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Abstract In multiple tidal-inlet systems such as the Dutch
Wadden Sea, the exchange of sediments between the coastal
lagoon and the adjacent sea is controlled by the com-
bined effect of the tides, wind-driven flows, and density-
driven flows. We investigate the variability of residual
(tidally averaged) fluxes of suspended sediment with the
three-dimensional numerical model GETM in relation to
forcing mechanisms and model parameters. Sediment trans-
port is modeled with three sediment classes. A modified
Partheniades-Krone formulation describes the erosion and
deposition fluxes from a single-layer sediment pool. The
model is initialized with a uniform sediment pool for each
class and the spin up period amounts to six months. Simula-
tions span 1 year. Comparisons with observations show that
model results are fairly realistic. Residual fluxes of water
and suspended sediment are episodic in nature and vary
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strongly throughout the year, mainly due to wind variabil-
ity. The net balance between import and export of material
is very sensitive to model parameters. Residual fluxes are
sensitive to the geographical orientation and location of the
inlets, and the effect of driving mechanisms on the residual
fluxes and concentrations can be organized hierarchically,
with wind forcing having the largest effect on concentration
levels and variability.

Keywords Residual flux · Mud transport · Numerical
model · Tidal inlet

1 Introduction

The Dutch Wadden Sea (DWS) comprises a barrier island
system and a coastal lagoon and is connected to the North
Sea by a series of tidal inlets. Channel networks arising
from the inlets feed a large system of interconnected inter-
tidal areas hosting natural resources and a large biodiversity.
At present, it is still unclear what the role is of each of the
tidal inlets and their relative contribution to the transport of
sediment into (or out of) the DWS. The exchange of sedi-
ment is determined by the combined effect of the tides, the
wind and possibly the freshwater discharge, as well as the
availability of sediment from external sources and the pres-
ence of sinks. Understanding present-day sediment fluxes,
both for sand and silt/mud, into the DWS in relation to these
forcing mechanisms is a pre-requisite in any study involving
the scalability of model results to climate change scenarios,
such as (enhanced) sea-level rise (e.g., Wang et al. 2012).

In multiple-inlet systems like the DWS, large amounts
of sediment are exchanged with the adjacent sea during
ebb and flood. For any particular inlet, the amount enter-
ing with flood is generally unequal to the amount leaving
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with ebb, giving a residual flux of suspended sediment over
a tidal period. The residual flux is very small compared to
the gross flux and is highly variable in space and in time
(e.g., Gerkema et al. 2014). Because of this intrinsic vari-
ability, residual fluxes can only be assessed by long-term
measurements and/or simulations. Tides are a well-studied
hydrodynamic mechanism causing residual flow patterns in
multiple-inlet systems (e.g., Salles et al. 2005; Pacheco et
al. 2010); however, wind variability can induce strong cir-
culation patterns that can overwhelm the residual patterns
induced by the tides (Li 2013). At a given inlet of a multiple-
inlet system, the residual flow may vary in response to
the flows at all other inlets, complicating significantly any
long-term observational effort. Coupled hydrodynamic and
sediment transport numerical models provide with synop-
tic fields of flow and sediment variables both in space and
in time (e.g., Esparza et al. 2014), however, these mod-
els require thorough calibration and/or validation that is
typically conducted with in situ observations.

In this study, we focus on the transport of suspended
sediment (silt/mud), which constitutes at least about one
fifth of the total Holocene deposits in the Wadden Sea
(Beets and van der Spek 2000). In the Wadden Sea, the mud
fraction generally dominates the suspended sediment fluxes
(Wang et al. 2012), notably higher up in the water column.
A key difference between mud and sand transport is that
mud transport typically takes place well below the transport
capacity of the flow (van Rijn 2007). Mud transport fluxes
are often governed by supply, i.e., sedimentation and ero-
sion sinks and sources that may be decoupled in space and
time from the local hydrodynamics, whereas sand transport
fluxes are typically governed by the local transport capacity
of the flow.

The residual transport of suspended sediment in the
Marsdiep inlet so far has only been assessed on the basis
of indirect observations (Elias et al. 2006; Nauw et al.
2014). Employing ferry-borne acoustic Doppler current pro-
filer (ADCP) observations, Nauw et al. (2014) obtained
estimates for the gross and residual fluxes of suspended
sediment across the Marsdiep inlet for the period 2003–
2006. Their results indicate a relatively constant long-term
mean (yearly average) of about 300 kg s−1, which is equiv-
alent to an import of about 10 Mt per year. Wind can also
induce a transport of suspended sediment by two means:
(1) wind-stress at the surface induces a departure to the
current velocity profiles that creates an additional transport
capacity not accounted for by the tidal flow (e.g., Ruessink
et al. 2006), (2) wind-induced waves at the surface gener-
ate additional stresses near the bottom that affect sediment
pickup and deposition (e.g., Talke and Stacey 2008). Gen-
erally speaking, we expect the former to be an important
mechanism in the inlets and deep channels, whereas the lat-
ter to be more effective in shallow areas and intertidal flats.

For instance, the dominant wind direction in the DWS is
from the southwest, so a strong correlation between wind
intensity and residual flows has already been found (Nauw
et al. 2014).

Here, we investigate the variability of the residual fluxes
of suspended sediment in the DWSwith a three-dimensional
numerical model in relation to forcing mechanisms and
model parameters. We look into the temporal variation of
the residuals over a year, assess the sensitivity of the fluxes
to model’s parameters, and compare model results with
existing observations of near-surface concentrations. In this
study, we do not include calibration of model parameters
with in situ observations because the set of observations is
not sufficient for capturing short-term and long-term tem-
poral variabilities that are essential for model calibration.
The rest of this paper is organized as follows: in Section 2,
we describe the study site, the observations, and the numer-
ical model. Section 3 discusses the uncertainty in residual
fluxes due to model parameters. Section 4 presents the val-
idation of the numerical model with the observations. A
factor separation analysis is presented in Section 5 to inves-
tigate the driving mechanisms of the sediment fluxes. In
Sections 6 and 7, we provide respectively a discussion and
the conclusions.

2 Materials and methods

2.1 Study site

The DWS is connected to the North Sea by a series of tidal
inlets. In this study, we consider three of these inlets: the
Marsdiep inlet, the Eierlandse inlet, and the Vlie inlet, and
we add a transect at the watershed (Fig. 1). The Ems estuary,
which is located beyond the eastern boundary, is left out of
the model domain and we do not include boundary forcing
for the Ems, since we are mostly interested in the western
part of the domain (Marsdiep/Vlie basins). The Marsdiep
inlet is the best surveyed inlet of the DWS (e.g., Buijsman
and Ridderinkhof, 2007), and separates the island of Texel
from mainland North-Holland; it presumably constitutes
one of the major passages for the exchange of suspended
sediments, which we will examine in this paper. The Vlie
inlet can be regarded as the second in importance. Observa-
tional evidence suggests that both gross and residual fluxes
of sediment in the Marsdiep are much larger than in the
Vlie (Nauw et al. 2014; Gerkema et al. 2014). Although the
Eierlandse inlet is known to be morphodynamically active
(Elias et al. 2012), it is believed to be the least important in
terms of exchange flows, mainly because of its small size
and small tidal prism when compared to the other two inlets.

Tides are one of the major drivers of sediment transport
at the main inlets of the DWS, with typical maximum gross



Ocean Dynamics (2015) 65:1321–1333 1323

Marsdiep

Eier

Vlie

Watershed

Longitude (degrees East)

La
tit

ud
e 

(d
eg

re
es

 N
or

th
)

4.5 5 5.5 6 6.5

52.6

52.8

53

53.2

53.4

53.6

−2 0 2 4 6 8 50

Fig. 1 Bathymetry of the Dutch Wadden Sea (DWS) and domain of
the numerical model. The computational grid is tilted 17◦ with respect
to the east (see Duran-Matute et al. 2014). Four open boundaries are
defined on the sides of the rectangle; a solid wall is placed on the
eastern boundary extending from the mainland to the island. The Ems
estuary is left out of the model domain. A total of four transects are
considered here and shown in red lines. From southwest to northeast,
the transects respectively enclose the Marsdiep inlet, the Eierlandse
inlet, the Vlie inlet, and the watershed. Colorbar indicates water depth
in meters with respect to the National Vertical Datum (NAP). The two
most important freshwater sluices are identified with the black star
symbol

fluxes of up to 5 t s−1 (Nauw et al. 2014). Based on long-
term observations of suspended sediment on board a ferry
across the Marsdiep inlet, Nauw et al. (2014) also showed
that semidiurnal tides could contribute significantly to the
net sediment flux. The interaction of the semidiurnal and
quarterdiurnal tides is known to be one of the main drivers
of the residual sediment transport in theWadden Sea (Gräwe
et al. 2014). Seasonal variability in residual sediment trans-
port is about 10–50 % over the course of the year and these
variations can be related to the seasonal variability of the
amplitudes of M2 and M4 tidal constituents due to the sea-
sonal stratification cycle of the North Sea. The freshwater
outflow from the lake IJssel finds its way through the Mars-
diep and Vlie inlets (Duran-Matute et al. 2014), with typical
mean annual freshwater discharge into the domain of about
500 m3 s−1.

2.2 Numerical model

2.2.1 Hydrodynamics setup

The hydrodynamic module has been extensively described
in Duran-Matute et al. (2014). Here, we discuss the most
important characteristics. The finite difference scheme in
the numerical model GETM solves the three-dimensional

hydrostatic equations of motion with the Boussinesq
approximation and the eddy viscosity assumption (e.g.,
Stanev et al. 2003). The model also solves for the equations
of potential temperature and salinity and includes a flooding
and drying algorithm. The resolution of the model employed
in previous studies was 200 m for the horizontal coordi-
nates and 30 sigma-layers in the vertical (Duran-Matute
et al. 2014; Sassi et al. subm.). In this study, we lowered the
resolution to 500 m and 10 sigma-layers, to render possi-
ble extensive sensitivity tests. The model is forced at open
boundaries in the North Sea with sea surface elevation (tides
and wind set-up), depth-mean current, and vertical pro-
files of salinity and temperature, all these obtained from a
lower resolution operational model of the North Sea. Mete-
orological forcing includes wind speed and direction, air
temperature, precipitation, cloudiness, and dew point, at a
temporal resolution of 3 h. Also, freshwater discharge from
12 sluices into the domain is included, with a temporal
resolution of 10 min.

The hydrodynamics module is coupled to the General
Ocean Turbulence Model (GOTM) that solves turbulence
quantities using the κ-ε turbulence closure (Burchard and
Baumert 1995). At the bottom layer, velocity is parameter-
ized with the logarithmic profile using a constant roughness
length of 1.7 mm. The bathymetry of the domain was
constructed using high-resolution depth-soundings span-
ning the years 1996 to 2012, made available by the Min-
istry of Public Works (Rijkswaterstaat). The bathymetry
was further smoothed to avoid numerical instabilities. The
time step of the simulations amounts to 1 min but vari-
ables are stored at half-hour resolution. Simulations start
from rest in November 2008, 2 months are used for spin
up the baroclinic module and the entire year of 2009
is simulated.

Model results showed to compare very well with observa-
tions, such as time-series of surface elevations from several
tidal-gauges, time-series of salinity and temperature at a
single location, and ferry-borne ADCP measurements of
the volumetric transport through the Marsdiep inlet (see
Duran-Matute et al. (2014) for details). Furthermore, a full
validation of the simulated 3D velocity profiles has been
carried out by Sassi et al. (subm.) for two observational
datasets. For observations at a fixed station spanning, the
entire water column and approximately 16 days, model
results showed minor discrepancies with observed profiles,
both in magnitude and in shape. Discrepancies in simulated
depth-mean currents amounted to about 0.1 m s−1, for a
velocity amplitude of about 1.5 m s−1. For the observa-
tions on board the ferry, a maximum typical error of about
0.15 m s−1 was found in local flow velocity time-series.
Mean differences between modeled and observed transport
fall well-within 10 % of the gross and residual volumetric
fluxes, respectively.
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2.2.2 Setup sediment module

Suspended sediment transport is simulated with the Frame-
work for Aquatic Biological Modeling (FABM), which is
coupled to GETM. The sediment transport module includes
a parameterization for erosion and deposition fluxes from
the bed sediment layer. A modified zero-order Partheniades-
Krone resuspension model is employed to describe the
erosion and deposition fluxes:

Ef lux = M0 (τ/τc − 1)1.5 if τ > τc, and otherwise zero (1)

Df lux = wsC (2)

where M0 is the erosion coefficient (kg m2 s−1), τ is the
shear stress at the bed (Pa), τc is the critical shear stress
for erosion (Pa), ws is the settling velocity of the sediments
(m s−1), and C is the sediment concentration near the bed
(kg m−3). For the deposition flux, we have chosen a very
high critical stress for deposition, such that we allow for
continuous deposition (see Winterwerp and van Kesteren
2004). The exponent in the erosion flux is set to 1.5 instead
of unity to reflect a van Rijn’s type of erosion formulation
(van Kessel and Vanlede 2011a; van Kessel et al. 2011b;
van Maren et al. 2015), which better describes silt/mud ero-
sion in the presence of sand, the typical conditions found in
DWS. The shear stress at the bed is the sum of the stress
from currents and wind-waves; the latter is computed using
a parameterization for wave-induced shear stress proposed
by Young and Verhagen (1996), which assumes that the
local wind generates the additional stress at the bottom and
disregards the extent of the generation area. Three sediment
classes are simulated independently and defined by their
fixed settling velocity: 0.125, 1, and 2 (all in mm s−1). The
critical shear stress for erosion τc and the erosion coefficient
M0 are assumed to be constant throughout the domain and
in time and defined for each sediment class.

The model is forced at open boundaries with depth-mean
concentration profiles for each sediment class obtained
from the low resolution model of the North Sea. The ini-
tial sediment concentration in the water column throughout
the model domain is set to 5 mg l−1 for all sediment
classes, which is about the same magnitude (although
slightly higher) than the concentration at the open bound-
aries. Sediment concentration at the sluices is ignored (i.e.,
kept constant at a value of 0.1 mg l−1). Initial sensitivity
tests showed that it takes approximately 6 months to match
the simulated concentrations at all inlets if the model is
initialized with 0 or 10 mg l−1 in the water column and
no sediment in the resuspension layer. For a given initial
bed sediment thickness, these differences in initial concen-
tration do not play a role; however, reaching equilibrium
may take up longer. Here, we choose to initialize the sed-
iment bed with 1 mm of sediment for each sediment class
and spin up the sediment module for half a year. We do
this by obtaining the sediment concentration in the bed and
the water column at the end of the simulation of Decem-
ber 2008 (1 January 2009), and re-initializing the model
with these conditions on 1 December 2008. The proce-
dure is repeated six times and is adopted to obtain realistic
input sediment concentrations from the bed. The computed
bed composition is the result of an optimization procedure;
therefore, initializing the model with the bed composi-
tion derived from bed samples only is not appropriate, as
the optimization compensates for other sources of error
in the model. We initialize the bed with December 2008
instead of using the full year of 2008 due to limited data
availability.

The computed bed composition at equilibrium, for model
parameters as described in Section 4, and the observations
of the median grain sediment size are shown in Fig. 2. The
simulated bed composition is obtained as follows: for each
grid point, we obtain the relative contribution of each frac-
tion to the total deposition height by normalizing the bed

easting (km)

no
rt

hi
ng

 (
km

)

100 120 140 160 180 200 220
540

560

580

600

620

easting (km)
100 120 140 160 180 200 220

0 100 200 300 400 0 0.5 1 1.5 2

Fig. 2 Left panel: median grain size (μm) of sediment in bed sam-
ples. Data obtained from the Ministry of Public Works. Right panel
Bed composition obtained with the model after the spin up period.

Color scale denotes the settling velocity in millimeter s−1 of the class
that corresponds with the median of the cumulative distribution of the
normalized bed sediment thickness. White areas denote bed depletion
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thickness of each sediment class with the sum of the thick-
ness of the three classes, we then compute the cumulative
distribution function and obtain by linear interpolation the
class corresponding with the median of the distribution. It
should be noted that this procedure is adopted because there
is no one to one match between settling velocity and grain
size (one could argue that a high settling velocity corre-
sponds to sand, but can also correspond to relatively stable
flocculated material). In the right panel of Fig. 2 we thus
show the dominant size class at each grid point. Given the
few size classes, the approach may be prone to error in a
quantitative sense, however, we expect it to give a qualitative
indication of the class contributing the most to the com-
puted bed layer thickness. A similar approach is adopted
with the observations, though the size class resolution is
much higher. In general, the agreement between model and
observations is best for the finer fractions as the areas with
predominantly fine material in bed samples match in loca-
tion and extension with the areas corresponding with low
settling velocity. For the coarsest fraction, the model partly
agrees with the observations for locations within certain
deep channels and in the North Sea, near the islands of
Texel and Vlieland (to the west). Discrepancies at these
locations may be due to the underestimation of the North
Sea wave forcing combined with relatively high sediment
concentration at the boundary.

3 Model parameter sensitivity

The sediment transport formulation (2) has two free param-
eters, i.e. the critical shear stress for erosion τc and the
erosion coefficient M0, which allows us to investigate the
sensitivity of the model results to these parameters. The sen-
sitivity analysis is done here with a brute force approach.
We assume the unknown parameters may take on the fol-
lowing values for each sediment class: τc = 0.05, 0.25, or
0.5 Pa, and M0 = 0.05, 0.25, or 0.5 (10−4 kg m−2 s−1).
These ranges have been selected based on previous studies
(van Kessel and Vanlede 2011a). Since the simulated classes
do not interact, a total of 33 = 27 configurations have to
be simulated. They were defined by setting the appropri-
ate value to the settling velocity, τc and M0. The sediment
fluxes can then be obtained by summing the fluxes of the
three classes, each of which can take on any of 3×3= 9 pos-
sible combinations of parameters. Hence, the total amount
of model realizations is given by all possible permutations
with repetitions, i.e., 93 = 729.

3.1 Residual fluxes

For each realization, the total sediment concentration at a
given point in space and time is given by the sum of the

concentrations of the three sediment classes. To calculate
the fluxes through the inlets, we multiply the total con-
centration profiles by the water velocity and integrate the
resulting product over depth and over width; also, we calcu-
late the mean concentration by averaging the concentration
of the combined classes over depth and width of the inlet.
The resulting time series correspond with the sectionally
integrated sediment flux and sectionally averaged concen-
tration. Residuals were then obtained by integrating the
former over predefined integration periods that form a full
semidiurnal tidal cycle. Here, we use the ‘volume-method’
put forward by Duran-Matute et al. (2014), which means
that we define a tidal cycle as the interval between the
moments at rising water when the volume of the basin
equals its long-term mean. Note that the length of these
intervals varies from one period to the other (Duran-Matute
and Gerkema subm.). A total of 690 residual values con-
stitute the year of 2009. Hereinafter, we refer to these
quantities as the residual flux and the mean concentration.

Figure 3 shows time-series of residual sediment flux and
mean concentration in the Marsdiep inlet, based on all 729
realizations. Concentration series typically shows two peaks
every month, corresponding with the spring-neap variability
of the tide, and a two- to three-fold increase in concentra-
tion levels during periods of storms (mainly fall and winter).
The range of variation in modeled concentrations corre-
sponds well with observations for the period 2003–2005
(mean concentrations of 25 mg l−1 and peaks up to 150
mg l−1; Nauw et al., 2014). The interquartile range, a mea-
sure of the statistical dispersion of the distribution from all
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model realizations, shows that uncertainty in concentration
due to model parameters is a strong function of concen-
tration level. Residual fluxes are highly intermittent with
peaks that by far exceed the median value for the entire
year. The natural intermittency in residual fluxes, which is
mainly caused by wind variability, makes it difficult to dis-
tinguish the uncertainty due to model parameters within the
error bars due to natural variability.

We integrate the residual flux over time for each model
realization to obtain the long-term residual, i.e., over 1 year.
It is important to remark here that the long-term residual
must be determined over a finite number of tidal cycles,
since otherwise the gross flux over the remaining fractional
tidal cycle would introduce a contamination of the resid-
ual signal, rendering it highly inaccurate. Figure 4 shows
the long-term residual through Marsdiep inlet for each sed-
iment class, for nine parameter settings. Positive values
indicate the flux of sediment is into the DWS. The finest
class tends to be more exporting whereas the larger classes
more importing. The largest class typically imports less than
the intermediate class as on average it is less suspended. It
is evident that the magnitude and even the sign of the total
residual flux of sediment depend on the model parameter
choice. In general, on the basis of observations (e.g., Nauw
et al. 2014), we expect this inlet to import sediment from
the North Sea, so for some combination of parameters the
long-term residuals seem unrealistic.
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3.2 Long-term budget

The long-term residual is then obtained for each tidal inlet
and the watershed, using all model realizations, i.e., sum-
ming the flux from any three possible combinations in
Fig. 4. Boxplots of the long-term residual for all the tran-
sects are shown in Fig. 5. Based on the interquartile range
and the median value, we can conclude that for the param-
eters considered the model indicates higher probability of
import of sediment through the Marsdiep inlet and export
via the Eierlandse inlet and the watershed; the Vlie inlet
seems to show both import and export with a median value
very close to zero. The long-term residual over the water-
shed is highly sensitive to model parameters. This is to be
expected as the watershed transect cuts through a very shal-
low area, where sediment erosion and deposition become
highly sensitive to model parameters. The model is not
optimal for shallow areas as wind-induced processes are
parameterized.

We emphasize that the model output is based on a simple
parameterization for the erosion and deposition fluxes, and
hence cannot be interpreted as ‘reality’; especially the net
export seems implausible. Here, we do the calculations only
for the purpose of assessing the characteristics of each inlet
and the watershed. Also, we noticed that the model does not
seem to be entirely conservative for some sediment classes,
which presumably has to do with integration time steps in
the numerical code itself. This needs to be looked into.
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The long-term sediment budget is calculated as follows.
For each month of the simulated year, we obtain the net
flux of suspended sediment by summing up the monthly
residual over the inlets and the watershed. For exactly the
same period, we compute the bed level change for each
grid point in the domain enclosed by the four transects and
integrate the changes over the enclosed area, which after
multiplying by a constant sediment density and porosity
yields the amount of sediment eroded or deposited. The
net flux of sediment is in balance with the net change
of sediment in the bed (i.e., the difference between depo-
sition and erosion), and discrepancies between these two
quantities are compensated by the amount of sediment sus-
pended in the water column, which is typically very small
(less than 10 %) when compared to the other quantities.
Therefore, the difference between the net flux and net bed
change typically indicates an import of sediment to the
domain.

Figure 6 shows the difference between net flux and net
bed change for each sediment class and parameter combi-
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Fig. 6 Difference between net flux and net bed change of suspended
sediment in the DWS for each sediment class and parameter combina-
tion, as described. The red lines indicate the median for the year 2009
and the boxes indicate the interquartile range based on the monthly
values. The black dashed line shows the null value as a reference. A
balance exists between the net flux of sediment through the inlets and
the watershed and the net change of sediment in the bed; the remainder
is the amount of sediment that is suspended in the water column. As a
reference, a difference of about 0.45 Mt translates into a depth-mean
concentration of 100 mg l−1 in every point of the domain. The criti-
cal shear stress τc is given in Pa whereas the erosion coefficient M0 is
given in 10−4 kg m−2 s−1

nation tested. We have limited the vertical scale to 0.9 Mt.
As a reference, a difference of about 0.45 Mt translates into
a depth-mean concentration of 100 mg l−1 in every point of
the domain. For a given class, certain combination of param-
eters yield out of scale values. For the two finest classes,
most of combinations of parameters show differences that
typically fall well-within 10 % of the magnitude of the net
flux. For the coarsest class, however, only one parameter
combination (τc = 0.5 Pa, M0 = 0.5×10−4 kg m−2 s−1)
yields a balance that is nearly zero. In the following
section, we use these results to further constrain the
model.

4 Model validation

Based on the sensitivity analysis presented in the previ-
ous section we select a single model realization to further
validate the numerical model with the observations. The fol-
lowing parameters are used: M0 = 0.5 × 10−4 kg m−2 s−1,
τc = 0.5 Pa; these values correspond with those employed
in previous studies in the Scheldt estuary (van Kessel and
Vanlede 2011a).

The observations of suspended sediment concentration
were obtained under the MWTL program (which stands for
Monitoring Waterstaatkundige Toestand des Lands) and is
collected by the Ministry of Public Works. At several loca-
tions in the DWS (Fig. 7), sediment samples are routinely
retrieved (approximately once every month) from the near
water surface and analyzed for dry-mass content in a lab-
oratory. At several locations records may span more than
ten years of observations. However, only few locations (in
total ten) have information from samples during the simu-
lated year. These data are publicly available via the website
live.waterbase.nl.
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4.1 Observations during modeled period

Figure 8 shows time series of modeled near-surface sed-
iment concentrations at model grid points corresponding
with the numbered locations in Fig. 7, along with the obser-
vations. In general, there is a good agreement: the model
values fall in the right range. We only observe large dis-
crepancies at few specific locations. At station 5, we expect
strong discrepancies since near this location in the model
domain we have set a solid wall, and the modeled hydrody-
namic conditions may be different from reality. At station
7, we hypothesize that discrepancies between model and
observations are due to the fact that this location is nearby
a large tidal marsh area, and the spatial resolution of the
model may not be able to capture concentration levels as
well as their variability.

We now select modeled concentrations (or interpolate
linearly between them) to match the times of the observed
ones; this allows us to make a one-to-one comparison.
Table 1 shows the Mean Bias (MB), the Root-Mean-
Squared-Deviation (RMSE) and the Pearson’s r , along with
the mean of the samples from model and observations, for
each of the stations. In general, the model underestimates
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Fig. 8 Time series of modeled concentration levels at the near surface
frommodel grid points corresponding with the locations of the samples
(black solid lines). Observations are shown with red solid circles

Table 1 Summary of statistics for the comparison between model and
observations in the year 2009

Mean Mod. Mean Obs. MB RMSE r

Stn. 1 21 26 −5 11 0.7

Stn. 2 22 47 −25 33 0.1

Stn. 3 20 24 −4 11 0.4

Stn. 4 53 81 −28 58 0.6

Stn. 5 130 105 25 140 −0.3

Stn. 6 61 59 2 48 −0.2

Stn. 7 50 100 −50 73 −0.1

Stn. 8 70 51 19 40 0.1

Stn. 9 36 28 8 20 0.5

Stn.10 19 22 −4 17 0.2

All quantities in mg 1−1, except the Pearson’s r that has no units

the observations, as the MB is mainly negative. Correla-
tion coefficients for most stations are rather low, with three
stations (Stn. 1, 4, and 9) scoring higher than 0.5. This
can be expected as these stations are located in deep areas,
where model performance is generally better. In contrast,
correlation coefficients turn to negative values at the very
shallow stations 5, 6, and 7. Despite these discrepancies, it
is important to remark that concentrations from model and
observations correspond to very different spatial and tempo-
ral resolutions, so we can safely conclude that for the year
2009 model generally agrees well with data. Other reasons
for discrepancy may include sediment availability on the
flats as for the relatively high τc = 0.5 resuspension may be
underestimated.

4.2 Observations outside modeled period

To make use of the rest of the observations that do not span
the year 2009, we split the records for each location per
month, lump all data from different years onto each month,
and compute the median per month. We do the same for the
modeled time series during the year 2009. The comparison
between the medians from the observations and the simula-
tions is shown in Fig. 9. The figure also shows the depth of
the location at which the water sample was obtained; con-
centration levels are in general higher for shallow locations.
Since the observations span all over the model domain, the
comparison yields a good indication of the spatial coverage
of the model.

Table 2 shows a summary of the statistics for the compar-
ison, along with the slope and offset of a linear regression
between concentrations from model as dependent variable
and observations as explanatory variable. The overall mean
of the medians (Table 2) shows a seasonal cycle with lower
values during summer time. For some months (January,
February, and June), the scatter is rather large, with RMSE
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Fig. 9 Scatter plots of the
median per month for modeled
concentration levels during 2009
and the median per month of the
observations, having lumped
data from different years over
each corresponding month. The
color scale denotes the water
depth of the location at which
the observations were obtained
(note that observations and
simulations correspond with
near-surface water samples)
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values greater than 100 mg l−1. This notwithstanding, the
mean bias is comparable with the other months that show
lower RMSE. The low correlation coefficients are then
expected as the RMSE is typically of the same order of mag-
nitude as the mean. Although the choice of splitting the data
into calendar months is rather arbitrary, the model seems
to improve during summer time. We hypothesize the latter
may be related to the low storm activity during the summer
period, which results in more uniform conditions throughout
the spatial domain.

The comparisons provided show that in general the
model results fall in the right range. Further validation
should include gross fluxes of suspended sediment in the
Marsdiep inlet, which can be obtained from ferry-borne

ADCP measurements (e.g., Nauw et al. 2014), and short-
term variability of concentration levels from high-frequency
turbidity meters. Unfortunately, these data are not yet avail-
able for the year 2009.

5 Driving mechanisms

5.1 Wind forcing

Time series of the residual flux of suspended sediment were
shown to be highly intermittent (see Fig. 3), which can be
ascribed largely to the wind variability. Figure 10 shows that
the residual flux of suspended sediment is indeed a strong

Table 2 Summary of statistics for the comparison between model and observations for the data not in the year 2009

Mean Mod. Mean Obs. MB RMSE r Slope Offset

Jan 58 84 −26 119 0.3 0.9 30

Feb 63 58 5 175 0.1 0.2 47

Mar 50 35 15 41 0.2 0.2 23

Apr 47 29 19 63 0.1 0.1 25

May 40 36 4 49 0.4 0.8 3

Jun 32 42 −10 104 0.3 1.2 2

Jul 32 24 7 20 0.7 0.5 8

Aug 29 22 7 22 0.5 0.4 10

Sep 41 29 12 35 0.3 0.3 18

Oct 46 33 13 39 0.3 0.3 20

Nov 55 36 19 37 0.6 0.3 19

Dec 54 23 31 45 0.4 0.2 13

Also shown the slope and the offset of a linear regression between simulated concentration levels as dependent variable and observations as
explanatory variable. All quantities in mg 1−1, except the Pearson’s r and the slope that have no units
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function of wind direction and intensity. In the year 2009,
strongest winds typically occurred from the west and the
southwest direction. Notably, these strong winds forced the
largest residual fluxes in each of the transects under consid-
eration. The residual fluxes seem to be somewhat sensitive
to the geographical orientation of the inlet.

In general, we note the following: westerly winds induce
an import of suspended sediment in the Marsdiep, Eier-
landse, and Vlie inlets, and an export through the watershed,
southwesterly winds further enhance the import through the
Marsdiep and Eierlandse inlets and the export through the
watershed, but also induce a strong export of sediment via
the Vlie inlet. Easterly winds generally result in the opposite
effect, albeit less noticeable in the magnitude of the resid-
ual flux. The effect of wind on the residual flux through the
inlets can be associated with an enhanced capacity of the
flow, as the effect of wind on sediment concentrations is not
as important in the inlets as it is across the watershed. Prob-
ably, the latter is mainly due to the increase in bed shear
stresses due to wind-induced surface waves.

5.2 Factor separation analysis

To isolate the role of wind, freshwater discharge, and tides
on the residual fluxes of suspended sediment, we conduct a
factor separation analysis (e.g., Sassi et al. 2011). The start-
ing point is the run with all forcing mechanisms, as shown
previously, and will be denoted with TRW. Additional

model runs are as follows: (1) we shut down the wind forc-
ing and the freshwater discharge (T), (2) we do the same for
wind only (TR), and (3) we do the same for freshwater dis-
charge only (TW). Boundary conditions remain the same in
all cases. We obtain four model runs to isolate three factors,
having assumed the factors do not interact with each other.
In reality, this may not be true at small temporal and spatial
scales, but we expect it may hold for the long-term and the
regional scales.

For each model run, we obtain time-series over the year
2009 of the residual fluxes of suspended sediment and
corresponding mean concentration at each of the transects
under consideration. We then compute the median and the
interquartile range, as measures of the magnitude and vari-
ability of these quantities. A summary of the results is
presented in Fig. 11. The effect of driving mechanisms on
the residual fluxes and concentrations can be organized hier-
archically: wind forcing has the greatest effect on the fluxes
and the concentrations because simulations without wind
forcing typically result in very small interquartile ranges and
a two-fold decrease in the median, freshwater discharge also
shows a noticeable effect on the fluxes and the concentra-
tions because for simulations without freshwater input these
quantities generally increase.

These results are in agreement with our expectations
that wind induces highly intermittent fluxes and therefore
increases the variability in the fluxes and concentration. For
freshwater discharge, it is important to remark that in our
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Fig. 11 Summary of the effect
of forcing mechanisms on the
magnitude and variability of the
residual sediment flux s and
depth- and width- averaged
concentration c, for each transect
under consideration. Black dots
indicate the median and error
bars indicate the interquartile
range, both computed over a
year. Simulations include all
forcing mechanisms (TRW), no
freshwater discharge (TW), no
wind (TR), and only tides (T)
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model it contains no sediment, so freshwater discharge may
tend to lower the concentration levels in the domain. How-
ever, freshwater enhances estuarine circulation (Burchard
et al. 2008), so effectively more sediment may be imported.
Because of stratification, the near-surface concentration lev-
els may become lower, but the near-bed concentration levels
higher. These are aspects that will require further attention
in future investigations.

6 Discussion

The well-known Partheniades-Krone formulation for ero-
sion and deposition fluxes has been employed in our simu-
lations. The limitation of this formulation is that a bed layer
of a given thickness can be easily depleted after a number
of simulation steps because the erosion flux is independent
of the state of the bed (van Kessel and Vanlede 2011a). To
achieve realistic conditions, one could set the model param-
eters such that the sediment fractions are redistributed in the
bed, but no bed level change occurs. By monitoring the dis-
tribution of the sediment fractions in the entire domain with
time, one could find a stable sediment composition satisfy-
ing all fractions. The latter sediment composition could be
used for sensitivity tests. Here, we have chosen to spin up
the model long enough to redistribute the initial sediment
in the bed sediment layer but not too long for the bed to
become depleted. We showed that this approach leads to rea-
sonably realistic conditions in both sediment composition
in the bed layer and concentration, hence in the computed
residual fluxes at the tidal inlets. Of course, the required
time to achieve realistic conditions will heavily depend on
the values adopted for the erosion coefficient and the critical
shear stress for erosion of each sediment class. In our case,
we have adopted a spin up period of 6 months, which per-
haps may be enough for certain combinations of parameters
but may be too short or too long for others.

The approach implemented in this study does not include
calibration of model parameters with in situ observations.

This has been deliberatively adopted because we believe
the current set of observations is not sufficient for cap-
turing short-term and long-term temporal variabilities that
are essential for model calibration. Such observations are
available for previous years only in one of the best sur-
veyed inlets of the Wadden Sea, the Marsdiep (Nauw
et al. 2014). It is worth noting that for this particular
set of observations, uncertainty in the estimates may play
an important role in the long-term, yearly average, sus-
pended sediment flux. For instance, the residual transport
of water in the Marsdiep has been estimated with models
and observations before (Ridderinkhof 1988; Buijsman and
Ridderinkhof 2007; Nauw et al. 2014; Duran-Matute et al.
2014), and large discrepancies between model and obser-
vations can be explained partly by the temporal and spatial
limitations inherent to the ferry-borne ADCP measure-
ments (Sassi et al. subm.). Furthermore, given the typical
uncertainties in the conversion from acoustical backscat-
ter units to suspended sediment concentration (e.g., Sassi
et al. 2012), one may expect large deviations in long-term
estimates.

Our results indicate that sediment fluxes are very sen-
sitive to the formulation of erosion and deposition in the
watershed, which is in agreement with results presented by
Ridderinkhof (1998). An approach for constraining model
parameters in these shallow areas may involve long-term
in situ observations of sediment fluxes by means of point
observations (e.g., Talke and Stacey 2008), to capture vari-
abilities associated with wind in the order of days to weeks.
However, the approach may still be cumbersome opera-
tionally and because of discrepancies in resolutions from
model and observations. Yet, another approach may require
the refinement of the physics behind the erosion formula-
tion. For instance, a two-layer approach may include more
consolidated material that cannot be easily eroded (e.g., van
Kessel et al. 2011a; Gourgue et al. 2013), which introduces
longer temporal scales relevant for the sediment fluxes in the
shallow areas. This approach may constitute the next step in
future investigations.
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7 Conclusions

This study investigates the variability of the residual fluxes
of suspended sediment in the Dutch Wadden Sea with a
three-dimensional numerical model in relation to forcing
mechanisms and model parameters. Our results indicate that
residuals display intermittency due to wind variability, with
intermittencymainly related to an increased transport capac-
ity by the currents in deep tidal channels and by bottom
shear stress due to wind-waves in the watershed. The long-
term mean residual flux is highly sensitive to the parameters
in the sediment transport module, particularly in areas of
shallows, and variability can be constrained by inspecting
the long-term sediment budget. By selecting one model real-
ization featuring a reasonable long-term budget, we show
concentration levels simulated with the current model cor-
respond well with sea-surface observations of suspended
sediment from several measuring poles. Residual fluxes are
sensitive to the geographical orientation and location of
the inlet. The effect of driving mechanisms on the residual
fluxes and concentrations can be organized hierarchically,
with wind forcing having the largest effect on concentration
levels and variability. It should in particular be noted that
the Marsdiep is the first inlet encountered by the northward
‘silt river’ along the Dutch coast and is hence a favorable
location for import. The Vlie inlet may be insignificant for
the net transports, as shown by this and previous studies.
Therefore, model results suggest that most of that sedi-
ment will not necessarily stay in the Marsdiep basin but
can henceforth be transported eastward, even across the
watershed.
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On the circulation in the East Frisian Wadden Sea: numer-
ical modeling and data analysis. Ocean Dyn 53(1):27–51.
doi:10.1007/s10236-002-0022-7

Talke S, Stacey M (2008) Suspended sediment fluxes at
an intertidal flat: the shifting influence of wave, wind,
tidal, and freshwater forcing. Cont Shelf Res 28:710–725.
doi:10.1016/j.csr.2007.12.003

Wang Z, Hoekstra P, Burchard H, Ridderinkhof H, De Swart
HE, Stive M (2012) Morphodynamics of the Wadden Sea
and its barrier island system. Ocean Coast Manage 68:39–57.
doi:10.1016/j.ocecoaman.2011.12.022

Winterwerp J, Van Kesteren W (2004) Introduction to the physics of
cohesive sediment in the marine environment. 1st edn. Elsevier,
Amsterdam, p 466

Young I, Verhagen L (1996) The growth of fetch limited waves in water
of finite depth. Part 1. Total energy and peak frequency. Coast Eng
29(1-2):47–78. doi:10.1016/S0378-3839(96)00006-3

http://dx.doi.org/10.1029/2006JC003570
http://dx.doi.org/10.1016/j.ecss.2005.06.018
http://dx.doi.org/10.1029/2012WR012008
http://dx.doi.org/10.1007/s10236-011-0473-9
http://dx.doi.org/10.1007/s10236-002-0022-7
http://dx.doi.org/10.1016/j.csr.2007.12.003
http://dx.doi.org/10.1016/j.ocecoaman.2011.12.022
http://dx.doi.org/10.1016/S0378-3839(96)00006-3

	Variability of residual fluxes of suspended sediment in a multiple tidal-inlet system: the Dutch Wadden Sea
	Abstract
	Introduction
	Materials and methods
	Study site
	Numerical model
	Hydrodynamics setup
	Setup sediment module


	Model parameter sensitivity
	Residual fluxes
	Long-term budget

	Model validation
	Observations during modeled period
	Observations outside modeled period

	Driving mechanisms
	Wind forcing
	Factor separation analysis

	Discussion
	Conclusions
	Acknowledgments
	References


