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Abstract
Adynamic two-dimensional depth-averaged (2DH) parameterization for flocculation of cohesive sediments is proposed based
on the kinetic model by Winterwerp (J Hydraul Res 36:309–326, 1998). The aim is to achieve a realistic representation of the
suspended sediment field by accounting for flocculation, also taking into consideration its dependence on advection, turbulent
diffusion, and turbulent shear. This formulation is evaluated in a sand-mud model of the Belgian Coast and the Western
Scheldt. Results indicate that it can reproduce known sediment transport patterns: modelled floc size and suspended sediment
concentrations are in the range of measurements. When evaluating the model results spatially, the extent and shape of the
coastal sediment plumes are similar to the observed suspended particle matter (SPM) maps from the PROBA-V satellite.
Therefore, the use of the presently proposed flocculation model has added value to improve sediment transport calculations
in coastal areas.

Keywords Sediment transport · Flocculation · Coastal morphodynamics

1 Introduction

Studies by Lee et al. (2011), Shen et al. (2018), and Shen
et al. (2019) showed that size-varying flocs can be mod-
elled through single-class and multiple-class flocculation
equations. These allow examining complicated particle-
size distributions, predicting better their settling velocities,
and can optionally account for biological processes that
enhance aggregation or breaking. These models are based
on population balance equations (PBE) (Hulburt and Katz
1964; Randolph 1964), on extensive studies of floc den-
sity, strength, form, and fractal features (von Smoluchowski
1917; Tambo and Watanabe 1979; Weitz and Oliveria 1984;
Maggi et al. 2007), and on flocculation kinetics (Tambo and
Watanabe 1984; Dyer 1989; van Leussen 2011). Yet these
models are not efficient for application to large-scale coastal
studies. The many scales involved and complex interactions
between primary particles and their aggregates, plus stabil-
ity and computational time considerations, make them only
applicable to small or idealized geometries like Quasi-1D
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vertical frameworks and 3D schematized estuarine domains,
or to controlled study cases like mixing tanks and settling
column experiments (Bi et al. 2020).

Winterwerp (1998) proposed a flocculation model, which
directly calculates the mean floc size assuming that the floc
density is proportional to the size to a certain power, similar
to fractal theory (Kranenburg 1994; Chapalain et al. 2019).
This model is particularly popular, and its use in literature is
extensive (Winterwerp 2002; Tarpley et al. 2019; Horemans
et al. 2020; Zhang et al. 2020). Authors generally take advan-
tage of its mathematical simplicity because it consists of a
single ordinary differential equation, which facilitates its use
in idealized estuaries and experiments. However, Kuprenas
et al. (2018) found that this model can yield unreasonably
large floc sizes when turbulent shear or suspended particle
matter (SPM) fall outside of the range of calibration param-
eters.

It is not uncommon therefore that coastal modelling stud-
ies ignore or try to parametrize the flocculation dynamics to
get better values of the sediment settling velocity, and thus
more realistic SPM results. Themost straightforwardmethod
is to calibrate the sediments settling velocity, which is taken
as a parameter and its values fine-tuned to match SPM time
series. However, this process is very subjective and a wide
range of settling velocity values are often found in the liter-
ature of the same geographical area (Van den Eynde 2018;
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Bi and Toorman 2015; Cox et al. 2019). Moreover, seasonal
variation of the settling velocity is well documented (Fet-
tweis and Baeye 2015; McAnally and Mehta 2000; Maerz
et al. 2016; Duy Vinh et al. 2018; Chang et al. 2006), which
means that such calibrations should also involve season-
ality. Another alternative is the use of empirical settling
velocity equations that are a function of hydrodynamics and
sediment transport. For example, the Soulsby et al. (2013)
formula is a function of the instantaneous turbulent shear
and suspended sediment concentration. Satellite data can also
be used and assimilated to the settling velocity parameter
by algorithms taken from computational science disciplines
(Margvelashvili et al. 2013; Wang et al. 2018, 2020). These
methods are promising, especially with rapid advances in
remote sensing technologies, but they are limited by the
temporal frequency of satellite data, and by its sensitivity
to cloudiness, and because satellite data only provide infor-
mation in the water surface.

We propose a comprehensive two-dimensional depth-
averaged (2DH) flocculation formulation based on Win-
terwerp (1998). This model introduces new terms such as
turbulent drift to account for the relative velocity of the sedi-
ment fraction to the flow, turbulence inertia correction, which
emulates turbulence growth and decay rates, and data-based
modifications of the breaking source term. The aim is to
achieve a model that can deal with the many across-scales
exchanges of mass and energy happening in the coastal zone
(e.g., throughout offshore, nearshore, inter-tidal zones, and
between the bed and the water column), along with floc-
scale processes. Lastly, this flocculation model is assessed in
a real setup of the Belgian Coast by comparison with field
and satellite data.

2 Materials andmethods

2.1 Model formulation

The following kinetic model for tracking the evolution of the
floc size is proposed:

∂d

∂t
+ (u + uD)

∂d

∂x
+ (v + vD)

∂d

∂ y
= A − B (1)

t is the independent time variable, d is the mean floc size,
u and v are the depth-averaged velocity components along
x and y directions, and A and B are the aggregation and
breakage source terms.

Thismodel accounts for the dispersive velocity of floc par-
ticles through the turbulent drift (uD, vD), which is obtained

from the turbulent mass flux term in the sediment mass bal-
ance equation:

(
uD

vD

)
= − 1

C

νt

σ
∇C (2)

C is the total mass concentration of the suspended sediment,
νt the eddy viscosity, and σ the turbulent Schmidt number.
Usually, the sediment diffusivity is assumed equal to the tur-
bulent eddy viscosity, and thus the Schmidt number is taken
as 1. Nevertheless, studies by Toorman (1997) and Toorman
et al. (2002) indicate that a value of 0.7 produces better results
for high-turbidity flows based on the work by Turner (1973).

Different from the original work by Winterwerp (1998),
in this formulation, the influence of volumetric concentration
(φ) on the breakage term (B) is considered. This follows
observations by Manning and Dyer (1999) that point to a
negative correlation of the sediment concentration with floc
size.

A = kaφd
(4−n f )G

B = kbφ
(d − dp)(3−n f )

dp
d2G3/2 (3)

G is the turbulent shear rate, and dp the primary particle,
defined as the smallest possible particle size of the clay units,
which are compact microflocs of the order of 10 to 20 μm
in size (based on LISST data, Sect. 2.2.2). n f is the pseudo-
fractal dimension of the sediment particles’ population; ka
and kb are calibration constants.

Flocs undergo changes in their structure, strength, com-
position, and electrolyte concentration as their size changes
(Chakraborti et al. 2003; Khelifa and Hill 2006; Maggi et al.
2007; Son and Hsu 2009). Therefore, the flocs’ population
pseudo-fractal dimension, rather than constant, is to be con-
sidered a function of the floc size. Following this reasoning,
a formula similar to the one proposed by Maggi et al. (2007)
is used:

n f = nmax

(
d

dp

)−β

(4)

nmax = 2.5 is themaximum pseudo-fractal dimension corre-
sponding to microflocs (the strongest basic aggregates found
in the environment, which rarely break up into primary clay
particles), and the parameter β = 0.09, based on observed
mean flocs sizes ofmicro-, macro-, andmegafloc populations
in the Belgian coastal area (Lee et al. 2012).

The turbulent shear rate is usually defined as G =
√

ε
ν
,

with ε being the turbulence kinetic energy dissipation, and
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ν the fluid kinematic viscosity (Saffman and Turner 1956).
For applications with turbulence models different from the
k − ε, such as this work, Toorman (2020) proposed the fol-
lowing formula based on extrapolation of direct numerical
simulations data:

G = 1

2

u2∗
ν

(5)

Where u∗ = √
τb/ρw is the friction velocity, τb the bed shear

stress, and ρw the water density. Note that with this formula
the shear rate is computed at the vicinity of the bed level,
where u∗ and τb occur.

Equation (5) implies that G becomes 0 when u∗ = 0 m/s.
In reality, there always remains turbulence in the water col-
umn because of the inertia of the dissipation. To account for
this memory effect, Toorman (2020) proposes the relaxation
equation:

G = Geq + (Gt−
t − Geq)exp(−
t/Tr ) (6)

WhereGeq is the turbulent shear rate calculated with Eq. (5),
Gt−
t is the turbulence shear rate at a previous time step, and
Tr is the relaxation time parameter, to be calibrated based
on the time lag between shear rate and suspended sediment
concentration peaks.

In addition to the flocculation model, the settling velocity
is modified from Dietrich (1982) formula to be valid over a
wider range of particle Reynolds numbers (Toorman 2022).

log

(
ws

w0

)
= b2(log(1 + d∗))2

+ b3(log(1 + d∗))3 + b4(log(1 + d∗))4

d∗ = (g′/ν2)1/3d
g′ = (ρ f /ρw − 1)g

ρ f = ρw + (ρs − ρw)

(
d

d1

)nF−3

w0 = g′d2/18ν (7)

Where b2 = −0.33, b3 = −0.056, and b4 = 0.018 are
empirical constants, d∗ the non-dimensional mean floc diam-
eter, and g′ is the specific gravity of sediment particles. ρ f

and ρs are respectively the floc bulk and the dry sediment
density, g the gravity acceleration, ws the settling velocity
of the sediment, and w0 the Stokes settling velocity (theoret-
ically characteristic of spherical particles settling with very
small Reynolds numbers).

2.1.1 Numerical solution

A MATLAB implementation of Eqs. (1) to (7) was used to
prove the model’s functioning on simplified cases. This con-

sisted of a solver for a single zero-dimensional point that
receives input shear rate and concentration signals, and out-
puts the mean floc size after solving Eq. (1). The solution
of (1) is based on Press et al. (1992) 4th-order step-varying
Runge–Kutta algorithm, which adjusts the timestep between
0.5 and 5s depending on the temporal rate of change of
the mean floc size. The reason for using this solver is that
the source terms in (3) have many time-varying inputs (e.g.,
the instantaneous floc size, the turbulent shear rate, and the
volumetric sediment concentration) which can be subject to
abrupt changes. Furthermore, non-stiff ODE solvers (e.g.,
Euler, or a constant step Runge–Kutta method) can easily
become unstable under these conditions. For a pair of input
turbulent shear rate and sediment concentraion signals, the
solution steps are:

1. Calculate the pseudo-fractal dimension (4).
2. Calculate the instantaneous value of the aggregation and

breakage source terms (3).
3. Solve Eq. (1) numerically with the Press et al. (1992)

algorithm.

The results (Fig. 1) show the expected pattern where
aggregation takes place during low shear, and breakage dur-
ing high shear. Also, they show the modulation of the shear
rate caused by (6). A more realistic test was carried out using
measurements from the MOW1 station as input data (see
Section 2.2.2). This is shown in Fig. 2; the model equations
reproduce the growth and breakage phases of microflocs and
macroflocs (20 to 200 μm), and it does not match the largest
measured particles, which even grow larger than the scale
of the LISST measurements. But these may be biological
megaflocs, loose structures of minerals and phytoplankton,
or phytoplankton aggregates, because the data was taken are
during the spring, which is the diatom growing season (Nohe
et al. 2020). Further, these megaflocs occur more frequently
during lower tidal amplitudes (18–19/04/2009) than at the
beginning of the time series.

2.2 Application: the Belgian Coast

Having tested the model in simplified conditions, the next
step is using the newly formulated flocculation model in a
more realistic model of the Belgian Coast.

2.2.1 Study area

The study area covers the Belgian Coast and the Western
Scheldt (Fig. 3).Water-depth values range from 0 to 30m, the
bottom topography consists of sandbanks (e.g., Wenduine
bank and Paardenmarkt), beaches, tidal flats, shoals (e.g.,
Vlakte van de Raan, Rassen and Bankje van het Zouteland),
and tidal channels in the foreshore and within the Western
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Fig. 1 Flocculation model
results for a synthetic input tide
signal (third row). These results
were obtained with parameters
ka = 1600, kb = 60,
dp = 10μm, φ = 0.003 ml/m,
nmax = 2.5, and ν = 1.E − 6
m2/s. Tr = 3600.0 s. The shear
velocity, not shown in the figure
but used to calculate G, is
estimated with Nikuradse
friction law assuming a
roughness height of ks = 0.03 m

Scheldt estuary. Near the port of Zeebrugge is situated a
coastal turbidity maximum area with SPM concentrations
between 0.1 g/l and more than 3g/l near the bed (Baeye
et al. 2011; Fettweis et al. 2012). Studies by Baeye et al.
(2012) around this area revealed bed boundary level changes
of up to 0.2 m during spring-neap tide cycles, suggest-
ing the occurrence of lutoclines and possibly of fluid mud
layers.

Tides of the Belgian Coast are of the semi-diurnal type,
with approximately two high and low water cycles per day.

The maximum tidal range is 4.8 m during spring tide and
3.1m during neap tides. Offshore, the predominant harmonic
constituent isM2 (principal lunar). The harmonic constituent
S2 (principal solar) is also relevant because its superposition
with M2 causes spring-neap cycles approximately every 15
days. The nearshore tidal current ellipses are elongated and
vary between 0.2 and 0.8 m/s during spring tide and 0.2 and
0.5 m/s during neap tide at 2m above the bed. The large
tidal range and the low freshwater discharges result in a well-
mixed water column (Fettweis et al. 2016; Brand et al. 2019).

Fig. 2 Flocculation model
results compared with
LISST-measured floc volume
concentration at the MOW1
station. These results were
obtained with parameters
ka = 1800, kb = 20,
dp = 20μm, nmax = 2.5, and
ν = 1.E − 6 m2/s. G, not shown
in the figure, calculated from
velocity measurements and
assuming a Nikuradse friction
law with a roughness height of
ks = 0.03 m
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Fig. 3 Study area. The color contours show the water depth below mean sea level in m. Circle markers show the position of measurement stations,
and the triangles indicate the position of known banks and shoals

The most frequent waves along the Belgian Coast, occur-
ring approximately 30% of the time, propagate almost
parallel to the shoreline, with north-east direction, a time-
averaged significant wave height of 0.8 m, and a typical wave
period of about 6 s.

2.2.2 Available data for calibration and validation

Data from the Flemish banks monitoring network (Meetnet
Vlaamse Banken) was used for the assessment of modelled
free surface water levels, flow velocities, significant wave
height, and mean wave period.

Current velocity and SPM concentration were collected
with a tripod at station MOW1 (Fig. 3). The instrumentation
suite consisted of a point velocimeter (5-MHz ADVOcean
velocimeter), a downward-looking ADP profiler (3 MHz
SonTek Acoustic Doppler Profiler), and a Sequoia LISST-
100X, used to measure the particle size distribution and
volume concentration. The data were collected every 15 min
for the LISST, and ADV, while the ADP was set to record a
profile every 1 min; later on, averaging was performed to a
15-min interval (Fettweis et al. 2019).

Spatial information from the PROBA-V satellite mission
was also used with the purpose of validation. This data are
surface SPM concentration maps retrieved by Knaeps et al.
(2017).

Modelled concentration results are brought to the refer-
ence level of the measurements and the satellite data with
the Van den Eynde (2018) conversion algorithm.

2.3 Implementation in the TELEMACmodelling
system

The setup consists of a layered array of nestedmeshes (Fig. 4)
that run in the TELEMAC software (Hervouet 2000). The
largest mesh (in spatial extension) covers the North Sea
(NSG) and simulates hydrodynamics (waves and currents).
Smaller meshes, nested in the NSG model, cover the Bel-
gian Coast and the Western Scheldt (BCG). These smaller
meshes take their seawards boundary conditions (depth, cur-
rent velocity, and directional spectra of wave action) from the
NSG model. This setup is inspired in modelling studies by
Van den Eynde (2018); Komijani and Ortega (2016); Zhang
et al. (2020).
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Fig. 4 Mesh layering of the North Sea and the Belgian Coast models.
The dashed red lines indicate the models’ offshore open boundaries.
The North Sea (NSG) provides boundary directional spectra of wave
action (N ), the boundary depth (h), and boundary flow velocities (u, v)
formeshes of the BelgianCoast (BCG). Differentmeshes of the Belgian
Coast are used for wave calculations, for calibration of parameters, and
for validation

The NSG and BCG models’ timesteps are 5 s, with a cou-
pling period of 300s for the waves module (Sect. 2.3.2). The
NSG has 20,603 nodes with edge lengths between 90 and
900m. The BCG mesh used during calibration has 8633
nodes (edge lengths from 321.5 to 6.2 km). The BCG mesh
used during validation has 24,394 nodes (67.9 to 2.0 km edge
lengths). A differential approach is used for speeding up the
waves calculation on the BCG model (Breugem et al. 2019);

thus, the BCGmesh of the waves module (see Section 2.3.2)
has only 5434 nodes (edge lengths between 321.5 and 6.2
km) and excludes the Western Scheldt part of the study area.
To minimize any transient effects of these initial conditions,
a warming up time of 25 days was simulated and only the
results after this period are considered for analysis.

Free surface elevation of the NSG model is prescribed
from the TPXO8 global tides database (Dushaw et al. 1997).
It considers eight primary (M2, S2, N2, K1, O1, P1, Q1), two
long period (Mf,Mm), and three non-linear (M4,MS4,MN4)
harmonic constituents. The initial hydrodynamics conditions
are set to zero flow velocity and water level throughout the
domain. Thewaveboundary conditions of theNSGmodel are
based on a spectrum discretized in 12 directions and 25 fre-
quencies following the discretization function fn = f1qn−1,
with minimal frequency f1 = 0.04 Hz and frequential ratio
q = 1.1007. Horizontal wind velocities are interpolated spa-
tially (inverse distance weighting) and temporally (linear)
from the ECMWF ERA-Interim dataset (Berrisford et al.
2009). The boundary condition for the NSG model is a zero
spectrum of wave action, and for the BCG model the bound-
ary spectrum is imposed from results of the NSG model;
thus, the same spectral discretization is used. The boundary
condition at the sediment bed, for all models run during this
work, is the dynamic friction law Bi and Toorman (2015).

The bathymetries of these meshes were generated from
multiple datasets: The NSG uses data from EMODNET
(Thierry et al. 2019) and the BCGmodel is made of data col-
lected during the NEVLA project (Maximova et al. 2009).
Along the foreshore, the data belongs to AMDK (2017), and
on the western boundary of the model, we used data from
SHOM (2015). The vertical datum of all grids is the mean
sea level.

2.3.1 Hydrodynamics module

Hydrodynamics are computed by theTELEMAC-2Dmodule
which solves the shallow water equations of continuity (8)
and momentum balance (9, 10) (Hervouet 2000).

∂h

∂t
+ ∂(hu)

∂x
+ ∂(hv)

∂ y
= 0 (8)

∂hu

∂t
+u

∂hu

∂x
+v

∂(hv)

∂ y
= −g

∂Z

∂x
+Fx + 1

h
∇ ·(hνt∇u) (9)

∂hv

∂t
+u

∂hu

∂x
+v

∂(hv)

∂ y
= −g

∂Z

∂ y
+Fy+ 1

h
∇·(hνt∇v) (10)

h is the water depth, g is the gravity acceleration, Z the
elevation of the free water surface, F is a source term that
encompasses wind (Flather 1979), Coriolis, and the time-
space varying friction induced forces. From Bi and Toorman
(2015) friction law, we calculate time-space-varying bed
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roughness and bed shear stress directly from the hydrody-
namics with a Nikuradse roughness height of 0.03 m.

The turbulent eddy viscosity (νt ) is modelled with the
Smagorinsky formulation:

νt = Cs2

2
xy

(
2S̄ S̄

)1/2
S̄ = 1

2

(
∂u

∂ y
+ ∂v

∂x

)
(11)

with Cs2 = 0.01, S̄ is rate of strain tensor, and 
xy is the
spatial grid size.

2.3.2 Waves module

Evolution of the directional spectrum of wave action (12) is
calculated in TOMAWAC (Benoit et al. 1997; Breugem et al.
2019).

∂N

∂t
+ ẋ

∂N

∂x
+ ẏ

∂N

∂ y
+ k̇x

∂N

∂kx
+ k̇y

∂N

∂ky
= Q(x, y, kx , ky, t)

(12)

N is the wave action density, kx and ky wave number vec-
tor components along the x and y directions respectively,
and Q the source terms (e.g., wind-driven wave generation,
whitecapping, bottom friction, wave breaking). The dot over
the variables denotes the time transfer rates of each variable
that are given by the linear wave theory; more details can be
found in the TOMAWAC user manual (Fouquet 2020).

In this work, the following processes are taken into
account: wind-driven wave generation (Komen et al. 1996),
white-capping dissipation (Komen et al. 1984), bottom
friction (Hasselmann et al. 1973), quadruplet interactions
(Hasselmann et al. 1985), and depth-induced breaking (Bat-
tjes and Janssen 1978).

2.3.3 Sediment transport module

Suspended sediment concentration and bed evolution are
calculated in the GAIA module (Tassi et al. 2023), with
the advection–diffusion (13) and Exner (14) equations. We
assumed that the sediment suspension can be characterized
by two sediment classes. One sediment class is sand with
constant grain size of 200 μm, and the other is a cohesive
sediment fractionwith variablemeanflocdiameter calculated
with Eq. (1). Both sand and mud classes can be transported
via the suspended load, and their mass concentrations are

Algorithm 1 Erosion law.
if fm < fm,s then

τce = τce,s + x1 fm

Es = E0s(1 − fm)

(
τb

τce
− 1

)a

(16)

Em = E0s fm

(
τb

τce
− 1

)a

else if fm > fm,m then

τce = τce,m

Es = E0m(1 − fm)

(
τb

τce,m
− 1

)
(17)

Em = E0m fm

(
τb

τce,m
− 1

)

else

τce = τce,s + x1 fm,m

fm,m − fm,s
( fm,m − fm) + fm − fm,s

fm,m − fm,s
τce,m

Es = (1 − fm)

(
E0s + ( fm − fm,s)(E0m − E0s)

fm,m − fm,s

)

(
τb

τce
− 1

)[
a+ 1−a

fm,m− fm,s
−( fm− fm,s )

]
(18)

Em = fm

(
E0s + fm

( fm − fm,s)(E0m − E0s)

fm,m − fm,s

)

(
τb

τce
− 1

)[
a+ 1−a

fm,m− fm,s
−( fm− fm,s )

]

end if
�E is the erosion flux, The variable f defines the sediment

class fraction, E0 is the Partheniades constant, and the subindexes s
and m denote sand and mud particle classes respectively. fm,s = 30%
and fm,m = 50% are respectively the thresholds for non-cohesive and
cohesive regimes of erosion. τce,s and τce,m are the critical shear stress
for erosion of sand and mud respectively. x1 = 0.5 N/m2, per (Bi and
Toorman 2015).

solved with (13).

∂C j

∂t
+ (u, v) · ∇C j = εs∇2C j + E j − Dj

h
(13)

(1 − n)
∂Z f

∂t
+ ∇ · Qs =

∑
Dj − E j

ρs
(14)

The index j notes the sediment class, and εs = νt/σ is the
sediment diffusivity, with σ the turbulent Schmidt number
taken as 0.70, as in (2). E andD are the erosion anddeposition
fluxes. n is the sediment bed porosity, Z f is the elevation of
the bed, and Qs is the bedload transport rate of sand.

The bed shear stress (τb) of the combined wave-current
field was computed with the Soulsby and Clarke (2005)
formula. The deposition flux (15) was calculated using the

123

339



Ocean Dynamics (2023) 73:333–358

suspension capacity theory by Toorman (2000, 2003), and
the erosion flux (Algorithm 1) with a hybrid erosion law
proposed by Waeles et al. (2007); Le Hir et al. (2011),
and adapted by Bi and Toorman (2015), which empirically
combines three erosion regimes: sandy bed, mixed bed, and
muddy bed.

Dj = wsC j max

{
0, 1 − τbU R fL

(1 − ρw/ρ f )ghwsC j

}

R fL = 0.25

1 +
(
0.1u∗
ws

)2 (15)

ws is the sediment settling velocity solved with Eq.7, U is
the norm of the flow velocity vector, and R fL is the flux

Fig. 5 Computational loop in TELEMAC. The proposed flocculation
model has been coded in a new subroutine (FLOCC_2DH_CALC.f) of
the TELEMAC software

Richardson number, assuming the sediment suspension is
saturated (Toorman 2000).

Initial conditions are a mean floc diameter of 40 μm
throughout the domain, the winter average surface SPM
concentration map from Fettweis et al. (2007), and the rel-
ative sand content from maps of Rijkswaterstaat (Ministry
of Infrastructure and Water Management, the Netherlands),
RBINS-MUMM (Scientific Service Management Unit of
the Mathematical Model of the North Sea, Belgium) and
Stephens and Diesing (2015). The initial sediment bed is
assumed to have two vertical layers with a thickness of 0.1
m and 0.3 m respectively. Boundary conditions offshore are
free tracer flux for the suspended concentration of sand, mud,
and the floc size variables.

0

1

2

3

H
w

(m
)

RMSE = 0.18 m

Mar 05 Mar 12 Mar 19 Mar 26 Apr 02 Apr 09
2009   

2

3

4

5

6

7

T
m

01
(s

)

RMSE = 0.71 s

Fig. 6 Hydrodynamics at Bol Van Heist station. The black solid lines
are measurements from the Flemish Banks Monitoring Network, and
the blue lines are results from the BCGmodel. In the ensemble averages
(first and second rows, right column), the solid lines are temporal means
and the shaded areas are the standard deviation
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Fig. 7 Model calibration. The
black and blue colors represent
LISST-measured and modelled
values respectively. The lines
correspond to the time mean of
the data and the shaded areas
represent the standard deviation.
The data belongs to a time
interval from 01/03/2009 to
20/04/2009 at the MOW1 station

2.4 Computational loop in TELEMAC

Equations (1) to (7) were coded in a new subroutine of
TELEMAC called FLOCC_2DH_CALC.f. The computa-
tional loop is in Fig. 5, subroutine FLOCC_2DH_CALC.f is
called after the solution of the flow variables in TOMAWAC
and TELEMAC 2D, and before the solution of the sus-
pended sediment transport in the GAIA module. Due to the
source terms stiffness, time integration is done through the
4th order step-variable Runge–Kutta method designed and
implemented in FORTRAN by Press et al. (1992).

3 Results

3.1 Model calibration

Hydrodynamics Modelled free surface levels andflowveloc-
ities agree with the available measurements. Figure6 (first
and second rows) shows that the error is a small fraction
of the range of variation of the free surface level and the
flow velocities. The root mean square error (RMSE) is 0.19
m for the water level, and 0.21 m/s for the flow veloc-
ity. Wave model results (Fig. 6, third and fourth rows) are
also acceptable with RMSE values of 0.18 m and 0.71 s
for the significant wave height and the mean wave period
respectively.

Comparison of modelled hydrodynamics and measure-
ments at other locations yielded similar results. These can be
seen in Appendix 2.

Suspended sediment concentration andmean floc diameter
Modelled suspended sediment concentration and mean floc
diameter were compared with field data from the MOW1
station. The comparison period spans between 01/03/2009
and 20/03/2009, and the time information was clustered over
one high-low-water cycle to facilitate visualization. Figure7
shows the best fitting model results after calibration (see

Table 1 Parameter values of the calibrated model Belgian Coast model

Parameter Value

time step (
t) 5 s

Top layer thickness 0.1 m

Bottom layer thickness 0.3 m

Top layer mud concentration 680.0 kg/m3

Bottom layer mud concentration 900.0 kg/m3

E0s 0.008 kg/m2/s

E0m 0.002 kg/m2/s

τce,s 0.05 N/m2

τce,m(1) 0.02 N/m2

τce,m(2) 0.04 N/m2

dp 20 μm

ka 1800

kb 30

Tr 3600s

τce,m(1) and τce,m(2) are the critical bed shear stresses for erosion of
mud for the top and bottom sediment layers respectively
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Appendix 1), which were obtained with the parameter values
listed in Table 1.

Based on Fig. 7 (first row), the sediment model has a
moderate success at reproducing the suspended sediment
concentration. Results peak during flood and ebb, and con-
centration troughs take place during slack waters. This
pattern is consistent with the measured data. However, in
quantitative terms, the model results underestimate the mea-
surements. Modelled concentrations do not reach neither the
same peaks (1.26 g/l during flood, and 1.10 g/l during ebb),
nor the same troughs (0.38 g/l and 0.28 g/l during slackwaters
from low to high and from high to low water respectively).
Also, the sediment model has a phase lead of approximately

20min during ebb, and 1h during slack waters. The RMSE
obtained for the suspended sediment concentration is 0.29
g/l.

Thefloc size dynamics in Fig. 7 (second row) show that the
flocculation model results overlap with the measured mean
floc size. Modelled and measured data are within the band of
macroflocs and megaflocs (Fettweis et al. 2012; Shen et al.
2018), with values ranging between 70 and 150 μm for the
measurements, and 40 to 290 μm for the simulations. Also,
the model qualitatively follows the same temporal pattern as
the measurements, displaying two peaks within a tidal cycle,
one at slack water from ebb to flood, and a higher peak at
slack from flood to ebb. The difference between the two floc
size peaks is explained by tidal asymmetry, which causes

Fig. 8 Validation of model
results. Top row,
LISST-measured SPM
concentration (black star
markers) and modelled
suspended sediment
concentrations with flocculation
(blue line), without flocculation
and constant values of ws = 3.5
m/s and ws = 2.0 m/s (green
and red lines respectively).
Second row, LISST-measured
mean floc size and modelled
mean floc diameter. Third row,
modelled free surface level
(solid line) and significant wave
height (dashed line). Fourth row,
wind speed and direction
(trigonometric convention) 10m
above the mean sea level. The
simulation “GAIA with
flocculation” uses the
flocculation formulation
proposed in this work. The
simulation “GAIA without
flocculation 1” assumed a
constant settling velocity of 3.5
mm/s, and “GAIA without
flocculation 2” assumed a
constant settling velocity of 2.0
mm/s
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flow velocities—and turbulent shear—to be higher from ebb
to flood than in the transition from flood to ebb (Bolle et al.
2010). Model deviations are generally a phase-lead, which
causes floc size peaks to happen approximately 40min earlier
than in measurements, plus gaps in amplitude up to 100 μm.
The RMSE obtained for mean floc diameters was 23 μm.

3.2 Model validation

Comparison with field data The validation period spans
between 20/03/2016 and 30/03/2016. The modelled sedi-
ment concentration (Fig. 8, first row)matches in timewith the
measurements. The model follows the current-driven con-
centration peaks, although it deviates between 24/03/2016
and 29/03/2016, whenUwind is high (up to 15 m/s, see Fig. 8
fifth row) and the effect of waves becomes more important
(Fig. 8, fourth row). Figure8 also shows the results obtained
without activating the flocculation equations, and with con-
stant settling velocities of 3.5 mm/s and 2mm/s (Fig. 8, first
row), values previously used byVan denEynde (2018).With-
out flocculation the concentration magnitudes are smaller,
even showing nil concentrations throughout the totality of
the ebb phase. Also, there is a shift in the concentration,
whereby erosion and deposition cycles take place at a faster
rate. This is corrected in the simulation with flocculation due
to it accounting for the variability in the floc size. RMSE val-
ues of suspended sediment concentration were 0.39 g/l for
the simulation with flocculation, 0.69 g/l without floccula-
tion and ws = 3.5 mm/s, and 0.55 g/s for the one without
flocculation and ws = 2.0 mm/s.

The mean floc diameters match overall in amplitude and
phase (Fig. 8, second row). The RMSE obtained for the
mean floc size was 78.02 μm. The modelled settling veloc-
ity (Fig. 8, third row) shows a pattern with increasing values

for the aggregation phase, and lower values during breakage.
The range of values of the settling velocity is within 1 to 2.2
mm/s, and it is smaller than conventional ranges (e.g., 2.0 to
3.5 mm/s) found in the literature of the study area (Van den
Eynde 2018; Bi and Toorman 2015).

Comparison with satellite data Comparison between satel-
lite data and model results focused exclusively on the
suspended sediment concentration because it is impossible
to retrieve a particle size measure from satellite data. There
were seven imageswith low cloudiness for comparison avail-
able between 01/03/2016 and 17/05/2016. Figure9 shows
extracted time series from these images and model results at
the MOW1 station. Model results, with and without floccu-
lation, are in the same range of values of the satellite SPM
data. However, they do not show the same patterns. When
the model runs without flocculation, the resulting suspended
sediment concentration does not display the same seasonal
decreasing trend induced by the flocculation equations. The
maximum RMSE, between results and satellite data at the
MOW1 station, is 0.014 g/l (during 12/04/2016 11:20) for the
simulation with flocculation, 0.028 g/l (during 12/03/2016
11:20) for without flocculation and ws = 3.5 mm/s, and
0.056 g/l (during 12/03/2016 11:20) for the one without floc-
culation and ws = 2.0 mm/s.

The modelled large-scale sediment concentration patterns
were also assessed. Figure10 displays a PROBA-V image
and model results with timestamp 01/05/2016 11:00. There
are three major plumes that the model with flocculation
reproduces qualitatively well: The first over Wenduine bank,
secondover Paardemarkt, and the third at theWesternScheldt
delta, over Vlakte van deRaan shoal. Thesemodelled plumes
have approximately the same longshore extent and shape
as the observed, although they are more confined to the

Fig. 9 PROBA-V satellite-retrieved SPM and near-surface sediment
concentration retrieved from model results at the MOW1 station. The
thin lines are the data extracted from GAIA, and the thick lines are
the same data but filtered with a moving average window of 24h. The

simulation “GAIA with flocculation” uses the flocculation formulation
proposed in this work. “GAIA without flocculation 1” assumed a con-
stant settling velocity of 3.5 mm/s, and “GAIA without flocculation 2”
assumed a constant settling velocity of 2.0 mm/s
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Fig. 10 Spatial comparison of
PROBA-V satellite-retrieved
SPM (top) and modelled
near-surface sediment
concentration achieved with the
proposed flocculation setup
(bottom). The timestamp is
01/05/2016 11:00. Arrows
indicate the current flow
velocity direction. The
numbered labels over the
bottom map designate known
banks and shoals: 1, Wenduine
bank; 2, Paardenmarkt; 3,
Vlakte van de Raan; 4, Rassen;
5, Bankje van het Zouteland

nearshore. A hypothesis that could explain the differences
offshore is related with the biological processes. The satel-
lite image was taken during spring, and in the middle of the
growing season of phytoplankton Nohe et al. (2020), so the
drifting plume observed off the coast may be partly made
of biological SPM, which cannot be taken into account with
the present model. We infer that the sediment plumes seen
in Fig. 10 are mostly caused by local erosion because they
overlap with the shallow and the mud-rich areas of the West-
ern Scheldt and the Belgian Coast. Also, these plumes could

not be the result of remote transport since hydrodynamics at
that time were calm, with spring tide currents up to 0.6 m/s,
small wavelets (significant wave height Hw < 0.5 m), and
light air (Uwind ≤ 1 m/s).

When the flocculation equations are deactivated (Fig. 11),
the sediment plumes are more localized, and the transport
of sediment away from the originating shoals and banks of
Paardenmarkt, Vlakte van de Raan Rassen, and Bankje van
het Zouteland mostly limited. Also, different from the model
with flocculation, and the satellite SPM data (Fig. 10), the
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Fig. 11 Modelled near-surface
sediment concentrations,
without flocculation and with
constant settling velocities. Top,
the settling velocity was
assumed 3.5 mm/s. Bottom, the
settling velocity was assumed
2.0 mm/s. The timestamp is
01/05/2016 11:00. Arrows
indicate the current velocity.
The numbered labels over the
maps designate known banks
and shoals: 1, Wenduine bank;
2, Paardenmarkt; 3, Vlakte van
de Raan; 4, Rassen; 5, Bankje
van het Zouteland

plumes near Wenduine bank are on a narrow band on the
beach. These results highlight the main limitation of con-
ventional models where settling velocity is a constant, and
that they do not properly reproduce the spatial and temporal
variability of the suspension.

4 Discussion

The model presented in this work incorporates flocculation
processes in the 2DH framework. Application to the Belgian

Coast indicates that it is able to reproduce the suspended
sediment concentration and mean floc size dynamics of the
study area with moderate success. Its main feature is that
the settling velocity is a function of morphodynamics (bed
shear stress and suspended sediment concentration), which
is an improvement with respect to the conventional approach
of using a constant settling velocity value. This can be seen
in Figs. 10 and 11, where the simulation with flocculation
has a better spatial agreement with the satellite-retrieved
SPM. In Fig. 12, it can also be seen that the simulation with
flocculation agrees more in phase and magnitude with the
measurements.
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Fig. 12 Ensemble averaged concentration pattern at the MOW1 sta-
tion. The black color represent LISST-measured values, the blue color
represents the results of the flocculation model, and the green and red
colors represent model results obtained without active flocculation and
assuming constant settling velocities of 3.5 mm/s and 2mm/s respec-
tively. The lines are the temporal means, and the shades symbolize the
standard deviation. The data belongs to the period between 20/03/2016
and 30/03/2016

The spatial patterns caused by the flocculation model are
as follows: zones with the highest bed shear stresses and
flow velocities have the smallest suspended flocs and lowest
settling velocities. Conversely, zones with lower shear have
the largest flocs and highest settling velocities. This can be
observed in Fig. 13 along the navigation canal, where the flow
is fast and with high shear (τb ≈ 1.1 N, ‖u‖ ≈ 1 m/s), and
in consequence particles are small with low settling veloc-
ity values (50μm, 0.001 m/s). In contrast, in the northwest,
where flow velocity values are small (‖u‖ = 0.25 m/s), floc
size and settling velocity are the largest (200μm,0.0026m/s).
The spatial aspect of the floc size and settling velocity is also
dependent on the suspended sediment concentration. This
SPM-dependence of the model may be further improved by
linking empirically the coefficients ka and kb terms to salin-
ity, the bed composition, organic matter content, and other
aspects of the physical and biological environment which
may affect electrolyte concentrations and flocculation kinet-
ics (Fettweis and Lee 2017).

Differences between model results, and measurements
and the satellite data used for model validation arise from
the following limitations:

1. The floc size is multimodal, whereas the proposed model
simulates the mean floc size, which makes the match
of modelled results and measurements difficult to assess
(Benson 2005). Moreover, Lee et al. (2012) found out,
in the same study area of this work, that the estimated
settling fluxes with a single discrete aggregate group had
up to 45% errors against the reference settling flux of

a continuous multimodal floc size distribution (FSD).
Also in the Belgian Coast, Shen et al. (2018) proved that
introducing additional size groups into FSDmodel equa-
tions improves the prediction of settling and deposition
of cohesive sediments. This explains why the presented
model underestimates the low and peak values of sus-
pended sediment concentration. Because by modelling
only the mean floc size, suspended particles fall with the
mean settling velocity and not the size-specific one.

2. The sediment fraction used in this work is entirely min-
eral; therefore, it is a simplification of the sediments
found in nature. Sediments consist of inorganic and
organic matter, and both groups of particles are very het-
erogenous (Ho et al. 2022; Tran and Strom 2017). Also,
the composition of the SPM changes with concentra-
tion; it becomes more organic when the concentration
decreases. This occurs along a nearshore to offshore
gradient; hence, the particles are more organic and floc-
culation hardly occurs in the low turbid offshore (Maerz
et al. 2020; Alldredge and Silver 1988; Turner 2015).
So, by not accounting for the organic part of sediments,
the presented model cannot reproduce well the offshore
extent of the turbidity plumes.

3. Throughout this work, we assumed a 2D depth-averaged
framework. Because of this, it was necessary to then
assume that the suspension followed aRouse profile. This
was later used to transfer modelled depth-averaged con-
centrations to the near-bed, where measurements were
available, and to the near-surface, where satellite data
were available for comparison. This chain of decisions is
debatable since Rouse profiles are valid for steady flows,
which by definition are less variegated than the combined
wave-current conditions taking place at theBelgianCoast
(Bolle et al. 2010; Smolders et al. 2019; Vanlede et al.
2019).

4. LISST measurements of floc size have their own uncer-
tainties because they assume spherical particles. The
LISST sensor emits a laser beam and detects light scatter-
ing by particles. The intensities of scattered light are then
inverted to estimate particle size distributions assuming
spherical shapes; this influences the FSD and the mean
floc size estimated from it because natural flocs have
irregular shapes (Shen et al. 2019; Spencer et al. 2021).
Also, the presence of particles outside the size range
of the LISST introduce further uncertainties in the FSD
Andrews et al. (2010); Graham et al. (2012).

The above listed limitations are not unique to this work.
They are commonly acknowledged in flocculation studies
(Shen et al. 2019; Soulsby et al. 2013; Nohe et al. 2020; Fet-
tweis et al. 2022), and the necessity of further knowledge to
better model and measure natural floc systems is a usual con-
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Fig. 13 Modelled floc size (top)
and settling velocity (bottom)
during 01/05/2016 11:00. Gray
arrows and black contours
symbolize flow velocity and bed
shear stress respectively

clusion (Benson 2005; Ho et al. 2022; Spencer et al. 2021;
Fettweis et al. 2019). In this context, the newly proposed
flocculation formulation, and its implementation in an open-
source software as TELEMAC, is a valuable step towards
modelling flocs’ transport in large coastal domains. More-
over, being a 2DHmodelwith only one additional differential
Eq. 1, it has a good balance between computational time and
accuracy, which is a plus with respect to more complex 3D
and/or FSD models. Further developments of the proposed
model are the inclusion of seasonal biological processes, and

salinity effects, which would improve results offshore and
make this model applicable to estuarine waters.

5 Conclusion

A new kinetic formulation of the flocculation process, based
onWinterwerp (1998)model, was implemented and assessed
in a realistic application to the Belgian Coast with moderate
success. Results are in the range of measured floc sizes and
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suspended sediment concentrations of the study area. The
model can also mimic spatial suspension patterns observed
in satellite-retrieved suspended particle matter concentration
maps, with modelled and observed sediment plumes match-
ing spatially in longshore extent and location. The proposed
flocculation model can therefore improve sediment transport
calculations in coastal areas.
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Appendix A: Flocculation and sediment model
calibration

A total of 19 Simulationswere runwith the flocculation equa-
tions activated. These simulations start on 01/03/2009 00:00
and have a duration of 45 days. The initial 25 days are con-
sidered warm-up time and discarded from any analysis. Only
the remaining time interval was used.

The first simulation was called “standard”. It used the
parameter values listed in in Table 2. The ensuing simula-
tions consisted on progressive but not cumulative variations
of the parameter values of the standard simulation (Table 2).
The characteristic parameters of each of these simulations
are listed on Table 3, column “Characteristic parameters”.
The suspended sediment concentration and the mean floc
size variables, at the MOW1 station, were extracted from all
simulations’ results and used for sensitivity analysis and for
choosing the best performing set of parameters.

The sensitivity analysis consisted of qualitative compar-
isons of the calibration simulations with the standard. These
results can be seen in Figs. 14 and 15. The summarized pat-
terns are listed in Table 3 (column “Response”). In general,

Table 2 Parameter values of the “standard” simulation, which was the
baseline throughout the calibration process

Parameter Value

time step (
t) 5 s

Top layer thickness 0.1 m

Bottom layer thickness 0.3 m

Top layer mud concentration 680.0 kg/m3

Bottom layer mud concentration 900.0 kg/m3

E0s 0.006 kg/m2/s

E0m 0.002 kg/m2/s

τce,s 0.05 N/m2

τce,m(1) 0.02 N/m2

τce,m(2) 0.04 N/m2

dp 20 μm

ka 1600

kb 30

Tr 900s

the suspended sediment concentration is more sensible to
parameters that are directly linked to sediment availability
and erodibility. For example, increasing values of the bottom
layer thickness and the Partheniades constants lead to larger
overall concentrations. Conversely, larger values of the con-
stant a, and lower values of the thresholds for non-cohesive
and cohesive erosion, lead to lower sediment concentration
values. The parameters associated with the mean floc size
are less sensible regarding the suspended sediment concen-
tration, but they do cause some important variations. Large
values of the aggregation constant and the relaxation time
decrease the suspended sediment concentration.

Themeanfloc size ismore responsive to parameters linked
directly to the aggregation source term. The aggregation con-
stant plays a major role, and increasing its value causes the
floc size to increase. Raising values of the relaxation time also
lead to larger flocs and a slightly less peaked floc size curve.
On the other hand, directly-related sediment parameters are
only sensible if they cause acute decreases on the sediment
concentration. That is, large values of a and low thresholds
for non-cohesive and cohesive erosion cause larger floc sizes.

Regarding the critical bed shear stress, the results were
not conclusive and it is difficult to assign a straightforward
sensitivity to this parameter. The reason for this is that by
having two vertical sediment layers, the model response
to variations is consequence of the combination of critical
bed shear stresses of both layers. For example, in simu-
lations “tau ce m0015” and “tau ce s001” the critical bed
shear stresses of the top layer decreased, either because the
critical bed shear stress of the mud or the sand fractions
were reduced. This caused the top layer to wash away and
only the bottom layer remained. However, this resulted in
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Table 3 Sensitivity analysis.
Calibration runs are
qualitatively compared with the
standard simulation. The
characteristic parameters are the
changes relative to the standard,
the arrows indicate an increase
(↑) or decrease (↓) relative to
the standard parameters. The
response column evaluates the
results relative to the standard,
the arrows indicate an increase
(↑) or decrease (↓) relative to
the standard results

Simulation Characteristic parameters Response
C (g/l) d (μm)

standard — — —

E0S0008 E0s = 0.008 kg/m2/s ↑ ↑ ↑
E0V00016 E0m = 1.6E − 4 kg/m2/s ↓ ↓ ↑
Erosion law NS 05 a = 0.5 ↓ ↓ ↑
Erosion law NS 1 5 a = 1.5 ↑ ↑ ↑
tau ce m0015 ‡ τce,m(1) = 0.015 N/m2 ↓ — —

τce,m(2) = 0.025 N/m2 ↓
tau ce m004‡ τce,m(1) = 0.04 N/m2 ↑ — —

tau ce s001‡ τce,s = 0.01 N/m2 ↓ — —

tshld 15 25 fm,s = 0.15 ↓ ↑ ↑
fm,m = 0.25 ↓

tshld 25 35 fm,s = 0.25 ↓ ↑ ↑
fm,m = 0.35 ↓

Top thickness 0.2 Top layer ↓ ↑
thickness = 0.2 m ↑

Bottom thickness 0.5 Bottom layer ↑ ↑
thickness = 0.5 m↑

Tr3600 Tr = 3600 s ↑ ↓ ↑
Tr3600 ka1800 Tr = 3600 s ↑ ↓ ↑

ka = 1800 ↑
Tr3600 ka1800 E0S0008 Tr = 3600 s ↑ ↑ ↑

ka = 1800 ↑
E0s = 8E − 3 kg/m2/s ↑

Trvar3600 ka1800 Tr = 3600
(1+100 s

m u∗)2
s ↓ ↑

ka = 1800 ↑
Trvar 900 Tr = 900

(1+1 s
m u∗)

s ↓ ↑
ka2080 ka = 2080 ↑ ↓ ↑
kb60 kb = 60 ↓ - -

‡ Non-conclussive result

lower suspended sediment concentrations because the bot-
tom layer had larger critical bed shear stresses for the mud
fraction.

The best performing simulation was chosen by ranking
the RMSE of both the suspended sediment concentration and

the mean floc size, which were calculated for each simula-
tion and with respect to measurements at the MOW1 station
(see Table 4). The best simulation was “Tr3600 ka1800
E0S0008”, and its parameter valueswere used in Sections 3.1
and 3.2.
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Fig. 14 Model calibration
simulations in direct connection
with the suspended sediment
concentration. τce,m(1) and
τce,m(2) are the critical bed
shear stresses for erosion of mud
for the top and bottom sediment
layers respectively. The arrows
on the figure legend indicate an
increase (↑) or decrease (↓) in
the parameter values relative to
the standard simulation.
LISST-measurements (black
solid line) are included for
reference
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Fig. 15 Model calibration
simulations in direct connection
with the floc size. The arrows on
the figure legend indicate an
increase (↑) or decrease (↓) in
the parameter values relative to
the standard simulation.
LISST-measurements (black
solid line) are included for
reference
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Table 4 Calibration performance in relation to measurements at the MOW1 station. The bold text highlights the best performing simulation based
on the RMSE obtained both for the suspended sediment concentration and the floc size

Name RMSE Ranking
C (g/l) d (m)

STANDARD 0.33 29.85 2

E0S0008 0.30 46.08 5

E0V00016 0.45 45.97 12

Erosion law NS 05 0.45 45.97 11

Erosion law NS 1 5 0.46 46.14 16

tau ce m0015 0.44 46.35 13

tau ce m004 0.46 46.42 17

tau ce s001 0.38 46.43 10

tshld 15 25 0.43 32.12 6

tshld 25 35 0.42 32.11 4

Top thickness 0.2 0.45 46.43 15

Bottom thickness 0.5 0.40 46.12 8

Tr3600 0.44 19.86 3

Tr3600 ka1800 0.46 23.76 9

Tr3600 ka1800 E0S0008 0.29 23.22 1

Trvar3600 ka1800 0.45 32.08 7

Trvar 900 0.46 45.22 14

ka2080 0.50 72.34 18

kb60 0.33 29.85 2
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Appendix B: Hydrodynamics-waves model
assessment

The performance of the BCG model hydrodynamics are
assessed for the month of March 2009. The comparison with
measurements was done according to data availability, thus
not all measuring stations have the same variables.

Simulated tides are in agreement with the measure-
ments data (see Fig. 16). The maximum RMSE is 0.20
m, at the Scheur Wielingen station. Wandelaar and the A2
stations had have RMSE values of 0.17 m and 0.18 m
respectively.

The flow velocities are overall on the same range of mea-
surements, although there are noticeable phase mismatches
during slack waters, both from ebb to flood and from flood
to ebb tides (see Figs. 17 and 6). The RMSE at the Scheur
Wielingen is 0.22 m/s, and at Bol van Heist it is 0.21 m/s
(Fig. 6).

Modelled wave integrated variables are well in agreement
with the measurements. The RMSE at Scheur Wielingen
(Fig. 18), Wandelaar (Fig. 19) and A2 (Fig. 20) are 0.17
m, 0.15 m, and 0.16 m respectively. The mean wave period
is slightly overestimated, with RMSE values of 0.64 s, 0.67
s, and 0.61 s.

Fig. 16 Comparison of tide measurements and results of the BCG
model at the Scheur Wielingen (top), Wandelaar (middle) and A2 (bot-
tom)measuring stations. The right column shows the ensemble averages

of the times series (left colum), the solid lines are temporal means and
the shaded areas are the standard deviation
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Fig. 17 Comparison of current
velocity measurements and
results of the BCG model at the
Scheur Wielingen station

Fig. 18 Comparison of wave
measurements and results of the
BCG model at the Scheur
Wielingen station. The black
solid lines are measurements
from the Flemish Banks
Monitoring Network, and the
blue lines are results from the
BCG model
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Fig. 19 Comparison of wave
measurements and results of the
BCG model at the Wandelaar
station. The black solid lines are
measurements from the Flemish
Banks Monitoring Network, and
the blue lines are results from
the BCG model
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Fig. 20 Comparison of wave
measurements and results of the
BCG model at the A2 station.
The black solid lines are
measurements from the Flemish
Banks Monitoring Network, and
the blue lines are results from
the BCG model
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