for the sediment concentration Eq. 2.6c
and velocities Eq. 2.3b imply that no sand transport q∗ takes
place through the closed boundaries �c. The tidally and
depth-averaged suspended sediment concentration (SSC)
[kg/m3] can then be estimated as

SSC =
〈

C∗

H ∗ − h∗ + ζ ∗

〉
. (2.7)

In this contribution, we do not consider the feedback of
the divergence and convergence of the sand transport on the
bed evolution, i.e. we focus on the initial transport only:
for a given bathymetry, this approach gives insight in how
the bottom tends to adapt initially. For changes on the long
term, adaptations to the model are required, such that the
morphodynamics is taken into account explicitly, e.g. by
calculation of equilibrium bathymetries (Schuttelaars and de
Swart 2000; Ter Brake and Schuttelaars 2011).

2.4 Dimensionless equations

The governing equations are made dimensionless by intro-
ducing characteristic scales for the physical variables

(dimensionless variables are denoted without an
asterisk):

(x∗, y∗) = L∗(x, y); (u∗, v∗)=U∗(u, v); ζ ∗ =A∗
M2

ζ ;
(z∗, h∗) = H ∗(z, h); t∗ =σ ∗−1

t; r∗ =(σ ∗H ∗)r;
f ∗ = σ ∗f ; μ∗ =σ ∗(L∗)2μ; C∗ = α∗(U∗)2κ∗

v

(w∗
s )

2
C.

(2.8)

The characteristic scales include the length L∗ of the basin,
the tidally and width-averaged water depth at the open
boundary H ∗, the width-averaged water level amplitude
at the open boundary A∗

M2
and angular frequency σ of

the semidiurnal tide. The velocity scale follows from the
continuity Eq. 2.2a and reads U∗ = σ ∗A∗

M2
L∗/H ∗,

while the friction scale and Coriolis scale follow from the
momentum equation. Finally, the sediment concentration
equation determines the scaling for the horizontal diffusion
coefficient and for the depth-integrated suspended sediment
concentration. The latter is scaled with the ratio of the
coefficients of the erosion term α(U∗)2 and the deposition
term (w∗

s )
2/κ∗

v , which implies that erosion and deposition
are approximately balancing each other. The dimensionless
equations for the water motion read

ζt + ∇ · [(1 − h + εζ )u] = 0, (2.9a)

(1 − h + εζ )
[
ut + ε (u · ∇) u + η−2∇ζ + f ez × u

]
+ ru = 0, (2.9b)

where the momentum equation has been multiplied with
the local water depth (i.e. 1 − h + εζ ). The parameter

η = (σ ∗L∗) /

√
g∗H ∗ in Eq. 2.9b is, apart from a factor

2π , the ratio of the estuary length, L∗, and the frictionless
tidal wavelength in a straight channel without tidal flats

L∗
g = 2π

√
g∗H ∗/σ ∗. Furthermore, the parameter ε =
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A∗
M2

/H ∗ = U∗/(σ ∗L∗) is the ratio of the semidiurnal water
level amplitude and the tidally and width-averaged water
depth at the open boundary, as well as the ratio of the tidal
excursion (the distance travelled by a fluid particle in a tidal
period) and the estuary length. The parameter ε is usually
small.

The dimensionless concentration equation becomes

a [Ct + ∇ · (εuC − μ∇C − μ�βC∇h)] = |u|2 − βC.

(2.10)

Here a = σ ∗κ∗
v

(w∗
s )2 is the ratio of the deposition time scale

over the tidal time scale and � = w∗
s H ∗
κ∗
v

is the sediment
Peclet number, which is the ratio of the typical time it
takes a particle to settle in the water column and the typical
time needed to mix particles through the water column.
The dimensionless deposition parameter β can be written in
terms of dimensionless variables as

β =
[
1 − e−�(1−h+εζ )

]−1
. (2.11)

The dimensionless boundary conditions read

ζ = AM2 cos(t − θM2) + γ cos(2t − θM4) for (x, y) ∈ �s, (2.12a)
〈
|u|2 − βC

〉
= 0 for (x, y) ∈ �s, (2.12b)

C̃(x, y, t, μ) = C̃(x, y, t, μ = 0) for (x, y) ∈ �s, (2.12c)

u · n = 0 for (x, y) ∈ �c, (2.12d)

(εuC − μ∇C − μ�βC∇h) · n = 0 for (x, y) ∈ �c, (2.12e)

where AM2 = A∗
M2

/A∗
M2

and γ = A∗
M4

/A∗
M2

. Note that
AM2 , θM2 , γ and θM4 depend on the x and y coordinates at
the seaward boundary �s .

2.5 Solutionmethod

The result of the scaling procedure, described above, is
that the magnitudes of all terms in the governing equations
are measured by dimensionless numbers. Reference values
can be found in Table 1. Relating these dimensionless
numbers to ε, the relative importance of each term can be
assessed.

2.5.1 Perturbation approach

This allows for solving (2.9a), together with boundary
conditions Eq. 2.12a, by making an expansion of the
physical variable χ in the small parameters ε and γ , where
χ is any of the hydrodynamic variables ζ , u or v. Here, γ

is the ratio of the width-averaged M4 and M2 amplitudes
of the water level at the open boundary. According to
Table 1, ε and γ are of the same order of magnitude,
but we consider them separately. This allows for making

a distinction between internally generated and externally
prescribed overtides. Up to first order, the asymptotic
expansion reads

χ = χ00 + εχ10 + γχ01 + . . . (2.13)

The first superscript gives the order in ε and the second one
the order in γ . Inserting these expressions in the equations
and collecting terms of similar order in ε and γ result in
systems of equations at different order.

Similarly, the sediment concentration equation can be
solved using an asymptotic approach, with

C = C00 + εC10 + γC01 + . . . (2.14)

To this end, the deposition parameter β (which does not
contain γ ) has to be expanded in the small parameter ε only.
The leading and first order contributions read

β00 = 1

1 − e−�(1−h)
, β10 = − �ζ 00e−�(1−h)

(
1 − e−�(1−h)

)2
.

(2.15)

Collecting terms independent of the small parameters ε

and γ results in the leading order system of equations:

O(1) ζ 00
t + ∇ ·

[
(1 − h)u00

]
= 0, (2.16a)

(1 − h)
(
u00

t + η−2∇ζ 00 + f ez × u00
)

+ ru00 = 0, (2.16b)

a
[
C00

t + ∇ ·
(
−μ∇C00 − μ�β00C00∇h

)]
= |u00|2 − β00C00, (2.16c)
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with boundary conditions

ζ 00 = AM2 cos(t − θM2) for (x, y) ∈ �s, (2.17a)

u00 · n = 0 for (x, y) ∈ �c, (2.17b)
〈
|u00|2 − β00C00

〉
= 0 for (x, y) ∈ �s, (2.17c)

C̃00(x, y, t, μ) = C̃00(x, y, t, μ = 0) for (x, y) ∈ �s, (2.17d)
(
−μ∇C00 − μ�β00C00∇h

)
· n = 0 for (x, y) ∈ �c, (2.17e)

with AM2 and θM2 depending on the x and y coordinates
along �s .

At order ε, the water motion and sediment concentration
are described by

O(ε) ζ 10
t + ∇ · [

(1 − h)u10
] + ∇ · (ζ 00u00

) = 0, (2.18a)

(1 − h)
[
u10

t + η−2∇ζ 10 + f ez × u10 + (
u00 · ∇)

u00
]

+ζ 00
[
u00

t + η−2∇ζ 00 + f ez × u00
] + ru10 = 0, (2.18b)

a
{
C10

t + ∇ · [
u00C00 − μ∇C10 − μ�

(
β10C00∇h + β00C10∇h

)]}

= 2u00 · u10 − β00C10 − β10C00, (2.18c)

with boundary conditions

ζ 10 = 0 for (x, y) ∈ �s, (2.19a)

u10 · n = 0 for (x, y) ∈ �c. (2.19b)

C̃10(x, y, t, μ) = C̃10(x, y, t, μ = 0) for (x, y) ∈ �s, (2.19c)
[
εu00C00 − μ∇C10 − μ�(β10C00∇h + β00C10∇h)

]
· n = 0 for (x, y) ∈ �c. (2.19d)

At order γ , the system of equations reduces to

O(γ ) ζ 01
t + ∇ ·

[
(1 − h)u01

]
= 0, (2.20a)

(1 − h)
(
u01

t + η−2∇ζ 01 + f ez × u01
)

+ ru01 = 0, (2.20b)

a
[
C01

t + ∇ ·
(
−μ∇C01 − μ�β00∇hC01

)]
= 2u00 · u01 − β00C01, (2.20c)

with boundary conditions

ζ 01 = γ

γ
cos(2t − θM4) for (x, y) ∈ �s, (2.21a)

u01 · n = 0 for (x, y) ∈ �c (2.21b)

C̃01(x, y, t, μ) = C̃01(x, y, t, μ = 0) for (x, y) ∈ �s, (2.21c)
(
−μ∇C01 − μ�β00∇hC01

)
· n = 0 for (x, y) ∈ �c, (2.21d)
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and γ and θM4 depending on the x and y coordinates along
the open boundary �s . This approach clearly shows that the
overtides consist of an externally prescribed (χ01) and an
internally generated part (χ10). The externally prescribed
part is only driven by the sea surface elevation at the open
boundary Eq. 2.21a and is independent of the semidiurnal
components. The internally generated part originates from
the non-linear interactions of the semidiurnal components,
i.e. the non-linear terms in Eq. 2.18a.

Inspecting the leading order system and its forcings, it
can be deduced that at leading order, the water motion
only consists of semidiurnal tidal components. At first
order in ε, the non-linearities generate tidally averaged
components and overtides with a double frequency, while at
first order in γ only overtides with a double frequency are
present. Hence, the hydrodynamic variables can be written
as

χ00(x, y, t) = χ00
s1 (x, y) sin t

+χ00
c1 (x, y) cos t, (2.22a)

χ10(x, y, t) =
〈
χ10(x, y)

〉
+ χ10

s2 (x, y) sin(2t)

+χ10
c2 (x, y) cos(2t), (2.22b)

χ01(x, y, t) = χ01
s2 (x, y) sin(2t)

+χ01
c2 (x, y) cos(2t). (2.22c)

where χ00
s1 and χ00

c1 denote the spatially varying ampli-
tudes of the sine and cosine components of the main tidal
component (M2), respectively. The tidally averaged con-
tributions generated by non-linear interactions are denoted
by

〈
χ10

〉
, whereas χ10

s2 and χ10
c2 are the amplitudes of

the sine and cosine components of the internally gener-
ated M4 overtide. The coefficients χ01

s2 and χ01
c2 are the

amplitudes of the sine and cosine components of the exter-
nally prescribed M4 overtide, respectively. Equation 2.22a
can be rewritten in terms of phases and amplitudes
as

χ = χ
amp
M2

cos(t − χ
pha
M2

)

+ε
(
χ

amp
M0

+ χ
amp,int
M4

cos(2t − χ
pha,int
M4

)
)

+γχ
amp,ext
M4

cos(2t − χ
pha,ext
M4

) + h.o.t. , (2.13)

with χ
amp
M2

=
√

(χ00
c1 )2 + (χ00

s1 )2, the amplitude and χ
pha
M2

=
arctan(χ00

s1 /χ00
c1 ) the phase of the semidiurnal tidal con-

stituent (which has to be taken in the correct quadrant) and

χ
amp
M0

= 〈
χ10

〉
is the amplitude of the tidally averaged con-

tribution. The amplitude and phase of the overtide, which
consists of an externally prescribed (χamp,ext

M4
, χ

pha,ext
M4

)

and an internally generated (χamp,int
M4

, χ
pha,int
M4

) part, are
defined analogously. The total M4 amplitude or phase is not
equal to the sums of the externally prescribed and internally
generated parts, since these two parts interfere with each
other.

Regarding the sediment concentration, the leading order
concentration terms are forced by non-linear interactions of
the leading order M2 velocity through the erosion term (see
Eq. 2.16c). Using Eq. 2.13, it follows that in leading order,
the sediment concentration consists of a tidally averaged
component and a component with a double frequency.
Furthermore, the order-ε concentrations are generated by
the interaction of the M2 water motion and the internally
generated overtides through the erosion term and through
the advection of the leading order suspended sediment
concentration by the leading order tidal velocity. Finally,
the order-γ concentrations are generated by the interaction
of the M2 tidal signal and the externally prescribed M4

tidal forcing through the erosion term. Careful inspection
of equations Eqs. 2.18c and 2.20c, together with equaton
Eq. 2.13, shows that at first order in ε and γ , the
sediment concentration consists of components with a
single frequency and with a triple frequency. The latter will,
however, not be taken into account, since the focus of this
work is on the tidally averaged transport, where the triple
frequency is unnecessary, when no higher-order velocity
terms are considered.

Taking all these contributions together, finally, gives the
following expression for the sediment concentration

C = CM0 + CM4 cos(2t − ξM4) + εCint
M2

cos(t − ξ int
M2

)

+γCext
M2

cos(t − ξ ext
M2

) + h.o.t. , (2.24)

where CM0 , Cint
M2

, Cext
M2

and CM4 are the amplitudes of
the tidally averaged, the semidiurnal (due to internally
generated and externally prescribed overtides, respectively)
and the quarter diurnal constituents of the sediment
concentration respectively, while ξ int

M2
, ξ ext

M2
and ξM4 are the

phases of the respective constituents. To simplify notations
in the remainder of this paper, the following notations are
used for the semidiurnal tidal constituent of the water level
(AM2 , θM2 ), the longitudinal velocity (UM2 , φM2 ) and the
lateral velocity (VM2 , ϕM2 ). Similar notations are adopted
for the M0 and M4 components. From this, the depth-
integrated sediment transport can be expressed in terms of
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amplitudes and phases of the velocities and the sediment
concentration,

qu = a

〈
εuC − μ

∂C

∂x
− μ�βC

∂h

∂x

〉

= aε2UM0CM0

︸ ︷︷ ︸
q

M0
u,adv

+ aε2

2
UM2C

int
M2

cos
(
φM2 − ξ int

M2

)

︸ ︷︷ ︸
q

M2,int
u,adv

+ aε2

2
U int

M4
CM4 cos

(
φint

M4
− ξM4

)

︸ ︷︷ ︸
q

M4,int
u,adv

+ aεγ

2
UM2C

ext
M2

cos
(
φM2 − ξ ext

M2

)

︸ ︷︷ ︸
q

M2,ext
u,adv

+ aεγ

2
U ext

M4
CM4 cos

(
φext

M4
− ξM4

)

︸ ︷︷ ︸
q

M4,ext
u,adv

− aμ
∂CM0

∂x︸ ︷︷ ︸
q

M0
u,diff

− aμ�
∂h

∂x
βM0CM0

︸ ︷︷ ︸
q

M0
u,topo

− aμ�ε2

2
βM2C

int
M2

cos(θM2 − ξ int
M2

)
∂h

∂x︸ ︷︷ ︸
q

M2,int
u,topo

− aμ�εγ

2
βM2C

ext
M2

cos(θM2 − ξ ext
M2

)
∂h

∂x︸ ︷︷ ︸
q

M2,ext
u,topo

(2.24)

and analogously for qv , with βM0 = β00 (see Eq. 2.15)

and βM2 = −�AM2e−�(1−h)

(1−e−�(1−h)
2 . In Appendix A, the connection

is clarified between the sediment transport used here and
that when only tidal asymmetry, related to the velocity
amplitudes, is considered.

2.5.2 Numerical solution method

The equations are spatially discretised using the Finite Ele-
ment Method (FEM). More precisely, the Galerkin method
will be applied on a grid of triangular elements. Piecewise
quadratic interpolation functions (P2 elements) are used for
the leading order system of Eqs. 2.16a–2.17a and linear
interpolation functions (P1 elements) for the first order
systems Eqs. 2.18a–2.19a and 2.20a–2.21a. The degree of
the interpolation functions for the leading order system of
equations should be at least one degree higher than for the
first order system of equations, because the derivatives of
the leading order variables are used as forcing terms in the
first order system of equations. For the implementation of
the FEM, the FEniCS software is used (Alnæs et al. 2015).

The computational grid was produced using the Gmsh
module (Geuzaine and Remacle 2009) and consists of two
parts: a part covering the physical domain and an extension
to avoid oscillatory behaviour at the open boundary, due to
the combination of a laterally uniform boundary condition
and a laterally varying bottom profile (Boelens et al. 2018).

In the remainder of this paper, structured triangular grids
are used with 60 vertices in the lateral direction and 1497 in
the longitudinal direction (Δx and Δy range from ca. 100 m
to ca. 1 m), resulting in 89820 nodes (including the domain
extension).

3 Results

3.1 Model geometry

The model is applied to the main branch of the Scheldt
estuary from Vlissingen to Gentbrugge, which has a length
of 160 km. Based on historical (ca. 1950) and recent (2013)
bathymetric data (Coen et al. 2015), a tidally averaged width
profile, as well as a tidally and width-averaged depth, is
determined. The data comprise yearly averaged values of
the width and the wetted cross-section at high and at low
water along the estuary. Taking the average of the width
at high and low water, we get the tidally averaged width
variation B∗(x∗). Similarly, the average of the wetted cross-
section at high and low water is denoted as A∗

c (x
∗). The

tidally and width-averaged depth is then defined as H ∗ −
h∗

ave = A∗
c/B

∗, where H ∗ is the tidally and width-averaged
water depth at the open boundary and h∗

ave(x
∗) the width-

averaged bed level, which is zero at the open boundary. The
tidally averaged width and depth profiles are presented as
the dash-dotted lines in Fig. 3 a and b, respectively. In the
idealised modelling approach, we apply the Savitzky-Golay
filter on the data to spatially smooth the varying geometry
and bathymetry. The smoothed data are then fitted using
smooth splines, presented as the full lines in Fig. 3.

The bottom profile defined by Eq. 1, depends on three
parameters: d∗

1 , d∗
2 and α∗

h. To assure that no drying occurs,
the values of d∗

1 (x∗) are chosen equal to half the tidal
range. The values of d∗

2 and α∗
h are determined by two

additional conditions. As the first condition, the tidally
averaged cross-sectional area is fitted to the data:

B∗ (
H ∗ − h∗

ave

) =
∫ B∗/2

−B∗/2

[
d∗

1 + d∗
2 e−(y∗/α∗

h)
2]

dy∗

⇒ d∗
2 = B∗ (

H ∗ − h∗
ave − d∗

1

)

α∗
h

√
πerf

(
B∗
2α∗

h

) , (3.1)

where erf(.) denotes the error function and the variables B∗,
h∗

ave, d∗
1 , d∗

2 and α∗
h all depend on x∗.
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Fig. 3 Top panel: Fitted curves
to the tidally averaged width
variation. Bottom panel: Fitted
curves to the tidally and
width-averaged depth (below
tidally averaged water level).
Data (dash-dotted lines) and fits
(full lines) for the Scheldt
estuary in 1950 are given in
orange and for 2013 in blue

The Western Scheldt (the part of the estuary between
Vlissingen and the Dutch-Belgian border, see Fig. 1) can
be subdivided into a series of macro-cells, each consisting
of meandering ebb channels, straight flood channels and
intertidal sandbars between the channels. Generally, the
main ebb channels are deepest and form the navigation route
to the Port of Antwerp, while the main flood channels are
shallower (Van Rijn 2013). Since the velocity field is highly
correlated with the depth variations (Li and Valle-Levinson
1999) and the planform of the channels, this complex
topo-bathymetry leads to a large spatial variation in flow
velocities and therefore also sediment transport patterns.

The schematisation of our model is not able to reproduce
this complexity, but it is aimed to find an optimal agreement
with reality. Therefore, as a second condition, we fit the

model to reproduce the hypsometric curves of the total
volume as a function of the vertical water level. Based on
data from Beullens et al. (2017), the estuary is divided
in five main sections and for each section, we have fitted
a constant α∗

h to the corresponding hypsometric curve,
using condition Eq. 3.1. Afterwards, we approximated
these piecewise constant values for α∗

h with a continuous
function (hyperbolic tangent), using a least squares analysis.
The values for α∗

h(x∗) and d∗
2 (x∗), obtained in this way,

are validated, using the hypsometric curves for the entire
Western Scheldt, from Kuijper and Lescinski (2013).
These curves are compared with the hypsometric curves,
composed with the present geometry, both for the surface
area and for the total volume in function of the vertical level,
resulting in a good qualitative agreement (see Fig. 4).

Fig. 4 Hypsometric curves of
the surface area and the total
volume under a certain vertical
level with respect to the tidally
averaged water level H
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Fig. 5 Variation of the
geometric parameters d∗

1 , d∗
2 and

α∗
h, determining the shape of the

bathymetry

The variation of d∗
1 , d∗

2 and α∗
h along the estuary is shown

in Fig. 5. Some examples of the cross-sectional shape along
the estuary, together with the variation of the cross-sectional
area at low water (orange lines), high water (blue lines)
and tidally averaged water level (green lines), are given in
Fig. 6, showing a good agreement with observations, both
at high and low water. The colour of the small vertical
lines at the top of the bottom figures in Fig. 6 indicates the
location of the cross-section with the same colour in the top
figures.

3.2 Model validation

When using an exploratory model, no quantitatively accu-
rate model results may be expected, when compared with
observations. Exploratory models do not aim at such an

accurate quantitative comparison, but instead at qualita-
tively capturing and explaining trends in tidal amplitudes,
sediment transport, etc, related to e.g. changes in forcing
conditions in the system under investigation.

In view of this, it is not our aim to represent the sediment
transport throughout the estuary as accurately as possible,
but to investigate the changes in the sediment transport
due to past and future changes in the environmental fac-
tors. Since we apply our exploratory model to the Scheldt
estuary as a test case, we calibrate our model such that it
qualitatively captures the main tidal properties (propagation
speed, amplitudes, ...), resulting in an adequate representa-
ton of the present-day sediment transport. This allows us to
qualitatively assess the sensitivity in the sediment transport
due historic changes in the Scheldt, and study trends due to
future changes.

Fig. 6 Top panels:
Cross-sectional shape of the bed
at various locations along the
estuary, given by the coloured
vertical lines on top of the
bottom figures. Bottom panels:
Variation of the cross-sectional
area at low water (LW), high
water (HW) and tidally averaged
(MW) along the estuary
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The model is calibrated by choosing the friction
parameter r , such that the difference between the calculated
and observed M2 and M4 amplitudes and phases of the
water level and the cross-sectionally averaged velocity is
minimised. This friction parameter is then used unalteredly
for the simulations regarding the historical situation (ca.
1950) as well.

The observed values (dots in Fig. 7) are taken from
Brouwer et al. (2017) and are based upon processing by
Nnafie et al. (2016) of recent measurements in the Scheldt
Estuary, i.e. water level data from the tidal gauge network
and velocities measured throughout a tidal cycle along
eleven different transects.

Figure 7b shows that the water level M2 and M4 phases
of the recent situation compare quite well with the data (full
lines compared with dots). This means that the propagation
of the tidal wave is captured accurately by the model. In
Fig. 7a, it is shown that the M2 amplitude overestimates
the observed amplitudes upstream of 100 km, while
the M4 amplitude is overestimated throughout the entire
estuary. The velocity measurements are harder to perform
and exhibit much more variation along the cross-section,
especially in the Western Scheldt (Fig. 7c). Consequently,
the measured velocities show more variance. There is a
large discrepancy between the measured data and the model
results for the M2 velocity amplitude in the most seaward
part. This can (partly) be explained by the schematisation of
the local bathymetry, as discussed in the previous section.

However, the qualitative behaviour of the M2 and especially
the M4 velocity amplitudes is captured by the model.

As stated earlier, the historical simulations are not
calibrated explicitly to data. However, Fig. 7 shows that the
M2 amplitude of the water level is lower in the historical
case and the peak amplitude is situated more seaward. This
is in accordance with measurements of the tidal range as
shown in e.g. Taverniers et al. (2013). Furthermore, the
phase of the semi- and quarter diurnal constituents of the
water level has decreased over the past century, indicating
a faster propagation of the tidal wave. These results are
consistent with results obtained, using a simulation model
(Van der Werf and Briere 2013).

3.3 Comparison of sandy sediment concentration
and transport in the recent and the historical
situation

In this section, we will compare two cases based on a
historical (ca. 1950) and a more recent (2013) situation
in the Scheldt estuary (Barneveld et al. 2018). This will
provide insight in the response of the tidally averaged
transport of fine sand to changing conditions in the estuary
over the years. The smoothed planview geometries (see
Fig. 3) are very similar for both cases. The bathymetry,
however, differs significantly. Furthermore, the mean sea
level has increased in the recent situation, compared with the
historical one. We should remark that the difference in mean

Fig. 7 Measurement data (dots) and model results for the recent (full
lines) and historical (dashed lines) situation in the Scheldt estuary for
the M2 (blue) and M4 (orange) amplitudes and phases and the tidally

averaged components (green) of the water level amplitudes (panel
a) and phases (panel b) and the cross-sectionally averaged velocities
(panel c)
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sea level H ∗ as given in Table 1 is the sum of the deepening
of the cross-section and the actual sea level rise at the mouth
of the estuary; the latter has only increased ca. 0.22 m over
the past century (Van Braeckel et al. 2007). Finally, the
tidal forcing at the seaward side has changed significantly
as well: the semidiurnal amplitude A∗

M2
has increased

from 1.68 to 1.77 m, the quarter diurnal amplitude A∗
M4

has increased from 0.11 to 0.14 m and the relative phase
between the semi- and quarter diurnal tidal constituents
θrel = 2θM2 − θM4 has changed from −5.4 to −1.3◦ (see
Table 1). In all simulations, the same friction parameter
has been applied. Consequently, the differences between the
simulations are due to changes in the bathymetry, mean sea
level or tidal forcing. In the next section, the influence of
each of these individual parameters on the tidally averaged
sediment transport will be studied in more depth.

The suspended sediment concentration (SSC) and the
width-integrated, tidally averaged sand transport are shown
in Fig. 8a and b respectively. Here the width-integrated,
tidally averaged sand transport is defined as

q̂u =
∫

B∗
q∗
u dy∗ (3.2)

In the remainder of this paper, we will refer to q̂u as the total
tidally averaged sand transport, where, in this case, “total”
means integrated over the entire cross-section.

For both years, the SSC has a peak value around 130 km
(see Fig. 8a). The location of the peak has not shifted much
between the historical (dashed line) and the recent (full line)
situation, but the magnitude of the peak concentration has
doubled. Measurement data, presented in Maris and Meire
(2016), show a peak value around 110 km of 0.16 kg m−3

of depth-averaged SSC in summer conditions (low river
discharge), averaged over the period 2009–2015. It should
be noted that these data pertain to the total SSC, not
only sand, and that there is a large annual variability.
Nevertheless, the gross longitudinal variation and the order
of magnitude of the depth-averaged SSC, presented in
Fig. 8a, agree with the data. The more downstream location
of the peak concentration in the data, compared with the
present simulation results, can (partially) be explained by
the absence of a freshwater discharge in the current model.
Also in Chen et al. (2005), the sediment concentration is
stated to be higher in the landward part of the estuary than
in the seaward part and their measured concentrations are
of the same order of magnitude as our results. Moreover,
according to Chen et al. (2005), measured time series have
shown an increase in the sand fraction of the sediment
concentration over the period 1991–2000, especially around
the peak concentration, which is in accordance with the
results, shown in Fig. 8a.

The total tidally averaged sand transport is shown
in Fig. 8b. Negative values indicate that sediment is

(a)

(c) (d)

(b)

Fig. 8 Depth-averaged suspended sediment concentration (a) and the
width-integrated, tidally averaged sediment transport (b) for the his-
torical (dashed lines) and the recent (full lines) situation. c, d Spatial

variation of the tidally averaged sediment transport in the historical
and the recent situation, respectively
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transported seaward (export) and positive values indicate
sediment is transported landward (import). This means
that sediment is transported seaward in the first 20 km
of the estuary, while upstream of 20 km, the sediment is
transported landward. Consequently, there is a divergence
point around x = 20 km, i.e. a point where sediment at
either side is being transported away from that point and
the estuary tends to deepen. This effect is more pronounced
in the recent situation (2013), since both the maximum
seaward and maximum landward transport are closer to the
divergence point, leading to a steeper gradient in the sand
transport. Appendix A clarifies the importance of using
the full Eq. 2.24, since tidal velocity amplitude asymmetry
suggests that sediment would be transported landward along
the entire channel (see Fig. 12).

Furthermore, the maximum seaward sand transport has
increased compared with the historical situation. This is also
observed in Fig. 8c and d that show the two-dimensional
pattern of the tidally averaged sand transport for the
historical and the recent situation, respectively. Moreover,
Fig. 8c and d show a landward shift and an increase in
the maximum landward sediment transport. The increase of
this local maximum is due to the higher amplitudes of the
velocity constituents in the landward part of the estuary (see
Fig. 7c).

The total tidally averaged sand transported in the
(Western) Scheldt has been calculated, using a (Delft3D)
simulation model by Van der Werf and Briere (2013). They
also find a seaward transport close to the open boundary,
which decreases along the estuary and eventually changes
into a small landward transport. Furthermore, they find an
increase over the years in the net sand export at the open
boundary. These findings are qualitatively in accordance
with Fig. 8b. Finally, in Cleveringa (2013), the total tidally
averaged sand transport is estimated, based on differential
maps of the bathymetry. They find a seaward sand transport
near the seaward boundary and landward sand transport
more upstream, which is again in accordance with Fig. 8b.
Moreover, their results show an estimated net sand export
through the seaward boundary of 0.52 × 106 m3/year. Our
model result gives a net sand export of ca. 6 kg/s. To convert
from kilograms of matter in suspension to cubic metres of
bed material, we calculate the net sand export over 1 year
and divide it by (1−p)ρs , where p = 0.4 is the bed porosity
and ρs = 2650 kg/m3 is the density of sand. This gives a
sand export of 0.12 × 106 m3/year, which is of the same
order of magnitude as the result from Cleveringa (2013).

We must note here, however, that there is quite some
uncertainty in our model results concerning the net sand
transport at the seaward boundary, due to the schematisation
of the bathymetry and the discrepancy in the M2-velocity
amplitude in the seaward part of the estuary. Moreover, there
is also some uncertainty in (the sign and magnitude of) the

net sand transport at the seaward boundary as derived from
differential bathymetry maps. Other authors than Cleveringa
(2013), such as Barneveld et al. (2018), found a net import
of sand.

In Fig. 9, the different contributions to the tidally
averaged sediment transport, given in Eq. 2.24, are depicted.
The advective contributions are displayed in Fig. 9a.
The advective contributions due to internally generated
overtides (̂qM2,int

u,adv and q̂
M4,int
u,adv ) are positive and the dominant

contributions to the total tidally averaged sand transport
upstream of 20 km. Close to the seaward boundary,
the advective contributions due to externally prescribed
overtides (̂qM2,ext

u,adv and q̂
M4,ext
u,adv ) result in a seaward sand

transport, together with the advective contribution due
to residual components (̂qM0

u,adv) and the topographically

induced contribution (̂qM0
u,topo). The other topographically

induced contributions (̂qM2,int
u,topo and q̂

M2,ext
u,topo ) are much smaller

and are therefore not shown here. Around the divergence
point, the total tidally averaged sand transport (Fig. 8b) is
zero, even though all advective contributions attain their
extreme value. Due to a decrease in the absolute value of
the tidally averaged velocity in the seaward part of the
estuary, q̂

M0
u,adv has decreased as well (in absolute value). In

contrast, all other contributions to the tidally averaged sand
transport and especially their extreme values have grown
stronger in the recent situation (2013) compared with the
historical situation (1950). This is mainly due to an increase
in the tidally varying constituents of the suspended sediment
concentration, as the velocity constituents show no clear
increase in the seaward part of the estuary (see Fig. 7c). The
changes in the different contributions to q̂u will be explained
in further detail in the discussion section.

4 Discussion

4.1 Historical evolution of the tidally averaged sand
transport

In the previous sections, the tidally averaged sand transport
was described for a historical (ca. 1950) and a recent (2013)
situation in the main branch of the Scheldt estuary.

In this section, the specific influence on the total tidally
averaged sand transport of the deepening of the estuary on
the one hand and the changing tidal forcing (semidiurnal
amplitude, quarter diurnal amplitude and relative phase)
on the other hand, will be discussed. To this end, several
simulations have been performed, which are summarised in
Table 2. The results are shown in Fig. 10.

The recent situation (2013) is depicted with full blue
lines, while the historical situation (ca. 1950) is depicted
with dashed blue lines. In the other simulations, one or
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Fig. 9 Different contributions to the total tidally averaged sand transport [kg s−1] for the historical (dashed lines) and the recent (full lines)
situation

more parameter values of the recent situation have been
altered to parameter values of the historical situation (see
Table 2). Thus, the influence of each of these separate
changes on the total tidally averaged sand transport and its
various contributions can be studied in isolation. Note that
the diffusive and the topographically induced contributions
are not depicted here, since the corresponding differences
between the historical and the recent situation are small.

Changing the quarter diurnal water level amplitude that
is prescribed at the entrance (orange dotted lines) or
the relative phase (orange dashed lines) only affects the
advective contributions to the total tidally averaged sand
transport due to externally prescribed overtides q̂

M2,ext
u,adv

(Fig. 10a) and q̂
M4,ext
u,adv (Fig. 10b). Changes in the M4-

velocity (see Fig. 7c) and thus in q̂
M4,ext
u,adv are moderate, but

the concentration constituent due to the external M4 tide
decreases significantly (not shown here). Consequently, for
q̂

M2,ext
u,adv , the seaward transport strongly decreases, compared

with the recent situation (blue full lines), when the quarter-
diurnal amplitude or phase decreases. This implies that

the landward directed contributions q̂
M2,int
u,adv (Fig. 10c) and

q̂
M4,int
u,adv (Fig. 10d) to q̂u (Fig. 10d) become more important in

a relative way, leading to a seaward shift of the divergence
point, a weaker seaward transport and a higher maximum
landward transport.

Decreasing the semidiurnal water level amplitude
(orange dash-dotted lines) leads to a moderate decrease in
absolute value of all velocity and concentration constituents,
as well as all contributions to the tidally averaged sand trans-
port. This leads to both a weaker seaward and landward
transport. Note that orange dash-dotted lines and the orange
full lines coincide in Fig. 10c to e, because these contri-
butions do not depend on the quarter diurnal forcing at the
entrance, which means they are completely determined by
the changes in M2.

Changing the complete tidal forcing (orange full lines) to
the value of 1950 decreases all velocity and concentration
constituents. Hence, all contributions to the transport are
weakened, compared with the recent situation (blue full
lines). However, not all tidal constituents and thus, not

Table 2 Summary of the
different situations, depicted in
Fig. 10, where one or more
parameters have been changed
(indicated in red), compared to
the standard recent situation,
shown in Fig. 9



Ocean Dynamics

Fig. 10 a–e A selection of the
contributions to f the total tidally
averaged sand transport [kg s−1],
and g the SSC [kg m−3] for
different simulations, as
described in Table 2

(a) (b)

(c) (d)

(e)

(g)

(f)
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all contributions to the tidally averaged sand transport are
weakened equally. Indeed, q̂

M2,ext
u,adv is much more sensitive

to changes in the tidal forcing than the other components.
This leads again to an increased relative importance of
q̂

M2,int
u,adv and q̂

M4,int
u,adv and consequently to a seaward shift of the

divergence point, a weaker seaward transport and a higher
maximum in the landward transport (Fig. 10f).

A completely different picture arises, when we change
the bathymetry (red full lines), compared with the recent
situation (blue full lines). The phases of all the velocity
and concentration constituents (not shown here) increase,
meaning the horizontal tide will propagate slower through
the estuary with the 1950 bathymetry. The velocity
amplitudes show a clear decrease in the most landward part
of the estuary (see Fig. 7c), leading to the vanishing of the
second smaller maximum in landward transport, close to
the landward boundary. The amplitudes of the concentration
constituents (not shown here) have decreased throughout the
estuary, so the maxima (in absolute value) of the advective
contributions have decreased and shifted landward, as can
be seen in Fig. 10a to d. Finally, the advective contribution
due to interactions of residual velocities and concentrations
has increased between 20 and 80 km (Fig. 10e), due
to an increasing tidally averaged velocity constituent (in
absolute value). The combined effect on the total tidally
averaged sand transport (Fig. 10f) is a landward shift of
the divergence point, a decrease and a landward shift of the
maximum in the landward transport and the vanishing of the
second smaller maximum in landward transport.

The changes in SSC (Fig. 10g) are mainly due to the
changes in bathymetry. In leading order, SSC depends
mainly on the tidally averaged constituent of the sediment
concentration, which is forced by the semidiurnal velocity
constituents. The tidal forcing only affects the magnitude
of the semidiurnal velocity and thus of the (maximum)
concentration, but does not strongly influence its along
channel behaviour, contrary to the shape of the bed.

In summary, we can state that both the change in
bathymetry and the change in tidal forcing strongly
impact the total tidally averaged sand transport. However,
these changes affect the tidal velocity and concentration
constituents, and thus the contributions to the total tidally
averaged sand transport, in different ways. Changes in
tidal forcing mainly influence the export at the seaward
boundary. An increase of the tidal amplitudes (orange full
lines vs. blue full lines or blue dashed lines vs. full red
lines) leads to stronger export at the seaward boundary, to
a landward shift of the divergence point and to a decreased
maximum landward transport. Bathymetric changes, on
the other hand, have a negligible influence on the export.
Deepening of the estuary (red full lines vs. blue full lines
or blue dashed lines vs. orange full lines) leads to a
seaward shift of the divergence point, an increase of the

maximum landward transport and the manifestation of the
local maximum in the landward transport near the landward
boundary. So changes in tidal forcing and bathymetry can
result in opposite changes in the total tidally averaged sand
transport, which results from a subtle balance between its
various contributions.

4.2 Future evolution of the tidally averaged sand
transport

In this section, we will present sensitivity studies by means
of the calibrated model for the 2013-situation, performed
against the background of future sea-level rise (SLR). We
will consider a SLR of up to +1 m. A flood mitigation
measure that receives quite some attention in light of
projected SLR is the so-called managed retreat, where
human made flood defences are being removed to give
back land to the river. In Townend and Pethick (2002),
a conceptual model is presented for both a scenario with
managed retreat and with SLR in an unaltered estuary.
Although several managed retreat projects have been
established (or will be in the future) in the Scheldt estuary,
we will assume in the following that the geometry does
not change. According to Townend and Pethick (2002),
an increase in the mean water level will increase the
hydraulic depth of the channel and therefore the tendency
for flood dominance. The enhanced import of sediment
will then deposit in the shallow zones, which will increase
in elevation, thereby reducing the storage volume of the
estuary, which again favours ebb dominance (Friedrichs and
Aubrey 1988). We will assume that characteristic response
time of the estuary is of the same order as the rate of
SLR, i.e. we assume that the shallow zones can keep up
with the estimated SLR (Kirwan and Megonigal 2013). This
means that to determine the bathymetry in light of SLR,
we keep d∗

1 (x∗) and α∗
h(x∗) identical to the 2013-situation;

d∗
2 (x∗) is then determined such that the cross-sectional area

equals B∗(H ∗ − h∗
ave), where H ∗ is now the value of the

2013-situation augmented with the SLR.
Sea-level rise does not only modify the mean water

levels, but also the tidal dynamics (Pickering et al. 2017).
Notable increases in high tide levels occur in the southern
part of the North Sea and these changes are generally
proportional to SLR, as long as SLR remains smaller than
2 m (Idier et al. 2017). Since there is still quite some
uncertainty on the response of the tidal components to SLR,
depending o.a. on the coastal defence systems that may
or may not be employed, we will assume a moderate and
a more extreme scenario. Based on model results from
Pickering et al. (2012), Ward et al. (2012), and Verlaan et al.
(2015) and Idier et al. (2017), in the moderate scenario,
AM2∗ will increase with 3% or ca. 5 cm, AM4∗ will decrease
with 15% or ca. 2 cm and θrel will increase with 10◦ for a
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SLR of +1 m. For more extreme scenarios, we have doubled
these increases and decreases compared with the moderate
scenario.

Figure 11 shows the total tidally averaged sand transport
along the estuary (horizontal axis), for different values of
SLR (vertical axis). The locations of the maximum seaward
transport (dotted lines), the divergence point (dash-dotted
lines) and the maximum landward transport (dashed lines)
are indicated as well. Since the observed effects are similar

in the moderate and the more extreme scenarios, only the
results for the more extreme scenarios are shown in Fig. 11.

Increasing the mean sea-level (Fig. 11a) and keeping the
tidal forcing the same as in the 2013-situation lead to less
friction and consequently to higher velocity amplitudes and
higher suspended sediment concentrations. However, the
positive and the negative contributions to the total tidally
averaged sand transport get even more balanced, such that
the total tidally averaged sand transport slightly decreases.

(a)

(c)

(e)

(d)

(b)

Fig. 11 The total tidally averaged sand transport q̂u along the estuary
(x-axis), for different values of SLR (y-axis). The tidal forcing is varied
in different ways, as explained in the subcaptions. The locations of the

maximum seaward transport (dotted lines), the divergence point (dash-
dotted lines) and the maximum landward transport (dashed lines) are
indicated as well
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Both the maximum seaward transport (around 5 km) and
the maximum landward transport (around 40 km) slightly
decrease in absolute value with rising sea-level. The smaller
maximum in landward transport, close to the landward
boundary, on the other hand, increases with increased sea-
level, such that around a SLR of 0.85 m, the local maximum
in the landward transport, close to the landward boundary,
becomes larger than the local maximum around 40 km.
This is because the higher velocities in the landward part
of the estuary are mainly due to the M2 and the internally
generated M4 constituents. Therefore, the increased positive
contributions are not balanced by the negative contributions
due to externally prescribed overtides.

In Fig. 11b, sea-level has been changed together with
M2-amplitude (which varies linearly with SLR, up to 6%
for SLR=+1 m). Where the increase in SLR resulted in a
decrease in the landward transport maximum around 40 km
(see Fig. 11a), this effect is not present when the M2-
amplitude is increased as well. From this, we conclude
that the increased semidiurnal forcing slightly changes the
balance between the different contributions in favour of
the positive contributions. This implies that the landward
transport maximum around 40 km remains larger than
the secondary landward transport maximum, close to the
landward boundary, for all scenarios depicted in this figure.

The M4-amplitude has been varied linearly with SLR,
up to −30% for SLR=+1 m, as depicted in Fig. 11c.
This obviously leads to a decrease in the seaward directed
transport terms, associated with the externally prescribed
overtides (̂qM2,ext

u,adv and q̂
M4,ext
u,adv ). Since the other contributions

remain unaffected, the total tidally averaged sand transport
exhibits a decrease in the (maximum) seaward transport and
an increase in the (maximum) landward transport. The latter
implies again that the landward transport maximum around
40 km remains larger than the secondary landward transport
maximum, close to the landward boundary. Furthermore,
the divergence point and the maximum landward transport
are shifted seaward.

Subsequently, the relative phase, ranging from −1◦
to +19◦, has been altered linearly along with SLR in
Fig. 11d. An increase in the relative phase of the water
level constituents at the open boundary results in modified
phases of the externally prescribed overtides of the tidal
currents (φext

M4
) and the suspended concentration (ξ ext

M2
).

Subsequently, the associated changes in the phase difference
between the velocity and the suspended concentration (see
Eq. 2.24) result in stronger (negative) tidal contributions
due to externally prescribed overtides (̂qM2,ext

u,adv and q̂
M4,ext
u,adv ).

This leads to a strong increase in the maximum seaward
transport, while the maximum landward transport around
40 km completely disappears for SLR � 0.3 m, such that
the only maximum in landward transport is situated near
the landward boundary. Since the balance between the

increased negative contributions and the unaffected positive
contributions has completely altered, the divergence point
is shifted landward and the landward transport is very small
up until ±110 km for a SLR between 0.3 and 0.7 m. Further
increasing SLR and the relative phase enhances these effects
and the total tidally averaged sediment transport even
remains slightly negative up until the divergence point at
±110 km, for θrel � 15◦.

Finally, in Fig. 11e, sea-level has been changed, together
with the complete tidal forcing. Interestingly, the effect of
the tidal forcing seems rather limited. In comparison with
Fig. 11a, there is an increase in the maximum seaward
transport with SLR and a faster decrease of the maximum
landward transport around 40 km, such that the secondary
maximum in landward transport, close to the landward
boundary, becomes larger already at a smaller SLR. It
appears that the decrease of the M4-amplitude and the
increase of the relative phase, largely cancel each other out,
since they both mainly affect the contributions q̂

M2,ext
u,adv and

q̂
M4,ext
u,adv , but in opposite ways. A hypothetical increase of

the M4-amplitude, together with an increase in the relative
phase, would therefore lead to a strongly different behaviour
of the total tidally averaged sand transport (not shown here).

These sensitivity studies give an overview of how the
total tidally averaged sand transport will change under SLR,
with various possibilities for the corresponding changes
in tidal forcing. For the scenarios that were discussed in
this section, changes in amplitudes or phases of the tidal
constituents, due to SLR, can each have a big effect on the
total tidally averaged sand transport. However, the changes
in the different tidal constituents largely cancel each other
out, such that the changes in mean sea-level become
dominant. Generally, slight changes in the environmental
conditions can have a large impact on the total tidally
averaged sand transport, so it is crucial to have a good
estimate of the response of the tidal signal to global SLR,
in order to make accurate predictions about the transport of
sandy sediments.

5 Conclusions

The exploratory depth-averaged model, developed in Boe-
lens et al. (2018), has been extended by replacing the
simple analytical approximation for the sediment trans-
port with a more sophisticated approach, based on solving
an advection-diffusion equation for the depth-integrated
suspended sediment concentration. The model has been
utilised to study a testcase, namely the historical develop-
ment (ca. 1950–2013) of the tidally averaged transport of
sandy sediments in the main branch of the (schematised)
Scheldt estuary, as well as a future prediction, considering
+1 m of SLR. The model uses the finite element method to
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spatially discretise the equations, which are then solved in
the frequency domain. This modelling approach allows us
to systematically investigate the influence of various param-
eters on the hydro- and sediment dynamics, since it enables
the decomposition of all variables in the different tidal
constituents, thus providing insight in the underlying phys-
ical mechanisms. The simplified model geometry has been
based on bathymetric and hypsometric data of the Scheldt
estuary and the model results for water levels, velocities,
SSC and tidally averaged sand transport have been validated
with recent field measurements to the extent possible.

The total tidally averaged sand transport is directed
seaward close to the open boundary and then decreases
along the estuary to eventually switch to a smaller landward
transport, with a local peak in the vicinity of the landward
boundary. There has been an increase over the years in
the net sand export at the open boundary as well as
in the landward sand transport close to the landward
boundary. The behaviour of the total tidally averaged sand
transport follows from a subtle balance between its different
contributions. The advective contributions that result from
the internally generated overtides result in landward sand
transport, while the other contributions favour seaward
sand transport. Historical changes in bathymetry and tidal
forcing have influenced the various contributions to the
total tidally averaged sand transport in different ways. More
specifically, the model describes a competition between
(the morphodynamic response to) bathymetric changes,
which mainly influence the landward directed contributions,
and the changes in tidal forcing, which strongly affect
the seaward directed contributions. Close to the seaward
boundary, the effect of the tidal forcing is dominant, such
that an increase in tidal amplitude turns the balance between
the contributions in favour of more seaward transport. More
landward, both effects are more or less balanced, but close
to the landward boundary, the bathymetric changes become
the dominant effect, such that a deepening of the estuary
leads to a stronger landward transport.

Furthermore, several sensitivity studies have been per-
formed, regarding the response of the tidally averaged sand
transport to future SLR. An increase of the mean sea-level
leads to a change in the amplitudes of the different tidal con-
stituents at the open boundary, as well as a change in their
phases, due to a shift of the amphidromic points in the North
Sea. Since the total tidally averaged sand transport is quite
sensitive to changes in the tidal forcing and there is still
quite some uncertainty in the predictions of the response
of the tidal signal to SLR, it remains difficult to perform
accurate long-term simulations of the sediment transport
and the morphodynamics in estuaries, such as the Scheldt.
Therefore, exploratory models, as the one presented in this
paper, can be a valuable complementary tool to more com-
plex simulation models in the search for better predictions

considering the effect of global warming. The model has
shown that there is a competition between the effects of a
higher mean sea-level and the associated changes in the dif-
ferent tidal constituents, which, in turn, compete with one
another as well.

Acknowledgments The first author is a doctoral research fellow of
IWT-Vlaanderen (project IWT 141275). Dr. George Schramkowski
(Flanders Hydraulics Research) is acknowledged for providing the
tidal constituents of the validation data.

Funding information This work was also financially supported by the
Flemish-Dutch Scheldt Commission (VNSC).

Appendix

A Tidal asymmetry

The tidal asymmetry affects the sediment transport by
means of the advective terms. So, if we consider only the
advective contributions to the sediment transport, we get

qu ∼ 〈uC〉 (A.1)

Looking at the dimensionless equation for the sediment
concentration Eq. 2.10 and considering an approximate
balance between erosion and deposition, assuming β ∼ 1,
we find that

C ≈ |u|2. (A.2)

In this case, the four contributions to the sediment transport
q

M2,int
u,adv , q

M4,int
u,adv , q

M2,ext
u,adv and q

M4,ext
u,adv are simplified to the

following two terms, as was explained in Boelens et al.
(2018),

q int
u,adv ∼ U2

M2
U int

M4
cos(2φM2 − φint

M4
)

= U3
M2

U int
M4

UM2

cos(2φM2 − φint
M4

) (A.3)

qext
u,adv ∼ U2

M2
U ext

M4
cos(2φM2 − φext

M4
)

= U3
M2

U ext
M4

UM2

cos(2φM2 − φext
M4

). (A.4)

These simplifications illustrate that only taking amplitude
asymmetry into account would imply that the system is
flood dominant, according to the definition of Friedrichs
and Aubrey (1988) (as can be seen in Fig. 12a and b), and
sediment would be transported in the landward direction
throughout the channel. However, our model, which also
includes other effects, such as temporal and spatial settling
lag (de Swart and Zimmerman 2009), shows sediment
transport in the seaward direction in the seaward part of the
channel. Therefore, other transport mechanisms, included in
Eq. 2.10, are essential to consider. This also shows that the
widely used proxy from Friedrichs and Aubrey (1988), who
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Fig. 12 Amplitude ratio and
phase difference of the M2 and
M4 tidal constituent of the
longitudinal velocity. The
parameters are shown for the
internally generated (int, orange
line) and the externally
prescribed (ext, green line) M4
component, as well as for the
combined (full, blue lines) M4
component

(a) (b)

only consider short channels (L < 15 km), is not valid for
long systems, such as the Scheldt estuary.
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