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Introduction to long-term coastal development

General introduction and project background

Within the “Koploperproject Kustlijnzorg” much attention is given to the development of
guidelines for the design and planning of coastal nourishments. For the long-term, the
questions are: how much is needed and should be used on behalf of coastal
nourishment also in the coastal basis area (“kustfundament”), where to use and
distribute these volumes along the coast, taking into account the short-term interests
as well.
During VOP II, 1st phase, the available field data on morphological change in the
Netherlands’ coastal system were studied and analysed, in the coastal basis area and
in the tidal basins. The analysis resulted in the sand balances of each partial
sedimentary sub-system along the Netherlands’ coast, which are the Wadden Sea, the
Holland coast and the Zeeland Delta estuary coast. A start was made to establish the
sand balance of the entire NL coastal system.
The general sand balance is composed as follows:
•

The total NL coastal sedimentary system (composed of coastal basis and tidal
basins) experiences a sediment loss of some 8 Mm 3/yr. This suggests that for the
maintenance of the NL coast a higher volume must be nourished than to
compensate for Sea Level Rise (SLR) only.

•

The Wadden Sea basins import a sediment volume of some 12 Mm 3/yr. This is
about the same volume as the losses occurring along the islands’ coasts and
along the ebb-tidal delta’s. As such the Wadden Sea is a more or less closed
sediment system.

•

Along the Holland coast sand is being nourished as well as dredged (especially in
the dredged access channels to the harbors), resulting in a net loss of some 1.5
Mm 3/yr. Despite this loss the total sediment volume in the coastal basis accretes
by about 1.5 Mm 3/yr. According to the analysis this system then accretes by about
3 Mm 3/yr.

•

Despite the nourishment by some 3 Mm3/yr, the Delta coast loses sediment to the
volume of some 9 Mm3/yr. The total loss amounting to12 Mm 3/yr cannot be
understood properly at the moment. There is hardly any exchange with the tidal
basins, and it is far too large to view the volume as longshore transport, or as
exchange with the area below the -20 m sea depth.

•

On the basis of the analyses some hypotheses on long-term development of
partial systems were formulated. We have begun to test these hypotheses by
process-modeling and by applying further data analysis. These tests were carried
out for the Wadden Sea system only, and moreover, they are ongoing.

1.2
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The main question is: what are the guidelines for the long-term policy of beach
nourishment along the entire Netherlands coast. This main question may be answered
by addressing the following partial questions:

A. In what way can the Wadden Sea long-term sand hunger be addressed to and with
which sufficient (political) commitment? One way of doing this will be to carry out
mega-nourishments along the northern North-Holland coast with the following three
targets:
1. Increase of the safety level along the Pettemer and Hondsbossche
zeewering,
2. Counteracting erosion at Callantsoog and
3. Satisfying the sand hunger of the Wadden Sea through the Marsdiep
channel.
Which (kind of - ) models are needed? Are existing models sufficiently reliable and
accurate and could they be improved?
B. What is the large-scale sand balance of the outer Delta are in Zeeland and which
mechanisms are responsible for erosion and sedimentation in this area? Is widespread erosion of this area indeed prevailing, and what it its cause? In the Zeeland
outer Delta area, widespread erosion seems to exist over the period of the last two
decades. The NL part of the Westerschelde mouth shows a sediment loss of 0-2
Mm 3/yr. The outer inlet areas of Oosterschelde, Grevelingen and possibly also the
Haringvliet show comparable volumes of loss.
C. How does the large-scale sand budget look like? On the basis of the analysis of the
three sub-sytems (Wadden Sea, Holland Coast, Delta coast) the total sand budget
can be established. This budget, until recently based on field data, could be of great
importance in answering the main research question and in constructing long-term
models for the NL coastal development.
1.3

Target

The study target is to develop knowledge and tools to support the long-term
maintenance of the NL coastal system. Long-term is here defined in “decades to
centuries”. This year we worked on guidelines for the optimal use and application of the
nourishment instrument for long-term maintenance and on development of knowledge
and tools supporting evaluation actions and updating of the guidelines on the shortterm.
1.4

Long-term work items in 2007 and the team

The following work items were carried out:
1. The model development used the following two lines of approach:
a. The setup of a large-scale box model (or reservoir model) applicable to the NL
coast. At first the model will be for presentation purposes, to be made later into
a simulation model.
b. The setup of a morfodynamic model for the Holland Coast constructing a coarse
gridded model while using Delft3D. At first the research will be aimed at
reproducing the yearly large-scale sediment transport as defined in Kustnota 2.
These parts of the work required much more input than planned.
2. Further verification of hypotheses if possible by a.o. evaluating the effects of
mega-nourishments using the developed process models. This part of the work was
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shifted to Kustlijnzorg 2008, as the model work needs extensions before being able
to pick up these issues.
3. Continued thorough sand budget analysis of the outer Delta area in Zeeland. The
analysis made in 2006 was continued and expanded. If possible this leads to an
accurate as possible bandwidth analysis which also reflects on the import and
export of sediment. The end results was mirrored to the prevailing and likely
transport capacity of the various erosional and sedimentary processes to determine
whether the observed sediment fluxes are feasible and/or realistic.
4. Morphological analysis of the Westerschelde en Oosterschelde inlet areas
applying the knowledge existing within the project alliance.
The LT team consisted of:
Dr. Bert van der Valk
Ir. Ben de Sonneville
Ir. Pieter Koen Tonnon
Dr. Mark van Koningsveld
Dr. Zheng Bing Wang

data analysis, reporting
data analysis and modeling
data analysis and modeling
data analyse en synthese
model development and quality assurance

The knowledge alliance input of the following persons not available within Deltares was
applied:
Ian Townend
HR Wallingford
John de Ronde
Until 31 Dec 2007: RIKZ, from 1 Jan 2008: Deltares
Ad van der Spek
Until 31 Dec 2007: TNO, from 1 Jan 2008: Deltares
Jelmer Cleveringa
Alkyon
1.5

Overall products and dissemination of knowledge

The study is reported in English to encourage the dissemination of knowledge. Two
reports are produced, one for the short-term development and one for the longer term
development. This project will use the instrument of knowledge alliance for expert
advice and review to utilize the best resources, inside and outside NL. Further
dissemination will likely take place in another project VOP II Coordination and
Integrated Development.
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2

Long-term model development – the “box” model

2.1

Introduction

For the purpose of long-term modeling the Dutch coast two different models were
developed, as these do not exist yet under VOP Kustlijnzorg.
The first model is a “box” model for northern North Holland (reported in this chapter)
and the western Wadden Sea while the second is a model based on the Delft3D
modeling suite (reported in the next chapter).

2.2

The “box” model

The coastal management policy in The Netherlands aims at:
Maintaining dunes of sufficient strength to withstand design storm conditions;
Maintaining the coastline at a position not landward of the 1990 reference;
Maintaining sufficient sediment volume in the coastal foundation.
All these issues are related to sediment volume. An important support for the
implementation of the policy is a sediment budget analysis based on the recent
bathymetric data. Sediment budget analyses based on the historical data are also an
important tool for gaining insight into the behaviour of the Dutch coastal system.
This chapter provides a concept box model, as a tool to gain insight into the large scale
coastal system behaviour, based on a sediment budget analysis. First the basic model
concept will be described. Then the model implementation will be discussed. Finally, a
few applications of the model are discussed.

2.3

Box model concept

2.3.1 Model concept
In this model concept, the coastal system is schematized into a series of morphological
elements. A morphological element can be e.g. a tidal basin, a section of the coast, or
on a smaller scale the inter-tidal flat in a tidal basin. It can also be simply an area
defined by a polygon.
From the historical bathymetric data the development of the sediment volume in each
element can be determined. The change of the sediment volume in an element is due
to sediment exchange with the adjacent elements or with the outside world. The idea of
the box model is to derive the sediment transports between the elements mutually and
between the elements and the outside world. It is noted that transport is determined (as
averaged value) for a certain time interval. The available data are thus the volume
changes in all elements for the time interval, and the unknowns are the (averaged
residual) transports for the same time interval.

For each element the mass-balance of sediment can be set up yielding an equation for
the model:
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Vi

(2.1)

j

Herein
j
i
Tji
Ii
DVi

=
=
=
=
=

element number
element number
transport from element j to element i.
interference (dumping) in element i.
(sediment) volume change in element i

In this formulation the outside world is also considered as an (special) element.
In general only these mass-balance equations will not be sufficient to solve all the
transports. Additional conditions are thus required.

2.3.2 Required conditions
It is important to prescribe an appropriate set of boundary conditions. Otherwise the
model can be mathematically undetermined (infinite number of solutions) or ill-posed
(no solution possible).
The mathematical problem involved is actually determining a vector (transport) field
from its known divergence (volume changes). It is then important to realize that the
mass-balance equations for the elements do not provide any information concerning the
divergence-free part of the transport field. Therefore the prescribed (boundary)
conditions must provide sufficient information such that the divergence-free part of the
transport field is determined. This can be explained with the following examples:

T1

T2

DV1

Figure 2.1

A simple example

Consider first the simple example shown in Figure 2.1. The mass balance equation in
this case yields:

T1 T2

V1

(2.2)

The volume change on right hand side of this equation is the divergence of the
transport field. A divergence-free transport field in this case satisfies the following
equation:

T1 T2

0

(2.3)

It is obvious that Eq.(1.2) alone is not sufficient to determine the two transports T1 and
T2. Any solution of Eq.(1.3) can be added to a solution of Eq.(1.2) to form a new
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solution of Eq.(1.2). There is thus infinite number of solutions, unless an additional
condition is given which determines the divergence-free part of the transport field.

DV1

T12

T13

T23

DV2

Figure 2.2

DV3

Circulation within a three-elements system

A more complex case is shown in Figure 2.2. For this case three mass-balance
equations are available for the three unknown transports:

T12 T13

V1

T12 T23

V2

T13 T23

V3

(2.4)

Or

1

0

1

1 T12

1

0

1

V1

0

T23

V2

1

T13

V3

(2.5)

Although there are three equations for three unknowns it can be obviously observed
from Figure 2.2 that the problem is not determined in the sense that there is a unique
solution, as a circulation within the system is possible. Mathematically this can be
proven as

1

0

det 1

1

0

1

1
0

0

(2.6)

1

The system of equations (1.4) has infinite number of solutions, i.e. undetermined if

V1

V2

V3

0

(2.7)

Otherwise no solution is possible, i.e. ill-posed. The divergence-free transport field in
this case is characterized by:
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T13

(2.8)

describing a closed circulation within the three elements. In this case the unique
solution can only be found if an extra condition for determining the convergence-free
part of the transport is given and that Eq. (7) is satisfied.
In general the set of boundary conditions needs thus to satisfy the following conditions:

1

The number of conditions is equal to the total number of transports minus the
number of elements.

2

Undetermined divergence-free part of the transport field is excluded.

Practically the second rule can be interpreted as that there are no circulations in the
remaining unknown transports, i.e. no closed cycle possible within the unknown
transport links. By giving the outside world a number (e.g. 0), the ongoing transport then
also becomes a circulation.

2.3.3 Model implementation
The next step is implementation of this basic model concept. For this research the
model is programmed in Matlab. Figure 2.3 shows a screenshot of the first version of
the Box model.

Figure 2.3
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User specified polygons define the morphological elements. Fluxes are specified by
drawing lines between polygons (elements). When a correct amount of (boundary)
conditions is specified the model solves the corresponding system of equations, and
thus computes the direction and magnitude of the transports for each time step.

2.4

Model application: Wadden Sea

2.4.1 Area description
For this study, the box model was applied for the Dutch Wadden Sea. The Wadden Sea
consists of a large tidal basin, separated from the North Sea by a string of barrier
islands. The current lay-out was formed around 1930, when a closure dam was built
cutting off the IJssel lake from the Wadden Sea.
Currently, tidal inlets between the islands allow the basin to be filled and emptied by the
tide twice a day. There are five inlets that form connections between the ebb-tidal delta
and the inner basin. The subdivision of the area into zones (or boxes) is based on the
natural tidal inlet system. For each inlet two boxes are defined, one for the ebb-tidal
delta and one for each connecting basin. The basin boxes are separated by the area
where tidal currents meet (“wantij”).The layout of the boxes is shown in Figure 2.4.

North Sea
Ameland
ebbtidal delta
Vlie ebbtidal
delta

Eierland
ebbtidal delta

Ameland basin

Friesche Zeegat
ebbtidal delta

Friesche Zeegat
basin

Vlie basin
Eld basin

Marsdiep basin
Marsdiep
ebbtidal delta

IJssel lake

Figure 2.4
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2.4.2 Volume developments
The second step of the model application is determining the volume development of the
individual boxes. These form the known parameter of the mass-balance equations (see
2.2.2). Coastal analysis toolbox UCIT was used to compute the volume development.
The Wadden Sea area was measured quite regularly on a 20x20m grid since 1926 (socalled “Vaklodingen” measurements). The development of the boxes was computed by
subtracting depth data for years with sufficient coverage and multiplying them by their
grid cell area. The year with best coverage was used as reference year.
The volume changes form the basis of the transport computation. Using the actual
measured data points may, however, induce unrealistic fluctuations and transports in
the model. Fitting procedures, by finding linear or polynomial functions that fit the data
in a least squares sense, may even out these data fluctuations. Two fitting alternatives
are therefore also considered in this analysis. The first is a linear fit, shown as the red
dotted line in Figure 2.5, 2.6. The second is a third order polynomial, shown as the
black line in Figure 2.5, 2.6.

Figure 2.5
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Volume developments and their fittings (2)

2.4.3 Scenarios
After having defined the boxes and their volume developments, the next step is to
define connections between the boxes and to prescribe boundary conditions. A
connection implies that transport can occur from one box to another. This transport can
be imposed (the connection then becomes a boundary condition) or left undetermined.
The number of boundary conditions has to be equal to the number of connections
minus the number of boxes. If this is the case, and circulation is not possible (see 2.2.2)
a unique solution can be computed for each timestep of the transports.
For the set-up of the box model for the Wadden Sea several combinations of
connections and boundary conditions are possible. These combinations are identified
as scenarios. For this study, a few scenarios are considered, based on hypotheses
from literature with respect to the Wadden Sea.
Scenario 1: no interconnections between tidal basins.
The first scenario is based on the hypothesis that each basin-delta combination forms
an independent subsystem. No transport takes place between basins. Therefore, no
connections are drawn between the boxes. On the outside, the ebb-tidal delta boxes
are connected, enabling longshore transport along the coast. Over the offshore
boundary (NAP -20m), no transport is assumed to take place. In this scenario only one
boundary condition is needed, for which the longshore transport from the Holland coast
is chosen. The flux is estimated at 0,5 106 Mm 3/year. Figure 2.7 shows the connections
and boundary conditions of this first scenario.
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0,5 106
m3/year

Figure 2.7

Connections and boundary conditions of scenario 1

Scenario 2: interconnection between Marsdiep and Vlie basin
Scenario 2 has an interconnection between Marsdiep and Vlie. This is based on an
assumption of Elias (2006), who hypothesized that these two basins are coupled and
form a sand-sharing system. His main reason is the following: the Marsdiep ebb-tidal
delta erodes after 1970, while the basin volume stays constant. The Vlie basin volume
however increases with more or less the same amount, while the Vlie ebb-tidal delta
does not erode. The explanation of Elias (2006) is that the sand that eroded from the
Marsdiep ebb-tidal delta and was not found in the Marsdiep basin was transferred to the
Vlie basin.
Therefore, for the second scenario a connection is drawn between the two basins. This
also implies that a new boundary condition is needed. The boundary condition is also
based on the hypothesis of Elias (2006), viz: the transport from Marsdiep basin to Vlie
basin depends on the difference between the volume development of the Marsdiep
delta and basin. If the amount that erodes from Marsdiep ebb-tidal delta is larger than
the amount ‘found’ in the Marsdiep basin, it is transported to the Vlie basin. This is
shown in Figure 2.8.
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Flux=dV1-dV2

dV1

dV2

0,5 106
m3/year

Figure 2.8

Connections and boundary conditions of scenario 2

Scenario 3: Sand mining included
In scenario 3 sand mining is also included. Apart from this, it is similar to scenario 2.
Between 1960-1980 a considerable amount (around 90 106 Mm 3) of sand was extracted
from the Wadden Sea. This scenario is used to study the effect of sand mining on the
transports. For this scenario, a constant amount of 1 106 Mm 3/year is taken into
account. The set up of the scenario is shown in Figure 2.9.

-

Sand mining:
1,0 106 m3/year

Flux=dV1-dV2

dV1

dV2

0,5 106
m3/year

Figure 2.9
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These scenarios are subsequently run with the box model. The time step used is one
month. The model is run in three modes, using: (1) real volume developments, (2) a
linear fit and (3) a third order polynomial fit for the volume development. The transport is
determined as averaged value for each timestep.

2.4.4 Results
This paragraph presents the box model results. It starts with a comparison between
fitting methods for the volume developments, followed by an analysis of the results, for
each scenario and the comparison with results of Elias (2006) for a specified period.

Comparison of fitting methods
Figure 2.10 shows the longshore transports around the ebb-tidal deltas of the Wadden
sea for the first scenario (no transport between basins). The title of each subplot
describes which flux is considered.

(1)

(3)

(5)

Figure 2.10

(2)

(4)

(6)

Alongshore transports of scenario 1 with different fittings

The main observation here is that for this model case large fluctations are observed
when no fitting method is applied for the volume developments. The blue line indicates
fluxes larger than 20 106 m 3/year, which, in fact, is physically unrealistic. The fluxes are
very sensitive to the different volume developments. Using fitting methods gives results
that are more in the expected order of magnitude. Therefore, in the next analysis the
transports of the various scenarios will be analysed using the two proposed fitting
methods.
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Results of scenarios with linear fitting
Table 2.3 shows the fluxes between the boxes of the ebb-tidal deltas and basins, using
a linear fitting for the volume developments. The column to the left presents the
alongshore transports, the column to the right the delta-basin fluxes.

Table 2.3

: Fluxes of different scenarios with fitting =1 (in 106 m3/y)

Alongshore fluxes
Scenario

Ebbdelta-basin fluxes

From

to

Boundary

Md_buiten

From

Scenario Md_buiten Md_binnen

1

0,5

1

2,5

2

0,5

2

3,6

3

0,5

3

3,6

Md_buiten Eld_buiten

Eld_buiten Eld_binnen

1

1,6

1

-0,3

2

0,5

2

-0,3

3

0,5

3

-0,3

Eld_buiten Vlie buiten

Vlie_buiten Vlie binnen

1

2,7

1

2,1

2

1,6

2

1,1

3

1,6

3

2,1

Vlie_buiten Ame_buiten

Ame_buiten Ame_binnen

1

2,6

1

0,4

2

2,6

2

0,4

3

1,6

3

0,4

Ame_buiten Frz_buiten

Frz_buiten Frz_binnen

1

1,9

1

1,5

2

1,9

2

1,5

3

0,9

3

1,5

Frz_buiten
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to

Boundary

Md_binnen Vlie_binnen

1

2,2

1

-

2

2,2

2

1,1

3

1,2

3

1,1
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The following conclusions are drawn:

•

The influx from the Holland coast is 0,5 106 m 3/year. This boundary condition is
equal for all three scenarios.

•

The flux of scenario 1 is considerably higher around Eierland and Vlieland than for
scenario 2 and 3. The net volume development of Marsdiep ebb-tidal delta and
basin apparently creates a surplus of sediment (1,1 106 m 3/year), which is forced
around the ebb-tidal delta in scenario 1. In scenario 2 and 3 it is transferred
through to the Vlie basin, because of the boundary condition that was prescribed.

•

From Vlieland to Friesche Zeegat the transports of scenarios 1 and 2 are equal,
because their connections are similar eastward from this point on. Scenario 3
shows a lower longshore transport. This is a result of the sand mining. Less sand
is available due to the mining, so less sand is transported alongshore (and out of
the area).

•

The outflux of sediment from the system is higher than the influx. This implies that
the Wadden Sea sediment budget is not closed. More erosion occurs than
sedimentation and in the model the remaining part is transported out of the
system at the eastern boundary. When sand mining is taken into account, this
imbalance is smaller. Thus, possibly more source and sink terms lack.

•

The transports into Marsdiep basin is relatively large (3,6 106 m 3/year), compared
to the other basins (around 2,0 106 m 3/year). Especially for scenario 2 and 3,
because of the sediment transfer to Vlie basin. For scenario 1 the influx is
relatively less, because most of the sand is transported along the ebb-tidal delta’s.

•

In scenario 3 more sediment is imported to the Vlie basin than in scenario 2. The
sand mining creates an increase in sediment demand of the basin.

•

The transfer from Marsdiep to Vlie basin is 1,1 106 m3/year. This is exactly the
amount that is added to the longshore transport in scenario 1.

2.4.5

Results of scenarios with third order fitting

Figure 2.11 and 2.12 show transports for a third order fitting for the volume
developments.
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(1)

(2)

(3)

(4)

(5)

(6)

Alongshore transports for different scenarios with fitting =2
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(1)

(2)

(3)

(4)

(5)

(6)

Fluxes into basins for different scenarios with fitting =2

With this fitting the transports are curved, in most cases leading to relatively high
longshore transports. Using this fitting thus does not lead to better model results.
Apart from this, the same global behaviour is observed: in scenario 2 and 3 the surplus
of sediment is transported through the basins in stead of alongshore and sand mining
reduces the transport out of the area.
Results of scenarios with manually defined fitting per area
Table 4.2 shows a manually selected fitting for the volume developments of the
Wadden Sea. For all areas except Vlie_buiten and Md_binnen a linear trend is
selected. For Vlie_buiten the third order trend almost resembles the linear trend (see
Figures 2.5 and 2.6). Md_binnen is the exception. The third order volume development
for this area shows a steep increase from 1925-1960 followed by stabilization towards
2000 (figure 2.5 below).
Table 4.2

: Manually selected fitting per area

Area
Vlie_buiten
Md_buiten
Frz_buiten
Eld_buiten
Ame_buiten

Volume interpretation
third order
linear
linear
linear
linear

Area
Vlie_binnen
Md_binnen
Frz_binnen
Eld_binnen
Ame_binnen

Volume interpretation
linear
third order
linear
linear
linear

The results for the alongshore flux (for Scenario 3 – “transport between Marsdiep and
Vlie possible”) are shown below in black. The transports using first order (blue) and

Deltares, Alkyon

20

Long-term morphological development
of the Netherlands coast

Z4345

April 2008

third order fitting (red) are shown to compare the differences between the fitting
settings.

Figure 2.13

(1)

(2)

(3)

(4)

(5)

(6)

Alongshore transports for different fitting settings

•

Longshore results are equal for the first three subfigures, the selected fitting
settings do not affect the transports here.

•

For subfigures 2.13 (4) to (6) the flux starts negative and becomes positive: the
longshore transport is southward first and switches to northward around 1950.
This (fysically unrealistic) behaviour relates to the selected fittings. The volume of
Md_binnen increases sharply from 1925-1950. The volume decrease in
Md_buiten is not enough to supply sediment for this increase. To make up for this
deficit a negative (southward) longshore transport originates from the eastern
boundary. (This does not happen in the linear case because the volume increase
of Md_binnen is less than the erosion of Md_buiten. It happens slightly in the third
order case, but less because the initial decrease of Md_buiten is more with a third
order fitting).

Figure 2. shows the delta-basin transports for scenario 3 and the different fitting
settings.
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(1)

(2)

(3)

(4)

(5)

(6)

Fluxes into basins for different fitting settings

•

Manual fitting results in a import from Md_buiten to Md_binnen (1). This relates to
the linear volume decrease of Md_buiten.

•

For subfigure 2.14 (2) the fluxes are equal in all cases.

•

The import from Vlie_buiten to Vlie_binnen (3) is initally quite large (7 106 Mm 3/j)
because the negative (southward) longshore transport passes through Vlie on the
way to Md_binnen. The flux decreases to zero after a while, when the volume of
Md_binnen stabilizes and the transport reverses to Vlie_binnen (6) (from
Md_binnen).

•

In subfigures (4) and (5) the transports are allmost equal.

•

Subfigure (6) shows the transport from Md_binnen to Vlie_binnen. Initially the
transport is from Vlie_binnen to Md_binnen (because of the steep initial increase).
After 1960 the sediment import from Md_buiten cannot deposit in Md_binnen and
is transported on to Vlie_binnen.
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Results of comparison with Elias (2006) for the period of 1986-1997
Elias (2006-II) presents a sediment budget with several transports for the Western
Wadden area during 1986-1997 (see Figure 2.15 and Appendix 2.1). The volume
developments are based on data analyses by RIKZ and are corrected for dredging and
dumping. The transports are based on an expert interpretation of data and modelling
results.
The next case is designed to compare the transports of the box model to those of Elias.
For this the connections and fluxes of scenario 2 are used, with a linear fitting for 19861997. No mining took place during that period. Figure 2.15 shows the volume
developments for that period and the fitted trend, for both Elias (2006) and the current
UCIT results, relative to the year 1986.

Figure 2.15

Volume development Elias (2006) – above and UCIT – below

The volume development of UCIT corresponds with those of Elias in the sense that the
same trends are observed. Differences are observed as well however, mainly in the
basin of Marsdiep and Vlie. These could be caused by (1) differences in computational
method, (2) the fact that the volumes of Elias are corrected for dredging and dumping
and (3) that Elias used 1987 as reference year for Vlie basin.
The red lines in the bottom row of figure 2.15 are first order trend lines fitted through the
data for the period of 1986 to 1997. These are used as the volume developments of the
box model. The figure shows that the spreading of data around the trend lines is often
quite large, while the number of available data points is limited.
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Figure 2.16 and 2.17 show the sediment budget and transports for both Elias (2006)
and the box model.

*

Figure 2.16

Sediment budget and
transports 1986-1997 (Elias,
2006) 1

Figure 2.17

Sediment budget and transports
using the Box model 1986-1997

Although the volume changes are different, the transports correspond in most cases.
Around 50-60 106 m 3 is transported into the Marsdiep and to large extent transported on
from Marsdiep basin to Vlie basin (40-50 106 m 3). In the model of Elias (Figure 2.16)
part more sediment accumulates in Marsdiep basin (+26 106 m 3), so less is transported
on to Vlie.
The alongshore transports correspond in the southern ebb-tidal delta boxes, but poorly
in the Vlie ebb-tidal basin. In Figure 2.16 the alongshore transport out of the area is 10
106 m 3, while in figure 2.17 it is 55 106 m 3 (see *) in the opposite direction. This is
physically unrealistic and caused by the steep volume increase in Vlie basin (112 106
m 3). This shows that the flux results are very sensitive to the volume changes and thus
the way the data is interpreted. The results of the box model should therefore be
interpreted with precaution.

2.5
Conclusions and Discussion
In the previous chapters the concept of a box model was presented, with an application
to the Dutch Wadden Sea. This chapter summarizes conclusions, based on these
preliminary model results. Furthermore a discussion and recommendations for the
future are provided.

1.

The balance is not closed, because the transport values are in some cases based on expert
judgenment / existing knowledge.
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Conclusions

Box model setup
A box model was presented that can contribute to the understanding of large scale
coastal behaviour. It is a very useful tool for quickly evaluating different transport
hypotheses. In a interactive way hypotheses can be tested on the distribution of the
sediment transports between different areas (boxes). It is a simple model that uses the
known volume developments plus a hypothesis on the distribution of one or some of the
transports as input. The other transports are calculated by the model. It is possible to
smooth the volume developments, which is needed because of the great fluctuations
caused by data inaccuracies. The model was preliminary applied to the Dutch Wadden
Sea.
Model results Wadden Sea
•

A surplus of sediment develops from the Marsdiep ebb-tidal delta. This surplus is
either forced around the outer delta’s or through the basin and is forced out of the
system at the eastern boundary.

•

If sand mining is taken into account this imbalance is less (less sediment is
transported out at the eastern side). This indicates that source and sink terms
exist that are not taken along (see section 2.5.2).

•

When actual data is used for the volume developments of the Wadden Sea large
fluctuations are observed leading to unrealistically large longshore transports.
Using a first order fitting for the volumes for the Wadden Sea model case
improves the results.

•

Manually determining fitting settings for given volume developments gives more
insight but does not lead to more realistic results. The mean reason in this case is
the steep increase of the volume development of Md_binnen when a third order
fitting is used. Because this volume is not available from Md_buiten a unrealistic
transport originates from the eastern boundary.

•

When comparing the box model results to results of Elias (2006), for the period
1986-1997, the volume change trends correspond, but volume developments
show differences for Marsdiep and Vlie inlet. When comparing the transports, the
flux into Marsdiep and from Marsdiep to Vlie correspond quite well (order of 5-6
106 m 3/year), but the alongshore flux in the box model is unrealistic near Ameland.

•

By using the model different hypothesis have been tested showing that two
distributions are feasible. One of them is the main hypothesis of Elias (2006),
where sediment is transported from the outer delta of the Marsdiep via the
Marsdiep basin to the Vlie basin. The other one is that sediment is transported
alongshore from the outer delta of the Marsdiep via the outer deltas of Eierland
and Vlie to the Vlie basin. Probably a combination of these two is the most
realistic.

2.5.2 Discussion
The model results show that the outcome is very sensitive to the volume developments
and thus the data interpretation. Using actual data leads to large fluctuations and
unrealistic transports, while fitting procedures over limited amounts of data points may
result in under or overestimation of trends. The uncertainty of the model results in this
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case is relatively high because of uncertainty of the (especially older) data and the
limited data frequency. The large basin volume fluctuations around 1980 e.g. lack any
logical explanation, but influence the budget (and thus model outcome) considerably.
Nevertheless, the model can be used to interpret large scale coastal system behaviour
and to test hypotheses. The hypothesis of landward distribution of former ebb-tidal delta
sediment is clearly confirmed by the fluxes into the basin at all inlets. The basins do not
seem to reach an equilibrium because the transports into the basin do not decrease in
time. Another hypothesis from previous studies is that the delta-basin systems are
independent. This hypothesis is not plausible for the Wadden Sea, because disabling
transfer between basins leads to unrealistically high longshore transports. Furthermore,
the sediment imbalance in the Wadden Sea becomes very evident, with sand mining as
one of the possible causes. Although at the moment sand mining has nearly stopped, in
the past the volumes can not be neglected. Other causes could be cross-shore
transport over the NAP -20 m boundary or soil subsidence due to gas mining. Taking all
of these terms into account properly would most likely improve the model results.
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3

Long-term model development – setup and initial
validation of a 2Dh morphodynamic model using
Delft3D

3.1

Introduction, Study Area and Objectives

3.1.1 Introduction
This report describes the setup and initial validation of a 2Dh morphodynamic model of
the Holland coast. The ultimate goal is to have a model that can predict the long-term
sediment budget of the Dutch coast including the effect and fade of (large-scale)
coastal nourishments. As a first step the focus is on the Holland coast and the sediment
exchange with the Wadden Sea.
3.1.2 Study area
The Dutch coastline consists of three areas with distinct morphologic features (Fig. 3.1).
The closed Holland coast forms the central part, extending over a length of nearly 120
km. This continued coastline of beaches and dunes is slightly curved with a main
orientation of NNE to SSW. In the south the over 4 km long breakwaters near Hoek van
Holland and the continuously dredged entrance channel to Rotterdam harbor limit the
sand bypassing from the estuary-dominated Delta coast, forming an almost closed
boundary (Van Rijn, 1995). The Delta coast consists of a series of islands separated by
estuaries. With the exception of the Western Scheldt closed or semi-closed barriers
dammed these estuaries during the last decades. In the north, Texel Inlet forms the
transition from the Holland coast to the barrier islands of the Wadden Sea.
During the last centuries the natural behavior of the Holland coast was increasingly
distorted by the construction of coastal defense structures such as groins (Hoek van
Holland - Scheveningen, Petten - Den Helder), seawalls (Petten, Scheveningen, Den
Helder) and harbor breakwaters (Hoek van Holland, Scheveningen and IJmuiden) see
Table 3.1. Presently, the behavior of the Holland coast is best described as naturally
undisturbed (no inlets) but largely influenced by man-made structures (Wijnberg, 2002).
Since 1990 the coastline is maintained primarily by beach, foreshore and dune
nourishments, which requires large efforts. Up to 2000 over 30 million (M) m3 of sand
had been nourished along the Holland coast; in total over 100 Mm 3 along the entire
coast (Roelse, 2002). Detailed descriptions of the Holland coast, its development,
behavior and governing processes, can be found in Hoozemans and van Vessem
(1990), Van Rijn (1995) and Wijnberg (1995).
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Figure 3.1 : Location map of the Dutch coastline and division in three morphologically varying areas; the
Delta Coast, the Holland Coast and the Wadden Sea Coast.
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Table 3.1: Overview most important engineering works along the Holland coast (based on Van Rijn, 1995;
Wijnberg, 1995).

Seawalls:
Helderse Seawall
Hondsbossche
and
Pettemer Seawall
Scheveningen
Groins

Location

Period

Spatial scale

km 0 - km 1.1

1721
1956
1500/1872/1954
1969
1896 - 1909

tip of North Holland
extension
6 km alongshore

km 20 - km 26
km 102

140 m alongshore, total
length 2.5 km

km 0.4 - km 31
km 98 - km
118

1838 - 1935
1776 - 1930

Harbour Moles
IJmuiden

km 55/56

Scheveningen

km 102

Hoek van Holland

km 118

1865 -1879
1962 - 1967
1900 -1908
1968 - 1970
1864 - 1874
1968 - 1972

length 1.5 km
length 2.3 (N) - 2.8 km (S)
0.25 km
0.65 km (N)- 0.5 km (S)
1.8 km
4.2 km

Discharge Sluice
Katwijk

km 86

1807
1984

increased capacity

To successfully maintain the Dutch coast it was long recognized that monitoring is of
the utmost importance. Already in 1850 annual measurements of the mean low
waterline, the mean high waterline and the dune-foot position started, and since 1964
yearly cross-shore profiles are surveyed and stored digitally in the JARKUS data-base
(Wijnberg, 1995). Analysis of this data using coastline positions and sediment-budget
studies (see summary and analysis in Van Rijn, 1995) showed a shoreline progradation
at a rate of 0.15 - 0.45 m/yr along the major part of the Holland coast (Fig. 3.1, South of
Egmond km 40 - 102). In the North, the stretch of coastline between Den Helder and
Egmond (km 0-40) is structurally retreating, at a rate of about 1.5 m/year, even though
groins protect this area since 1840. Locally, distortions in the coastline position occur as
adap-tation to human interventions (e.g. near the harbour moles of IJmuiden and Hoek
van Holland, and the sea-wall near Petten).
Although more recent studies are available, the nearshore sand volume changes shown
in the bottom panel of Figure 3.1, based on De Ruig (1989), provide a clear illustration
of the coastal development. Especially the above-average coastline retreat between
Egmond and Den Helder is noticeably visible in the decreasing cumulative transport
rates. This retreat was first related by Stive and Eysink (1989) to the sediment demand
of the Wadden Sea.
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3.1.3 Sediment transports
Sediment transports and processes along the Dutch coast are described in detail by
Stive and Eysink (1989) and Van Rijn (1995). Both studies conclude to a northward
residual transport that varies along the coast, although magnitudes differ considerably.
Figure 3.2 summarizes the results of Van Rijn.

3

Figure 3.2: Year averaged sedimentation-erosion volumes (including nourishments) in m /year for the
surf/beach zone (-8 - +3 m) and the nearshore (-8/-12 m); based on van Rijn, 1995.

It is often assumed that sediment transport rates near Hoek van Holland are (near-)zero
due to the blocking effect of the Rotterdam Harbor and the continuously dredged
entrance channel. In northward direction longshore sediment transport rates increase.
Remaining relative constant (at 100.000 – 200.000 m3/year) until the IJmuiden harbor
moles starts to take effect. Towards IJmuiden transport rates increase and locally show
reversals. North of the harbour moles (up to Egmond) transports are directed southward
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due to wave sheltering effects. Towards Den Helder the transport rates increase. The
large difference between Van Rijn and Stive and Eysink relates to different estimates of
the sediment import into the Wadden Sea (0.5 versus 0.875 Mm 3/year). Note that
recent studies (Elias, 2006), considering the entire Western Wadden Sea in stead of the
Marsdiep basin only, show that the sediment import through Marsdiep ranges between
5 to 6 Mm 3/year. However, the closed sediment budget between ebb-delta and basin
seems to indicate that the majority of the imported sediments is delivered by the ebbtidal delta and not the littoral drift. With decreasing ebb-delta volumes the sediment
import due to littoral drift might increase.

3.1.4 Objectives
The objective of this study is to increase the understanding of the morphodynamic
behavior of the Holland coast and develop tools that help support and determine longterm maintenance decisions. The main research question is: What is the potential of
'state of the art' process-based models in long-term morphodynamic research; e.g. can
we construct a process-based (Delft3D) model that reproduces the patterns of sediment
transport as described in Kustgenese (Van Rijn 1995; Stive and Eysink 1989). If
successful, this model can then be used to investigate the change in sediment transport
patterns and in sediment budgets due to large-scale nourishments.

3.1.5 Outline of this chapter
The main challenge for this study lies in the model description allowing morphodynamic
simulations over the timescale of decades to centuries. The Delft3D model system,
developed by WL | Delft Hydraulics has proven to be capable of simulating the
hydrodynamics and morphodynamics of complex sedimentary systems (Lesser et al.,
2004) and (Roelvink and Walstra, 2004). Paragraph 3.2 describes the use of the
Delft3D system and the model setup. The application of the parallel online approach to
speed up morphodynamic simulations is investigated in paragraph 3.3. Both input
reduction and advanced acceleration techniques are used to extend the model to the
long time-scales. Modeled, initial, sediment transport rates are analyzed and compared
to the Kustgenese studies (Van Rijn,1995 and Stive and Eysink, 1989) in paragraph
3.4. We conclude by summarizing the results in paragraph 3.5. Recommendations for
further research are provided at the end of the overall report.

3.2

Model, Method, Setup and Description

3.2.1 Delft3D Online Morphology
The Delft3D Online Morphology system (version 3.27.00) has been used to obtain
estimates of the water motion, sediment transports and morphodynamic change. The
main components are the coupled Delft3D-Wave and the Delft3D-Flow module (Figure
3.3), and a steering module (MORSYS) describing the sequence of alternating calls
between waves and flow. Delft3D-Flow forms the core of the model system simulating
water motion due to tidal and meteorological forcing by solving the unsteady shallowwater equations that consist of the continuity equation, the horizontal momentum
equations, and the transport equation under the shallow water and Boussinesq
assumptions. Vertical accelerations are assumed minor compared to gravitational
acceleration (shallow water assumption) reducing the vertical momentum equation to
the hydrostatic pressure relation. By specifying boundary conditions for bed (quadratic
friction law), free surface (wind stress), lateral boundaries (water level, currents,
discharges) and closed boundaries with free-slip conditions at the coasts, the
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equations can be solved on a staggered grid using an Alternating Direction Implicit
method. Model details are presented in Lesser et al., 2004 and the Delft user manual,
2006.

Figure 3.3: Schematic representation of Delft3D Online Morphology as applied in this study.

Wave effects, such as enhanced bed shear stresses and wave current forcing due to
breaking, are integrated in the flow simulation by running the 3rd generation SWAN
wave processor (Version 40.51). The SWAN-model is based on discrete spectral action
balance equations, computing the evolution of random, short-crested waves
(Holthuijsen et al., 1993; Booij et al., 1999; Ris et al., 1999). Physical processes
included are: generation of waves by wind, dissipation due to whitecapping, bottom
friction and depth-induced breaking, and, non-linear quadruplet and triad wave-wave
interactions. Wave propagation, growth and decay is solved periodically on subsets of
the flow grid. The results of the wave simulation, such as wave height, peak spectral
period, and mass fluxes are stored on the computational flow grid and included in the
flow calculations through additional driving terms near surface and bed, enhanced bed
shear stress, mass flux and increased turbulence (see e.g. Walstra et al., 2000).
3.2.2 Parallel Online Method
In this study we use the Delft3D model and the ‘Parallel Online’ approach (Roelvink,
2006) to extend model time-scales into decades. The Parallel method assumes that
different conditions can run in parallel, sharing the same bathymetry, as the time scales
related to the morphological changes are several orders of magnitude larger than the
time scales of the water motion (Latteux, 1995). For each wave condition a separate
model schematization is constructed and run in parallel on a separate processor. In
every individual run, for each computational time step, online Morphology supplements
the flow results with sediment transports (here the Van Rijn 1993 transport formulation
is used). The Delft3D implementation of this formula follows the principle description of
Van Rijn (1993) wherein a distinction is made between bed load (Sb) and suspended
load (Ss) transports. Bed load transports represent the transport of sand particles in the
wave boundary layer in close contact with the bed surface. Suspended sediment
transport is computed by the advection-diffusion solver. To describe sediment
characteristics additional formulations are included to account for: density effects of
sediment in suspension, settling velocity (Van Rijn, 1993), vertical diffusion of sediment,
suspended sediment correction vector and sediment exchange with the bed. The
elevation of the bed is dynamically updated at each computational time-step by
calculating the change in mass of the bottom sediment resulting from the transport
gradients. A morphological acceleration factor (fMOR) based on the probability of
occurrence of the selected wave condition is applied to further reduce computational
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time. This reduction is achieved by simply multiplying the erosion and deposition fluxes
by fMOR at each computational time-step. After each flow/transport timestep the
bathymetry for all runs are updated with the weighted average of the bottom change of
the individual conditions.
Complete overviews of the basics, testing and validation of the Delft3D Online
Morphology have been reported in Lesser (2000), Lesser et al. (2004). See Walstra and
Van Rijn (2003), and Van Rijn (1993; 2000; 2002) specifically for the implementation of
the transport formulations. Roelvink (2006) provides overviews of morphodynamic
evolution techniques and accuracy.

3.2.3

Model Grids, Bed and Boundary schematizations

Grids
The Holland Coastal Zone model developed for Flyland (ONL Coast and Sea Studies,
Z3029.20, Roelvink 2001) was selected as base model (Figure 3.4). The grid fulfills the
criteria of high resolution in the surf zone and an accurate representation of the
“Marsdiep”inlet enabling to solve the important coast – inlet interactions. In total, the
grid consists of roughly of 20.000 active cells, extending from the Haringvliet in the
South to Terschelling in the North and over 70 km offshore, In the nearshore grid the
cross-shore grid resolutions is approximately 50 m enlarging to 5 km offshore. The
minimum alongshore resolution is 275 m. Waves are computed on the same grid that is
extended along the seaward boundaries to minimize errors. Near Marsdiep, the grid
follows the shape of the main channel Texelstroom to accurately capture flows into the
Wadden Sea. Based on courant number and sensitivity testing a computational time
step of 2 minute was selected.

Bed schematization and transport settings
The underlying model bathymetry is based on measurements provided by the Jarkus,
Vaklodingen and Dutch Continental Shelf Data (Figure 3.5). The bottom roughness is
prescribed by a spatial varying Manning coefficient; 0.026 m -1/3/s in deep water (> 30m)
and 0.028 m -1/3/ in shallow water.
Default settings for the calculation of sediment transports and morphological change
are used (based on the Van Rijn 1993 transport formulation). These settings include a
spin-up time of the flow before sediment transport is initiated. Depending on the studied
case morphological scale factors vary between 1 and 100 to mimic morphological
change on different time scales. Bottom sediment characteristics for the morphological
computation include: the use of a single-fraction of non-cohesive sand (d50= 250 m),
no hindered settling, a sediment density of 2650 kg/m 3, a dry bed density of 1600 kg/m 3
and an initial sediment mass at the bed of 16000 kg/m 2. An important limitation in the
sediment settings is the use of a single grain diameter for sediment. In reality a
moderate spatial variation in sediment grain size and type exists; most of the sediments
in the estuary are composed of the 250 m sand, but especially in areas of strong
velocity variations (such as inlets or around structures), multiple sediment fractions
might be needed to mimic scour related sediment sorting and armoring of channels. In
addition it is known that in the deeper portions of Texelstroom erosion resistant layers
are present. A more detailed description of bed stratigraphy and spatial sediment and
grain size variation and thus of bed erodability might be necessary to realistically model
over longer time spans.
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Figure 3.4: Holland Coastal Zone model grid.
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Figure 3.5: Bed schematization Holland Coastal Zone model.

3.2.4

Boundary Conditions and Schematizations

Tides
The flow model is forced by boundary conditions derived from a larger scale model
covering the entire southern North Sea (Roelvink et al., 2001). On the seaward side, the
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main tidal constituents are imposed to generate the tidal modulation. The South
boundary is a so-called velocity boundary, the west and north boundaries are imposed
as waterlevels. At the moment two separate model schematisations are tested. Firstly,
we run the hydrodynamic simulations over a 1-month period to accurately capture the
spring-neap modulation. Secondly, we use the so-called morphodynamic tide derived
for the Flyland studies. This morphodynamic tide mimics the long term average
transports by imposing an “artificial” modulation on the boundaries.
Bed friction on the shallow foreshore of the Holland coast and into the Wadden Sea
influences the tidal propagation and amplitudes. Extensive validation of the model
hydrodynamics is presented in Roelvink et al. (2001). Differences of 2 to 5 cm between
measured and computed amplitudes and phases of the dominant M 2 constituent were
observed along the Holland coast. In the Wadden Sea differences increase. We do not
expect these differences in water level to influence the local results along the Holland
coast since net and instantaneous flow rates in Marsdiep were computed accurately
(see Table 3.2). The M4 overtide, important for sediment transport, is reproduced with
error bands of 2 cm in amplitude and 10-25 deg in phase. Comparison of tidal velocities
shows good correspondence in magnitude at the Noordwijk raai, although a 10 cm/s
difference exists in overall spring-neap variation.

Component
net flow (A0)
M2
S2
N2
M4

NIOZ 1998 – 2000
-2587
68564
17837
10579
7409

Model
-2044
69239
20696
12284
5256

Table 3.2: Measured and predicted flow rates (m3/s) in Marsdiep (Roelvink et al., 2001)
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Wind and Waves
Version 4.51 of the SWAN wave model was used to simulate the wave propagation and
transformation of waves in the computational domain. Waves are important for
sediment transport due to the generation of wave-driven currents. In addition waves
induce stirring, allow more sediment in suspension due to en enhanced bed shear
stresses and turbulence.
Waves are forced by spatially constant boundary conditions derived from statistical
analysis of the IJmuiden wave buoy “YM6” (Roelvink et al., 2001). At the lateral
boundaries the specification of uniform wave heights introduces some errors in the
nearshore area due to water-depth restrictions. By using a slightly larger-scale wave
than flow grid these disturbances are damped before the flow model is reached and
therefore do not affect the flow model results. Wave propagation, refraction dissipation
due to bottom friction (Jonswap coefficient of 0.067 m2s-3) and depth induced breaking
(Battjes and Jansen breaker criterion of 0.73) are solved half-hourly. The jetties at Hoek
van Holland, Scheveningen and IJmuiden are implemented as non-penetrable
obstacles (transmission coefficient 0), dimensions vary depending on the case.
To allow for long-term simulations it is necessary to schematize the wave-climate in a
limited number of wave classes. This morphological representation of the wave climate
(Hi) was derived by the weighted probability of occurrence (pi) of the power (2.5) waveheight (Hr) of selected wave classes, see equation 1.
n

p i H i2.5
H r2.5

i 1
n

pi
i 1

(1)
Based on the IJmuiden wave measurements, in total 12 wave classes were defined for
low (< 2m) and high waves (> 2m) in 30 degrees directional bins.
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W000
W01
W02
W03
W04
W05
W06
W07
W08
W09
W10
W11
W12

Hs (m)
0
1.3
1.2
1.2
1.2
1.2
1.1
2.7
2.9
3.1
3.1
3.1
2.8

Waves
Tp (s)
0
5.5
5.7
5.8
6.1
6.5
6.3
7.2
7.2
7.8
8.0
8.4
7.8

Dir (deg)
0
210
240
270
300
330
360
210
240
270
300
330
360

April 2008

Wind
Uw (m/s)
Dir (deg)
0
0
7.3
200
7.2
225
5.9
245
4.8
270
3.4
315
4.2
20
13.3
200
12.9
230
12.6
270
11.9
290
10.5
325
9.1
10

P (%)
20.95
9.95
11.93
7.46
7.86
12.73
12.06
3.02
4.72
2.74
2.54
3.05
1.04

Table 3.3: overview of the morphologic wind and wave conditions (Roelvink, 2001)

Rivers
Since the focus of this study is to investigate morphodynamic change and sediment
transports on the long-term scale it is not computationally feasible to model 3D.
Therefore modification of the flow circulation due to salinity effects (Rhine plume) is not
accounted for. The additional discharge volumes through the rivers are implemented by
constant values for the Haringvliet, Nieuwe Waterweg, IJmuiden, Den Oever and
Kornwerderzand.
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Overview Main model settings

Table 3.4: Summary of the main model parameter settings

Module

Parameter

Value domain

Flow

thick

2Dh

Description

t

120 s

flow time step (s)

w

1023

water density (kg/m2)

K

1

horizontal eddy viscosity

N

2.5

horizontal eddy diffusivity

m

0.028 / 0.026

Manning coefficient

Dryflc

0.1 m

threshold depth

Rouwav

FR84

stress formulation due to wave forces

WaveOL

true

Online wave computation

Module

Parameter

Value domain

Description

Wave

Dir space

circle

Directional space

10

Spectral resolution

freq min

0.05 Hz

Lowest discrete frequency

freq high

1.00 Hz

Highest discrete frequency

freq bins

24

Number of frequency bins

obstacle

dam(1), 1

Type, number obstacles; ratio reflections coefficient

dp min

0.05 m

Threshold depth

setup

false

wave-related water level setup

forcing

wave energy

computation of wave forces

dissipation rate

Deltares, Alkyon

generation mode

3-th

generation mode for physics

wave breaking

B&J model

depth-induced breaking model

alfa1

1

coefficient for wave energy dissipation in the B&J model

gamma2

0.73

breaker parameter in the B&J model

triads (LTA)

true; 0.1; 2.2

non-linear triad wave-wave interactions; alpha, beta
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bottom friction

JONSWAP; 0.067

diffraction

True; 0.2; 5;1

wind growth

true

white capping

true

quadruplets

true

ref

true

freCDD

true

CSS

0.5

accuracy

0.5

max iterations

98%

April 2008

bottom friction formulation (-); coefficient for bottom
friction
diffraction; smoothing steps; propagation; interactions
formulation for exponential wave growth
formulation for white capping
quadruplet wave-wave interactions
refraction is activated for waves propagation in spectral
space
frequency shift activated for wave propagation spectral
space
diffusion of implicit scheme in directional space
accuracy criteria iterative computation

Hs

5

Tm01

0.02

maximum number of iterations
fraction relative change w.r.t mean value Hs
fraction relative change w.r.t mean value Tm01

Module

Parameter

Value domain

Description

Mor

Morfac

12 - 100

morphological scale factor (-)

Morupd

true

Update bathymetry during flow run

Threshd

0.05

threshold sediment thickness (m)

Eqmbc

true

equilibrium sediment concentration profile at open
boundary

Densin

false

Aksfac

1

Rwave

2

Rouse

false

AlfaBS

1

set equilibrium sediment concentrations to Rouse profiles
(-)

AlfaBN

15

longitudinal bed gradient factor for bed load transport (-)

Sus

1.0

transverse bed gradient factor for bed load transport (-)

Bed

1.0

current-related reference concentration factor(-)

Susw

0.0

current-related transport vector magnitude factor (-)

Bedw

0.3

wave-related suspended sediment transport factor (-)

Sedthr

0.25

wave-related bed-load sediment transport factor (-)

ThetSD

0.0

threshold depth for sediment computations (m)

include effect of sediment on water density (-)
Van Rijn's reference height factor
estimated ripple height factor (-)
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HMaxTH

1.5

Fraction of erosion to assign to adjacent dry cells

FWFac

1

Max depth for variable THETSD.

Multi

false

Tuning parameter for wave streaming
Parallel computing enabled

Sed

Deltares, Alkyon

Sedtyp

Sand

Type of sediment

Rhosol

2650

Density sediment ()

Seddia

0.0025

d50 median grain diameter sand (m)

Cdryb

1600

Dry bed density d50 median grain diameter sand (m)

Sedthick

5.0

Initial sediment layer thickness at bed (m)
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Parallel Online computations

To investigate the possibilities and performance of a long-term process-based
morphodynamic model. The model was adopted to the parallel online approach
described in Section 3.2.2. Using the parallel online approach model simulations were
made over two full spring-neap cycles (31 days) on the Delft Hydraulics cluster. After
alterations in the scripting and trouble shooting of the wave code stable model
simulations could be made. Using 7 nodes (2 simulations per node) a runtime of 4 days
could be obtained. Morphological scale factors of 10 and 100 were used to mimic yearly
and decadal time scales. Experience from the Maasvlakte2 studies teaches that
morphological scale factors can be increased further (without loss of accuracy). With full
cluster capacity (13 nodes) this implies that runtimes of less then a week are feasible
for decadal runs. Therefore we conclude that in theory decadal to century runs of the
entire Dutch coast are a possibility.
Figure 3.6 presents the modeled sedimentation erosion pattern using the parallel online
approach, while Figure 3.7 presents the modeled sedimentation erosion pattern using a
single wave height / occurrence class. The modeled sedimentation erosion pattern
using the parallel online approach shows unrealistically low erosion around the
Rotterdam and IJmuiden breakwaters and strong erosion in the Marsdiep inlet while the
yearly-averaged sediment transports are comparable to the results of Roelvink (2001).
Furthermore, it can be seen from Figure 3.7 that the morphodynamic spin up time
needs to be increased as it shows erosion sedimentation patterns due to bathymetric
inaccuracies and mismatches with hydrodynamic and morphodynamic schematizations
used.
Conditions in the model.
Concerning the application of the parallel online approach with a large-scale long-term
model of the Dutch coast it was found that the parallel online approach using an online
determination of weighted morphological changes from each wave height / occurrence
class results into unrealistically low morphological changes. The conclusion is that at
the moment, although model results were shown to be stable, unrealistically low
morphological changes were observed in the model simulations. Further testing of the
parallel mode is needed to resolve this issue.
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Figure 3.6: Modelled sedimentation and erosion using the parallel online approach
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Figure 3.7: Modelled sedimentation and erosion pattern using a single wave height /occurrence class
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Sediment Transport computations

The aim of the model is to represent the sediment transport rates along the Holland
coast. The two components longshore and cross-shore sediment transport are hereby
treated independently. In depth-averaged mode cross-shore transports are only partly
modeled as important processes (such as undertow) are not accounted for. In addition
the resolution of the model is too coarse to represent the surfzone in detail. We
therefore focus the model validation on the representation of the residual long-shore
transport that is mainly determined by the accuracy of the wave and tide climate
schematization.
To validate the schematization of the wave climate initial sediment transport patterns
were computed. A representative morphological tide (Roelvink, 2006) was used to
simulate the transport rates (no bed level update) for each individual wave-height /
direction class. The transport rates were weighted by the probability of occurrence and
summed (see Figure 3.8). The results of the longshore component in the 0 to -12 m
zone for selected transects are given in Figure 3.9. Results are compared to the studies
of Van Rijn (1995), Stive and Eysink (1989), Roelvink (2001) and Pontos (Steetzel and
Wang, 2003); see Figure 3.10.
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Figure 3.8: Modeled year averaged sediment transports. Red lines represent the cross-sections were
longshore transport rates were computed.
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Figure 3.9: Modelled longshore sediment transport rates based on initial sediment transport computations
and scaled to yearly values.

Similar to Roelvink (2001) a relative constant northward transport is observed between
IJmuiden and Callantsoog. The gradually increasing transport rates towards Marsdiep
as predicted by Pontos, or the strong increases in transport rates as observed by Stive
and Van Rijn are not present. On (near) the ebb-tidal delta no valid -12m contour was
defined explaining the large variation between km 0 and 20. The large sediment imports
into Marsdiep (last point is a profile through Marsdiep) can be explained by inaccurate
model schematization of the bathymetry (composition). The southern embankment of
Marsdiep is formed by the non-erodible Helderse Zeewering. In addition a wide variety
of (large) sediment diameters and non-erodible layers dominates the sea floor. In the
model multiple grain diameters and non-erodible layers are not present.
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Figure 3.10: Overview of longshore sediment transport rates for various studies (from van Rest, 2001).

The longshore transport rates as presented in Figure 3.9 are compared to the studies of
Van Rijn (1995), Stive and Eysink (1989), Roelvink (2001) and Pontos (Steetzel and
Wang, 2003); see Figure 3.10. In general, the modeled transport rates show
unrealistically high residual transport rates in deep water. The sediment bypassing near
Hoek van Holland is contradictive to the assumption of Van Rijn (1995). Looking at the
surfzone in more detail (0 to -12m contour) in Figure 3.9 and 3.10 we observe values
that are of the same order of magnitude as Van Rijn’s findings. Between Hoek van
Holland and IJmuiden sediment transports increase quickly towards 100.000 to 150.000
m 3/year values. The sediment transport distribution corresponds reasonably to the
studies of Stive, Roelvink and Pontos, however the strong increase up to 500.000
m 3/year as observed in Van Rijn (1995) is not present. Locally the wave driven
contributions are reversed due to the sheltering effects of the breakwaters.

3.5
Conclusions
The Maasvlakte II studies (Roelvink 2001) have shown the potential of parallel
computing in order to obtain reasonable run times and longterm (decadal) predictions of
morphology. The present study aims to use the parallel method to obtain simulations of
the sediment transports along the Holland coast on the timescales of decades to a
century. Sensitivity testing for a hydrodynamic (double) spring-neap simulation of 1
month approximately 4 days of computational time was needed (using 7 nodes). As
was shown in the Maasvlakte 2 studies morphological scale factors over a 100 can be
used for parallel computations. This leads to the conclusion that (at least) decadal
Morphodynamic simulations of the entire Dutch coast are feasible. Decadal results
cannot yet be presented due to an inaccurate coupling of the sub-node simulations at
this time. Further testing and troubleshooting of the parallel online implementation in
Delft3D should resolve these errors.
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As we are unable at this point to run the model long-term (at scales of reasonable
morphological change), validation of the model was limited to initial sediment
transports. Analysis of the initial transport results shows that the present model, using
the Flyland morphological schematizations of waves and tides, does not present
accurate results at this stage. Especially the tidal part needs additional validation as
large residual transports are generated in deep water. The reasonable results for the
nearshore (surfzone) area indicate that the wave driven component is at least in right
order of magnitude. However with recent advances in schematization techniques
(OPTI- routine), it would be advisable to improve the wave schematization as well.
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Erosion of the Delta foreshore (south-west
Netherlands)

4.1

Introduction

April 2008

One of the more persistent and repeating problems when dealing with the Delta
foreshore (or “Voordelta”), is the lack of consensus about developments that are taking
place, in general terms of sedimentation and erosion, or rather the lack of enough
information (-analysis) to reach such a consensus. The general opinion is that the
Voordelta Area (defined here as the combined coastal areas in front of the
Westerscheldt (WS), Eastern Scheldt (OS), Grevelingen (GR) and Haringvliet (HV)
(former) tidal inlets down to a depth of – 20m) is loosing sediment volume to a
measured total of 10 (or by alternative sources 9-12) Mm 3 per year (VOP, 2006). This
process is thought to be active for already more than 20 years. The present chapter is
an attempt to deal with this issue and to reach consensus on the (perceived?) sediment
losses.
Solving at least part of the issue is important to determine how large volumes are
involved indeed, and also to provide a reference for the need for the quantification of
sediment volumes in relation to SLR, an overall important factor in sustainable coastal
development in the Netherlands in particular (Wang et al., 2007).
Before the data analysis can be made, the potential pitfalls of the data set must be
charted. There are a number of factors affecting the data records in the area over the
various time steps. Any of the factors may have supposedly led to sediment (sand and
mud) transport out of the area.
First of all during the five decades of bathymetric data collection systematic faults were
introduced of various nature and intensities, with various degrees of cover in various
places. Quite large volumes are either added or subtracted while processing the data.
For instance in the WS only, over the years an addition of 66 and a disappearance of
80 Mm 3 sediment has taken place as could be deducted from the bathymetry charts (for
the period 1974-2002; on the basis of a list of inaccuracies-Marijs & Parée, 2004).
Please note the large volumes involved when compared to the “missing volumes” of ca.
10 Mm 3 sediment!
Secondly, with regards to the discussions the share of sand vs. mud is seldom subject
of discussion. Yet we know that the composition of surface sediment over the northern
half of the Voordelta area has changed over the 40 years observation period. While the
two southern parts of the Voordelta did not experience too much of change in sediment
composition, the northern two estuaries changed from estuary /tidal inlet into coastal
bays, in which a fair share of mud was deposited from closure dates onwards especially
in abandoned tidal channels, because of the shift in general current- and wave patterns
in the area. Compaction of mud layers leads to more room for sedimentation
subsequently, and mud brought into suspension by erosion of the Voordelta front is
taken up by currents and waves to be redistributed and/or taken out of the study area.
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Thirdly, this chapter explores if presently available transport mechanisms are able to
remove/transport such large volumes of sand/sediment as observed over the period
concerned. Potential sedimentary mechanisms are identified and the nature and
transport capacity of these mechanisms are discussed and analyzed.
In terms of sedimentation and volumes of sediment transport, this chapter will
consequently consider sediment volume (which comprises sand, mud, shells etc.) and
not only sand.

4.2

The Delta foreshore area

The Delta foreshore lies in
the southern part of the
Dutch coast, west of the
Dutch Delta. It features
several tidal inlets of which a
number have been closed off
in the period 1958 to 1986
as part of the Delta Works.

Haringvliet
Grevelingen

Oosterschelde

Westerschelde

The area is bounded by the
Slufter-Maasvlakte to the
north and the harbour of
Zeebrugge towards the
south. The seaward
boundary is at the NAP -20
m depth contour and the
dunes, dikes and dams form
the landward boundary.

Figure 4.1

: The Delta foreshore areas

In this chapter the four major ebb tidal deltas are considered (Haringvliet, Grevelingen,
Oosterschelde and Westerschelde), and not the estuaries. The study area is shown in
Figure 4.1. In this approach the Haringvliet and Grevelingen are jointly analyzed,
because they have shown very similar morphological behaviour since closure of the
inlets themselves (see e.g. Louters et al., 1991).
4.3
Delta works
The Delta works, constructed from 1957-1987, had a very large effect on the
morphodynamic development of the Delta Foreshore. An overview of the time schedule
of the construction is given in Appendix 4.1 (sources: a.o. Aarninkhof and Van
Kesel,1999; Elias, 2006).
In general it can be concluded that so many measures took place, many of these being
very large measures, that it is virtually impossible to register any particular measure to
be responsible for a particular response of the natural system. It is furthermore clear
that some of the larger measures have not (yet) been fully compensated for in the
natural system.
We assume, however, that the magnitude of works has had a profound influence on
currents and waves, and thereby on the (re-)distribution of sediment. This influence is
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hard to quantify, though. In any case millions and millions of cubic meters of sediment
are involved. We need to take this into account when changes in sediment volume are
analyzed.

4.4

Development of individual areas

Methodology
This paragraph summarises the sediment budget and large scale morphological
development of the individual areas, based on currently available literature. Then, the
development is compared with results from a new, UCIT-based data analysis.

4.4.1

The (former) Haringvliet and Grevelingen deltas

Hinderplaat

Figure 4.2: Bathymetry of the former Haringvliet and Grevelingen deltas (2006)

Literature
1950-1965
During the start of the 20th century a natural accumulation of sediment takes place in
the Haringvliet (Figure 4.2) of, on average, 1 Mm 3 per year (Van der Spek, 1987). The
Hinderplaat was present before any human induced change took place. The
morphology of the area is relatively stable. Construction of the sluice complex starts by
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building an artificial island in the middle of the Haringvliet itself (1957-1968), thereby
impeding river discharge.
1965-1970
This period is full of human interference, in the Haringvliet in particular. Both the
Haringvliet and the Grevelingen are closed off by the Delta Works. Further shallowing of
mouth areas takes place; deposition in channels takes place (e.g. Louters et al., 1991).
The southern coastline of the Haringvliet accretes. In the Grevelingen area, 10.5 Mm 3
erodes from the seaward side of the delta while 7 Mm 3 accretes nearshore (Van der
Spek, 1987).
1970-present
The mouth areas are entirely closed off from sea effectively reducing tidal action while
wave action increases. The shallow foreshore erodes; the sand is transported
shoreward.
Van der Spek (1987) computes that for 1970-1974 respectively 20 and 11 Mm 3 erodes
from the seaward part of the Haringvliet and Grevelingen delta while 24 and 13 Mm 3
accretes nearshore, resulting in a slightly positive sediment balance for both sea- and
shoreward part of the delta’s. The closure further transforms the dominant east-west
oriented flow into a circulating current, redistributing sediment. The Slufter is
constructed for which a total of 20 Mm 3 sand was introduced into the Haringvliet area
adding to the natural sedimentation. Discounting this added volume, it is stated that
over the period 1970-1981, a new 63% characteristic balance situation (for a definition,
see note in Stam et al., 2002, p.19) has been reached. In 2000 the 93% balance
situation has been reached under addition of 45Mm 3 sediment in total starting from
1970.
Around 90 Mm 3 of sediment was redistributed over the Grevelingen from 1970 to 1987
(Postma et al., 1991a). Postma et al. further report an increase in sediment of 30 Mm 3
in that period. Over 7 m of fine grained material was deposited in the Brouwerhavense
Gat (Van den Berg, 1986).
Trends
Figures 4.3 and 4.4 show the volume development computed by Walburg (2005) and
our UCIT analysis.
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Figure 4.4: Trends UCIT

Figure 4.3: Trends Walburg (2005)

The amounts shown in the figures are not completely comparable, because in this study
the areas and time scales are different. The volume development shows the same
trends though. Accretion until 1980, erosion after 1980. If we add up the development of
the separate areas (left figure) from 1970 to 1980 the accretion is around 75 Mm 3,
slightly more than the accretion in Figure 4.4. The erosion from 1980-2000 is
comparable for both cases (around 50 Mm 3). The UCIT analysis thus confirms the
sediment budget changes observed by Walburg (2005).
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The Eastern Scheldt delta

Figure 4.5: Bathymetry of the Eastern Scheldt

Literature
1960-1983
After 1959 the Delta works changed the tidal characteristics of the
Oosterschelde(Figure 4.5). The closure of the Grevelingen dam and Volkerak dam
increased the ebb volume with 8%, causing the ebb-tidal delta to expand in offshore
direction. Van den Berg (1986) indicates that approximately 70 Mm 3 was transported
seaward from 1960 to 1983. The data analysis results indicated that the sediment
budget of the Oosterschelde decreased from 1960 to 1975 and increased sharply
towards 1980. The peak of 1980 is however anomalous according to Van den Berg
(1986). The errors occurred when map makers reduced the sounded depths to the
Ordnance Datum. Van den Berg thus concludes that the Oosterschelde has been losing
sediment by natural processes since 1969.
According to Postma et al. ( 1991c), the sediment volume of the Eastern Scheldt (above
NAP -10m) increased around 1.8 Mm 3/j from 1970 to 1983. This is believed to be
mostly sand, because the sedimentation zones lies in areas of relatively high wave
energy. The sand accreted at the seaward side of the Delta. The Eastern Scheldt
estuary lost 3.5 Mm 3 /j in that period. Postma et al. (1991c) furthermore conclude that
0.3 Mm 3 /j to the Grevelingen and 1.4 Mm 3 /j was transported offshore to the continental
shelf, based on a sediment budget computation.
1983-1997
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Measurements indicate that since 1987 (completion of the Oosterscheldekering) no
significant sediment transport takes place into the ebb-tidal basin.
The data analysis of Walburg (2005) also shows the sediment budget peak in 1980.
From 1980-1997 the volume development shows a volume decrease of 4 Mm 3/j.
Aarninkhof and van Kessel (1999) remark that the erosive trend after 1980 is largely
caused by the absence of sediment export from the basin. After 1980 the offshore part
of the tidal delta shows a trend of steepening; this is likely a local effect.
Trends Oosterschelde
Figures 4.6 and 4.7 show the volume development computed by Walburg (2005) and
the newly performed UCIT analysis.

Figure 4.6: Trends Walburg

Figure 4.7: Trends UCIT

The trend and computed volume changes are again comparable. Around 8 Mm 3/j
accretion from 1970 until 1980. The erosion is in both cases around 4 Mm 3/j after 1980.
This is another confirmation of the characteristic 1980 peak, based on data analysis.
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The Western Scheldt delta

Figure 4.8: Bathymetry of the Western Scheldt

Literature
The ebb tidal delta of the Western Scheldt (Figure 4.8) is characterized by one large
shoal (Vlakte van de Raan), bordered by relatively deep channels to the north and
south (Oostgat and Wielingen/Scheur). The shoal is easily recognized by its
characteristic triangular shape with a seaward inclined depth ranging from NAP -2m to 10m. The Wielingen/Scheur has gained considerable depth over the past few decades
through dredging activities to deepen the access for the Antwerp harbor.
1804-1930
Van Enckevort (1996) states that the volume of the ebb tidal delta decreased from 1804
tot 1931 with an average of 3.2 Mm 3/y. This decrease was caused by deepening of the
channels and erosion of the shoals situated above low water level. Net sedimentation in
the basin indicated net import into the basin, but the amount was insufficient to account
for all of the erosion. The remaining volume is assumed to be transported into western
and northeastern directions. Since the channel deepening continued until around 1970,
the observed erosional trend is likely persisting after 1930.
1970-1980
This period marks the start of human interference (dredging at Wielingen/Scheur). The
sand is deposited to the north (Vlakte van de Raan) and to the south
(Paardenmarkt/Appelzak) of the channel, within the ebb tidal delta. Small scale
extraction of sand takes place. The volume development of the ebb tidal delta shows a
peak around 1977 (+100 Mm 3) which erodes again towards 1980 (Nederbragt & Liek,
2004; HAECON, 2006). Accepting that this sudden peak sedimentation actually took
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place is questionable though. There is no clear reason for this change in foreshore
evolution. The measured bed level rise could be influenced by measurement errors
(Marijs & Parée, 2004 and further below in this chapter).
1981-1989
This is the period after the first large scale deepening of the Western Scheldt. From this
period the human interference increases, mainly by maintaining the depth of channels.
The volume development shows a decrease of around 7 Mm 3/j (Nederbragt & Like,
2004 and HAECON , 2006). Sand extraction is still very limited according to HAECON
(2006).
1990-2001
The decrease in volume persists and even grows during this period, with erosion
volumes of around 10 Mm 3/j. The Belgian part of the foreshore causes most of the
volume change as a matter of fact, the Dutch part only amplifies the behavior
(Nederbragt & Liek (2004).
HAECON (2006) further states that 168.8 Mm 3 of sand is eroded in the period 19702004, resulting in a yearly bed level fall of 7,8 mm.
Trends

Figure 4.9: Trends Walburg

Figure 4.10: Trends UCIT

Figures 4.9 and 4.10 show the development of the foreshore delta of the Western
Scheldt. Apart from the by now familiar sedimentation-erosion pattern, the first
remarkable difference is that the UCIT results predict significantly higher sediment loss
after 1980 (11 Mm3/j). This difference is caused by the fact that in the UCIT analysis the
Belgian part of the Delta is also considered, while Walburgs computation was based on
the Dutch part only. Nederbragt and Liek (2004) also predicted a larger loss for the
Belgian side of the delta.
A detailed analysis of WS mouth area exists using the 1970-2001 data (larger variable
systematic corrections made(“induced by man”); all volumes in Mm3; data based on
Marijs & Parée, 2004); a summary is given in Table 4.1. This table shows that there are
marked differences in the “measured too deep” vs. “measured too shallow” over the two
separate periods 1970-1980 and 1980-2001. Also note the large volumes involved in
these corrections when compared to the net sediment gain or –loss figures. These
figures show that when considering net sediment volume gains or losses, the measured
data cannot be treated as absolute. It remains to be decided how to handle these
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sediment volume changes in terms of “perceived” gain or loss or “actual” gain or loss.
When taking these considerations into account, now only a smaller part of the
“perceived” gain or loss IS “actual” gain or loss. If this line of reasoning is accepted,
this could have serious consequences for the nourishment approach for the so-called
“kustfundament” that is currently being used in the SW Delta area.
1970-1980
too deep
too shallow
net result
(too shallow)
average correction
over the year
compared to litt.:
sediment gain

Mm3
32.2
57.7
+ 25.5

Mm3
48.3
8.76
-- 39.54

+ 2,55 Mm3/yr

-- 1,88 Mm3/yr

+5

-- 8-13 Mm3/yr

Mm3/yr

1980-2001
too deep
too shallow
net result
(too deep)
average correction
over the year
compared to litt.:
sediment loss

Table 4.1: Summary of sediment volumes involved in corrections carried out while acquiring and
processing data in the Western Scheldt area. Data from Marijs & Parée (2004).

In conclusion, before 1980 net sediment surface over considerable areas was
measured either too deep (lower than real) or too shallow (higher than real) in a ~ 1:2
ratio. As the data collected by Marijs & Parée (2004) and used for this analysis are
based on larger “mismeasured” areas only, this may indicate that when also smaller
“mismeasured” areas are taken into account, this even more would give rise to “too
shallow depths” in general.
A different ratio ~ 6:1 is apparent for the period 1980-2001: during this period
proportionally much more larger depths than real were measured.
The transition is marked and is very likely due to profound changes and shifts in the
measuring, recording and processing system on board ships and the ships themselves
(e.g. Marijs & Parée, 2004). Until this report the consequences of these conclusions
have not been drawn, nor implemented. A further conclusion is then that until better
methods are available, the figures should be handled with a healthy “suspicion”. It goes
without saying that the data set as a whole is invaluable, if only for the fact that we have
nothing else to compare with. Therefore we should look into this issue, as is being done
in this chapter.

4.4.4

Overall development

Figure 4.11 and 4.12 show the development of the total foreshore delta.
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Figure 4.12: Trends UCIT

Both studies show an increase of around 200 Mm 3 from 1970 to 1980 (+20Mm 3/j). For
the period after 1980 differences are observed. These are caused by the fact that the
UCIT analysis also considers the Belgian part of the Western Scheldt foreshore delta
(see 1.4.3). The volume is alarming though: 360 Mm3 in 20 years results in 18 Mm 3 of
year by year erosion. This is quite a lot, when compared to the current yearly national
nourishment volume of 12 Mm3/j.

Conclusions
•

In the Haringvliet and Grevelingen areas wave energy started to prevail after the
closure by the Delta works. This led to circulating currents and redistribution of
sediment. Erosion took place along the seaward part of the delta foreshore, while
accretion occurred nearshore.

•

The Eastern Scheldt extended seaward due to the increase in tidal prisms by the
first Delta works around 1960. In 1986 its mouth area was constricted by a storm
surge barrier, resulting in redistribution of sediment in the area.

•

The morphology of the Western Scheldt stayed relatively stable, as the general
circulation pattern was not altered as no closure occurred.

•

All three studied areas show an increase of sediment volume until 1980 and
decrease of sediment volume after 1980. The results of UCIT confirm findings by
Walburg (2005).

•

Majority of erosion volumes are located in the Western Scheldt area. Least
erosion occurs at the Haringvliet and Grevelingen.

•

For the whole delta,18 Mm 3/y of yearly erosion is computed since 1980 (note that
we have extended the area towards the south).
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From measurement to processing to analysis: does this lead to
systematic errors ?

Paragraph 4.4 showed that the sediment budget computation with UCIT confirms the
trends observed in earlier literature; an accretive trend before 1980, followed by a
strong erosive trend after 1980. If our analysis is correct, the loss consistent over the
last two decennia, will need to have impact on coastal management strategies. The
accuracy of the trend, however, depends on the size and nature of errors that are
introduced in the process of data collecting and by computational methods, as we have
seen for the WS area in the previous paragraph. The current paragraph discusses
these errors in more detail.

4.5.1

Data collection and processing errors

The Dutch Rijksinstituut voor Kust en Zee (RIKZ) has been assigned the duty of
performing measurements of the Delta coast on a regular basis since 1960. The
measurement instruments improved considerably over the years, but the basic
procedure is still the same; the measurements are performed by ship, providing raw
depth data on a irregular grid. This raw data is then interpolated to the standard
‘Vaklodingen’ grid of 20x20m and stored in maps called ‘Kaartbladen’. Each Kaartblad
contains depth information of a certain part of the Dutch coast for a certain year. They
form the basis for all sediment budget computations of the entire coastal area.
Errors that occur in the hydrographical process are subdivided into three categories
(Marijs & Parée 2004):
Stochastical errors
These errors are completely random, positive or negative. Examples are (nonsystematic) errors in location, tide, instrument calibration and heave/surf movements of
the boat.
Systematic errors2
These errors always work out in the same direction. Examples of these errors are the
taking into account of squat (subsidence of the ship related to speed and water depth)
and underestimation of the depth at steep slopes along channel sides.
Variable systematic errors
These errors occur in one direction, can cover large areas and can be positive or
negative. Examples are human-induced errors inherent to methods used.
At the scale of individual sounding boxes (of the Vaklodingen grid), Bollebakker and
Van der Male (1993) conclude that stochastic errors are negligible, because they even
out each other. Systematic errors induce few errors in sediment budget computations,
because they are in the same direction. When subtracting different years the errors

2.

Sea level rise can (theoretically) not cause any errors, because all measurements are relative to the
fixed reference of NAP (1875) unless reference points are subsiding themselves. If measurement were
to be computed relative to an average water level, sea level rise would cause apparent erosion.
However, during the period studied in this report, NAP reference points are assumed not to have been
subsiding , or NAP levels of reference points have been adjusted for subsidence/rise (in the area
concerned either could be the case).
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have no net effect. Variable systematic errors are the most relevant. These can be
caused by human errors and are of concern over large areas.
Marijs & Parée (2004) made an inventory of variable systematic errors influencing the
sediment budget of the Western Scheldt. Their appendix 7 shows that a variety of
measuring and primary processing systems have been used over the observation
period; in fact the changes took place roughly every 5 years. A potential additional
source for inaccuracies is not mentioned in the report of Marijs and Parée: after the
hydrographical data is recorded it is interpolated/generalized onto a 20x20m grid (a
secondary processing system). This interpolation/generalization introduces errors
(positive and/or negative). These errors, however, are assumed to be minimal with the
advanced interpolation method used by RIKZ (Digipol). In fact the reduction of
summarized differences from 1975 to 2000 (their appendix 9) is substantial. The
unwontedly introduced errors even if reduced over time, still concern large volumes as
we have seen in the previous section.
Marijs and Parée (2004) concluded that squat is a systematic error that is not constant
in time and therefore needs to be accounted for. Since 2002, with the introduction of
new measurement instruments, 0.15 m of squat was taken into account. This would
translate into a sudden drop in sediment volume after 2002. However, this does not
explain the erosive trend from 1980 to 2000.
Another variable systematic error was made while converting the measurements to
reference levels. Until around 2002 tide survey stations along the Delta coast were
used for reference. A recent report however (Lekkerkerk et al., 2007) found that survey
institutions performed water level conversions with different methods, and in some
cases even inaccurate methods. The random character of the errors makes their
influence hard to determine, but Lekkerkerk et al. (2007) conclude that errors are in the
range of decimeters. Since 2002 most surveys have been performed with the more
accurate Real Time Kinematic GPS, that computes the bed level in relation to a known
fixed reference point.
Marijs & Parée (2004) gathered information on variable systematic errors by analyzing
difference maps and pinpointing unusual patterns (fluctuations, border effects).
Although the amount of these errors decreased considerably in time, in some cases
they can lead to serious over- or underestimations of depth. They could therefore be the
cause of a peak in 1980. They can, however, not be held responsible for the long-term
erosive trend after 1980.

4.5.2

Model computational errors

In this study, the software package UCIT was used for the sediment budget analysis.
First, all of the Kaartbladen were loaded into the UCIT database. Then, after having
defined the polygons that are subject of the analysis, the routines of the toolbox collect
the depth information within the polygons from the Kaartbladen for each selected year.
The sediment budget computation is performed by subtracting the depth of two
successive years and multiplying this with the area of the grid cells.
With the data available on a grid of 20x20m this is in fact a method that has proven to
produce good results for many cases. Furthermore, the fact that both UCIT and Vakgis
(used by Walburg) globally show the volume changes, indicates that minor
computational errors were made, apart from the errors caused by the assumptions
accompanying this method.
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Conclusions on potential errors and trends in sediment volume

Conclusions of the relevance of the different errors:
Stochastical data errors are irrelevant because they are assumed to even out each
other.
Systematic errors do not play a role because in volume computations the errors have
no net effect. An exceptional case is when a systematic error like squat is taken into
account from a certain period. Then from that moment a change is sediment volume is
introduced. For this case this means a sudden decrease of volume in 2002.
Variable systematic errors are most significant, often caused by human mistakes.
These errors cause fluctuations in sediment volume or border effects and occur on
different time and spatial scales. If long-term trends with many data points are
considered though, these errors are evened out.
Errors caused by interpolation are assumed to be minimal because of the use of an
advanced interpolation method by RIKZ.
The computational method, based on multiplying depth changes by grid cell area is
assumed to be correct, because the UCIT computations match those of Walburg
(2005).
Conclusions in terms of sediment budget results:
The peak (or part of it) in 1980 (or at least part of it) could be the result of variable
systematic errors (e.g. inaccurate conversion of reference levels).
The erosive trend occurring onwards from 1980 is possibly overestimated, but probably
actually taking place, because none of the errors discussed here could systematically
take place on the prevailing long-running time scales.
The significant drop in volume after 2002 is caused by accounting for the squat of the
measuring vessel.

4.6

Sand vs. mud: influence on sediment balance

The sediment composition of the Voordelta area in total is partly sand (most of it), partly
mud (a small variable percentage) and a few percent coarser than 2 mm sediment
(mostly shells in HV, GR and OS, and a mixture of shells, tertiary sandstone
concretions, flint in WS) (Table 4.2). An additional component is coarse organic material
(pieces of wood, lumps of reworked peat). Based on regional analyses and expert
system knowledge it is assumed that the sediment is mostly composed of sand up to a
generalized level of 90-95%.
Voordelta
sub-area

% sand

% mud

% coarse
materials

HV
GR
OS
WS

90
93,5
93,5
94

7
4
4
2

2
2
2
3

% coarse
organic
materials
1
0,5
0,5
1

Table 4.2: Percentage of different categories of sediment in the Voordelta area (estimates based on expert
opinions).
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In general this means that in a sediment balance 5-10 % of sediment is composed of
other materials than sand. Other transport mechanisms than current- and wave-driven
sand transport must therefore be considered as well as contributing to the changes in
total sediment volume (+ or -). These other mechanisms are: suspension transport (for
fine sand and mud, and organic materials) and aeolian deflation of beaches, the sand
being blown into the coastal dunes. On a more extensive discussion of mechanisms
see the paragraph below.

4.7

Transport mechanisms and sedimentation processes

While looking at the total area, the following mechanisms for transport of larger
volumes of sediment are available:
Tidal currents directed normal to the general coastline
Two out of four tidal inlets were closed completely over the period concerned
(Haringvliet (Hv) and Grevelingen (Gr)), one still allows passing of suspended
materials (Oosterschelde (OS)), but is closed for sand transport, and one is open to
all transport (Westerschelde (WS). Hence transport capacity remained almost
unaltered in the WS while in the OS the transport capacity changed from full to
restricted (with working docks established in the mouth of the OS from the 1970’s),
to limited to “suspended materials” in the order of ca. 1 Mm3 /yr after the placement
of the sills that are carrying the pillars of the storm surge sluices.
Wave action: more locally important
Wave action is of larger importance relative to tidal currents in the northern (closed)
estuary mouths, now actually no more than bays, of which one is fed by River Rhine
waters at the average ebb-tide, and much more if the River Rhine is at peak
discharge. In the OS and WS wave action is of lesser general importance, only in
the intertidal and shallow subtidal areas.
Longshore transport
Gain of sediment from the south. The Raan has a likely net gain in sediment
volume from the south, and from dredge spoils. The gain is likely about 1 Mm3/yr,
which is a minor volume. The overall net northward longshore transport of sand
along the coast of The Netherlands is responsible for this net sediment gain.
Loss of sediment to the north. In general loss of sediment to the north is
considered minor, as it amounts to ca. 1 Mm3/yr, on par with the sediment gain
from the south. All sediment loss occurring into this direction is generally considered
to fall into the Euro- and Maas channels excavated prepared for the access to
Maasvlakte/Europoort, which are regularly dredged. The dredged sediment and
dumped on the north side of the Hook of Holland piers (for some years it was
extracted from the system and sold for aggregate). In this way, the former and the
current item combined lead to a zero flux.

Loss of sediment to the on-land dunes
A quick computation of sand lost to the coastal dunes marking the landward
boundary of the Voordelta, shows a potential loss of 1-1,5 Mm3/yr, that can have
been on the increase since the regular beach nourishments started (from the
1970’s). However, the loss of beach sand to the dunes also on beaches where no
nourishments are taking place, must not be neglected, even if the volumes involved
are restricted.

Deltares, Alkyon

64

Long-term morphological development
of the Netherlands coast

Z4345

April 2008

Loss of sediment to deeper water (across the -20m depth contour)
This type of loss is considered quite unlikely, however it cannot be excluded. For
the WS, GR and HV there is no reason to assume sizeable transport over the -20m
contour; for the OS however, the -7,5, -10m and -15m contour lines show some
outward bound shifts, which means that some volume of sand is likely crossing the 20m boundary. The exact difficulty lies in the fact that transport cannot be proven by
measuring and monitoring techniques currently in place; the same goes for
assessing sedimentation and/or erosion on the sea floor below the -20m contour.
Sand extracted by man

Sand mining activities
have been limited in the
Delta area. Figure 4.13
shows that a cumulative
amount of 15-20 Mm 3 was
mined from 1970-2000.
Most mining took place
after 1985.
The sand mining activities
are approximately 1 Mm3/j
from 1980 to 2000. The
figures exclude the
Maasgeul and the Western
Scheldt east of VlssingenBreskens.
Figure 4.13: Dredging and dumping in the Delta area (Walburg, 2005)

Shell extracted by man
Shell mining is considered to have very little influence on total development of sediment
volumes. Shell content is replenished over time, which also diminishes potential impact
on sediment volumes.

Sand nourishments
Since the late eighties of the previous century, sand has been nourished by man to
provide relief to eroding Voordelta area coastlines to the total of ca. 29 Mm3, at the
average rate of ca. 2 Mm3 per year (Kustlijnkaart, 2006, in: van Maren, 2007).
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General conclusions

The relevance of the different errors:
Stochastically data errors are irrelevant because they are assumed to even out each
other.
Systematic errors do not play a role because in volume computations the errors have
no net effect. An exceptional case is when a systematic error like squat is taken into
account from a certain period. From that moment a change in sediment volume is
introduced. For this case this means a sudden decrease of volume in 2002.
Variable systematic errors are most significant, often caused by human mistakes.
These errors cause fluctuations in sediment volume or border effects and occur on
different time and spatial scales. If long-term trends with many data points are
considered though, these errors are evened out.
Errors caused by interpolation are assumed to be minimal because of the use of an
advanced interpolation method by RIKZ.
The computational method, based on multiplying depth changes by grid cell area is
assumed to be correct, because the UCIT computations match those of Walburg
(2005).
Sediment budget results:
The volume peak in 1980 could be the result of variable systematic errors (e.g.
inaccurate conversion of reference levels). Pre-1980 depth soundings may have
caused too shallow “shallows” because of navigational practices. This could have led to
increased sediment volumes during those days until 1980.
The 1980 peak therefore may be at least partially be artificial. Trend development
however, before and after the year of 1980 is likely to be realistic
After 2002 a significant drop in volume is caused by accounting for the squat of the
measuring vessel.
The erosive trend occurring from 1980 onwards is possibly overestimated, but probably
actually taking place, because none of the errors discussed above could systematically
take place on the prevailing long-running time scales.
Haringvliet-Grevelingen:
Erosion of foreshore, rapid accumulation of sand and mud in the inner parts of the study
area, especially of channels having become oversized.
The joint result shows a net (if only slight) positive sediment balance 1965-2000
(discounting the 1980’s peak); coupled to least erosion of the four areas
If the 1980’s peak is incorporated the area shows a rapid gain 1973-1980, and an
equally rapid loss 1980-1984.
UCIT calculates larger fluxes because increase of study area as compared to the GIS
type of analysis used by Walburg. Trends are similar, however.
Oosterscheldt:
Erosion in deepening channels before the Storm Surge Barrier (SSB), enlargement of
ebbtidal shields, reduction of intertidal area behind the SSB, shallowing of channels
behind SSB
Net gain since 1965 very slight.
Gain & loss as per overall area
1980’s peak prominent; can be explained in terms of increase of tidal prism
Westerscheldt:
Gain & loss: as per overall area
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Most of erosion occurring compared to other areas
Most un-interfered with area (except for channel deepening twice: ca. 1970, 1997)
Inside the WS: Import to export shift taking place around 1990
Jointly for all three areas:
Trends in sediment gain and loss are similar while using the two different methods (two
different areas as well). Coincidental?
Sediment transport processes:
Known transport processes cannot account for the inferred loss (VOP, 2006)
Additional processes (e.g. to deeper water, into the dunes) can account only for smaller
volumes of sediment (this report)
The role and share of mud (transport) in the system needs further study
Sediment transport, and transport processes need to be studied in close connection
with morphology (see for a workout of this issue Cleveringa, 2006, 2008).
Realistically accountable, in the form of transport mechanisms?
Sediment loss to deeper water (?) 1 or 2 Mm3/yr
Sediment gain from LST from south (+1,0 Mm3/yr)
Sediment loss from LST to north (-- 1,0 Mm3/yr)
Sand loss into the dunes (ca. 1 Mm3/yr)
Suspended sediment loss into the ES (ca. 1 Mm3/yr)
Sediment loss into the WS/Export from the WS
Compaction of newly deposited fine grained sediment (small volume 0.1 Mm3/yr).
The combination of erosion and morphology study suggests the following:
The peculiarities of the various data sets are now clear: over the period 1960-2008
many changes in data retrieval and data correction, ways of data collection and ways of
data processing over study period with each stage of the process introducing a different
correction factor. Very large volumes of sediment are involved in shifts from one place
to another; these processes work over a very large area. This means that when
determining sedimentary fluxes, extreme care must be taken to extract conclusions on
eventual loss or gain of sediment volume, as conclusions reflect on the perceived
sediment volume losses in the Delta, and hence on nourishment which is both costly
and artificial. Integration of analysis results as suggested in this study and in that of
Cleveringa (2008) show that openings may be available to address this issue. This
issue is also of importance to other areas: Marsdiep Inlet (Elias, 2006), and the
Ameland inlet.
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Appendix 4.1
Maatregelen langs de Zeeuwse en Hollandse kust (behalve zandsuppleties)
Maatregelen Oosterschelde

aanvan
g eind effect op getijvolume

riv.afvoer

bron, commentaar
%

autonome toename
Drainage- afwateringsverbetering achterland
Afdammen Veerse Meer (Veerse Gat dam,
Zandkreekdam)
Grevelingendam
Volkerakdam
Aanleg Neeltje Jans werkeiland
Drempels in O'schelde
Kering in O'schelde
Philipsdam
Oesterdam-Markizaatsmeer

1883 1983 toename
1900 1950 toename
1960
1962
1957
1972
1976
1978
?
1983

4
?

1961 afname
min 5
1964 toename
plus 5
1969 sterke toename
plus 12
1977 neutraal, stroomverlegging, concentratie stroomdraden
1977 afname
1986 afname
1987 afname
1987 afname

Maatregelen Noordelijk Deltagebied (o.a. Slee, 2006)
Afdamming Brielse Maas
Kering Hollandse Ijssel
Brielse Gat Dam
Sluisse Gat

1950
1958
1966
1964

Eurpoort Maasvlakte1 aanleg
Maasgeul aanleg
Maasgeul verdieping
Ankergebieden
Trog van Tom
Dammetje van Wiersma
Slufterdam
Haringvlietsluizen

375Mm3 incl Van Dixhoorndriehoek uit Eurogeul en
1976 Maasgeul
1969
1997
7 Mm3 onttrokken aan kustzandvolume
1997 5Mm3 ten Z van loswal Noord
1982 3.5 Mm3
1987
1970 sluizenaanleg in zuidelijk werkeiland

1964
1966
1996
1996
1981
1986
1955
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VdBerg, 1986
VdBerg, 1986
VdBerg, 1986
VdBerg, 1986
stillegging 1973-1976
Toename sinds 1872 25% ,
vdBerg, 1986, wv 9% door
Volkerak afdamming

voor De Beer
1967-1969 opspuiten dam west. MV
juni 1970-1971: MV zuiderdam

inclusief baggeren Hindergat
30 Sep 1968 sluizen in werking;
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1968 1970 bouw dam noordelijke geul

Brouwersdam

1965 1971

Maatregelen Hollandse kust (Elias, 2006)
Hoek van Holland 1.8 km havendammen
Hoek van Holland 4.2 km havendammen
Scheveningen 0.25 km
Scheveningen 0.5 km Z 0.65 km N
IJmuiden 1.5 km
IJmuiden 2.8 km Z 2.3 km N

1864
1968
1900
1968
1865
1962

Delflandse hoofden
Helderse hoofden

1838 1935
1776 1930

UItwateringssluis Katwijk
Uitwateringssluis Katwijk verlegging/uitbreiding
Scheveningen strandmuur
Hondsbossche zeewering
Hondsbossche zeewering uitbreiding
Pettermer zeewering
Helderse Zeewering
Helderse Zeewering uitbreiding

medio 1967 start wegbaggeren kofferdam
mei 1970 blokkendam gesloten;
2 Nov 1970 begin manipulatie afvoer

najaar 1966 middelplaat-kabb bank
gereed

1874
1972 1971 Van Dixhoorndriehoek 18 Mm3
1908
1970
1879
1967

1807
1984
1896 1909
1500 1872
1954
1969
1721
1956
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Morphodynamics of the Delta coast (south-west
Netherlands)

5.1
Introduction
This chapter is the executive summary of the full report, which is a separate deliverable
under the contract (Cleveringa, 2008).
The Rijkswaterstaat branch of the Ministry of Transport, Public Works and Water
Management is responsible for the maintenance of the Dutch shoreline. The coastal
zone policy aims at the long-term (tens to hundreds of years) sustainable stabilization of
the Dutch coastal zone. The understanding of the coastal dynamics has pointed to the
importance of a neutral sediment budget (with respect to the rising sea level) for a
stable coastal zone. Analysis of the sediment budget of the coastal zone of the
Netherlands presents us with the required nourishment volume for the Dutch coast. The
Dutch coastal zone is split up in three segments for the sediment budget studies: The
Delta coast, the Holland coast and the Wadden Sea coast. The current estimate of the
sediment deficit is based on sediment budget studies of the Dutch coast over the period
1976 - 2000 (Walburg, 2005) and indicates a yearly average sediment loss of 12 Mm 3.

Figure 5.1: The Delta coast segment of the Netherlands (situation 2004).
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In this report the sediment budget of the Delta coast is reanalysed. The Delta segment
of the Dutch coast stretches from the Belgian-Dutch border to the Euro-Maas navigation
channel (Figure 1). The Delta segment comprises the ebb-tidal deltas of the
Westerschelde estuary and the Oosterschelde tidal basin, the former ebb-tidal deltas of
the Grevelingen and Haringvliet, as well as the North Sea shoreface, beach and dunes
of the Slufter dredge-spoil depot and the Maasvlakte. The main research question that
is addressed in this report is: What is the sediment budget of the Delta segment and
what processes account for the sedimentation and erosion? To address these research
questions we have analysed the bathymetric data from the Delta coast segments for the
years 1964, 1968, 1972, 1976, 1980, 1984, 1989, 1992, 1998, 2001 and 2004 along
two lines:

Figure 5.2: Rates of erosion or deposition in the period from 1976/1980 to 2004 for areas of the Delta coast
segment (on a map of the sedimentation from 1964 to 2004).
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1

An estimate of the development of the sediment volumes of the (former) ebb-tidal
deltas was made (Figure 2). An important aspect of the estimate was the
determination of the sediment volumes that are introduced by data problems. This
has yielded new estimates of the sediment budget;

2

The long-term morphological changes that have persisted over the 1964 to 2004
time period were extracted from the overall morphological changes (Figure 3).

Figure 5.3: Map of the persistent erosion (blue) and sedimentation (red) in the period from 1964 to 2004
with an indication of the persistent developments (numbers explained in the text) and the areas with little
change (letters explained in the text).

5.2
The sediment budget of the Delta-coast segment
The sediment budget of the Delta-coast segment of the Netherlands has been
calculated using two methods. The first method uses the evolution of the sediment
volume of small areas, which are combined to the scale of the (former) ebb-tidal deltas.
The second method assesses the sedimentation and erosion of larger areas. This
allows for an estimate of the sediment volumes that are introduced through
inaccuracies in the data. The Flanders North Sea, the Maasvlakte and Slufter and the
shoreface of the Delta Coast have been excluded from the calculations because of
limited reliable data coverage.
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The erosion and deposition in areas where small changes occur make up a large part of
the erosion and deposition on the Delta coast. Depending on the area and the time
period the areas with erosion and deposition in range from–1 m to + 1 m can make up
to 99% of the net erosion and deposition. The large contribution of these small changes
to the total erosion and deposition of the Delta coast results from their large surface
area. Relatively small inaccuracies in the data, like a minor but systematic shift of the
bathymetry, can introduce large ‘virtual’ sediment volumes in these areas.
We estimated the sediment volume that is related to the inaccuracies in the data and
corrected the calculated sediment volume changes. The underlying assumption is that
in the areas with limited erosion or deposition (within bandwidths of +/- 1m and +/-0.5
m) morphological changes do occur in reality. We suppose that the natural trends in the
erosion or deposition is consistent over a long period (the entire period from 1964 to
2004). Flip-flop shifts from erosion to deposition in areas with small changes are
regarded as the result of data inaccuracies. Depending on the type of correction the
sediment volume that is used to correct for the data problems can exceed 80% of the
total volume of erosion and deposition for certain time periods. The result of the
corrections is that much of the spikes in the original data are smoothed out.
Furthermore the maximum value for the (total) cumulative sediment volume decreases
after the corrections have been applied. The trends in the erosion or deposition for the
periods of 1964 to 1980 and 1980 to 2004 results with and without corrections are
presented in Table 1. In Figure 2 the trends for the period from 1976/1980 to 2004 for
each (former) ebb-tidal delta are presented. The trends in the sediment budgets of the
(former) ebb-tidal deltas are best estimates based on a first assessment of the effect of
data problems. These trends should not be regarded as final, because several aspects
of the corrections are under debate.

Trend in the erosion or deposition of the Delta coast (in
Mm3/y)

1964-1980

1980-2004

Original cumulative sediment volume (no correction)

14.6

-3.6

1. Corrected - average -1.0 m to 1.0 m

9.6

-1.5

2. Corrected - average and spike removal -1.0 m to 1.0 m

8.6

-0.4

3. Corrected - average -0.5 m to 0.5 m

11.4

-2.2

4. Corrected - average and spike removal -0.5 m to 0.5 m

11.7

-2.2

Table 5.1: Trends in the development of the sediment volume on the Delta coast, for the periods of 1964 to
1980 and 1980 to 2004 for the original values and for four different corrections.

From Table 1 we advise to use for the period from 1964 to 1980 the corrected average
from –1 m to + 1m with removal of the spikes and to use for the period from 1980 to
2004 the corrected average from –0.5 m to + 0.5 m without removal of the spikes (in
bold in Table 1). Our best estimate of the development of the sediment volume of the
complete Delta coast then becomes:
From 1964 to 1980 the sediment volume has increased on average with 8.6 Mm 3 per
year.
From 1980 to 2004 the sediment volume has decreased on average with –2.2 Mm 3 per
year.
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5.3
Long-term morphological changes
The map with the persistent morphological changes in Figure 3 gives an overview of the
major long-term morphological changes on the Delta-coast segment. In addition to the
documented changes on the former ebb-tidal deltas of the Haringvliet and Grevelingen
and the construction on the northern boundary we have observed three more major
morphological changes on the Delta coast.
The clockwise rotation of the ebb-tidal delta of the Oosterschelde (7 in Figure 2).
The extension of the Oostgat tidal channel towards the north (10 in Figure 2).
The changes associated with the dredging of the navigation channel Wielingen.
The numbers and letters in Figure 3 read as follows:
1. The construction of the Maasvlakte, the capital and maintenance dredging of the
entrance channel to Rotterdam harbour and the development of the scour hole on the
shoreface of the Maasvlakte combined have altered the northern margin of the Deltacoast.
2 & 5. The shoreface erosion on the former ebb-tidal deltas Haringvliet and Grevelingen
has started from the onset of closure of tidal basins and is still continuing. The eroded
sediment is partly deposited landward of the areas of shoreface erosion and leads to
the formation of bars.
3 & 6. On the former ebb-tidal deltas of the Haringvliet and Grevelingen some tidal
channels have lost most of their tidal volume after the closure of the inlets. These
abandoned channels largely filled in with (fine) sediments.
4. Extension of the beach-plain and beach-ridge complex Kwade Hoek.
7. Reorientation of the ebb-delta shoal (northern boundary of the ebb-tidal delta of the
Oosterschelde) and the major tidal channels of the Oosterschelde. The result is a slight
clockwise rotation of the entire ebb-tidal delta, with a shift of the centre of gravity of the
ebb-tidal delta towards the north.
8. Deposition in the tidal channels of the ebb-tidal delta of the Oosterschelde.
9. The erosion of the scour holes near the entrances of the storm surge barrier.
10. The Oostgat tidal channel has gradually extended northward and the crosssectional area of the Oostgat tidal channel has gradually increased.
11. The landward migration of the sets of channels and intermittent bars is gradually
changing the morphology along the northeastern margin of the ebb tidal delta of the
Westerschelde.
12. The dredging of the navigation channel Wielingen and the disposal of dredge spoil
on dump locations at either side of the channel determine the morphology on the
southern side of the ebb tidal delta of the Westerschelde.
A. In the smooth shoreface area in between the (former) ebb-tidal deltas of the
Haringvliet and Grevelingen the morphological changes are restricted to the small zone
adjacent to the shoreline.
B. The area in between the ebb-tidal deltas of the Oosterschelde and Westerschelde
contains sub-tidal bars, tidal channels and sand dunes. The overall geometry remains
very similar in the period of 1964 to 2004 but the sediment volume of the area shows a
steady decrease since 1980.
C. The relatively stable Vlakte van de Raan on the ebb-tidal delta of the Westerschelde
is a large area without distinct morphological elements and without profound
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morphological changes. The large shifts from erosion to deposition and vice verse in
this area are considered to be the effects of inaccuracies in the data

5.4
The sediment budget of the (former) ebb-tidal deltas
The former ebb-tidal delta of the Haringvliet
The landward part of the former ebb-tidal delta of the Haringvliet is a sink for sediments.
The calculated rates of deposition for this area range between +0.4 Mm 3/y to +0.7
Mm 3/y for the different calculations and corrections. We assume that a value of 0.5 ±
0.1 Mm 3/y is a fair representation of the deposition. On the former ebb-tidal of the
Haringvliet the surplus of sediments in the two main areas of deposition: the abandoned
channel Rak van Scheelhoek (3 in Figure 3) and the beach-ridge and beach-plain
complex Kwade Hoek (4 in Figure 3) exceed the erosion on the shoreface (2 in Figure
3).
The surplus of sediments in the area agrees with the directions of sediment transport. In
the current situation sediment is likely to be transported to the former ebb-tidal delta
from the south and from the north. The sediment exchange with the Haringvliet basin is
nil since the closure of the inlet has largely blocked exchange.
Former ebb-tidal delta of the Grevelingen.
The best estimate for the rate of erosion for the former ebb-tidal delta is 0.2 Mm 3/y that
follows from the correction with a bandwidth of +/- 0.5 m. On the former ebb-tidal delta
of the Grevelingen the erosion on the shoreface (5 in Figure 3) exceeds the deposition
in the main area of sedimentation that is formed by the abandoned tidal channel
Brouwershavensche gat (6 in Figure 3). This agrees with the overall decrease in
sedimentation in the calculations of the total area.
It is likely that part of the eroded sediment from the shoreface is transported to the north
to the former ebb-tidal delta of the Haringvliet. The export of sediment to the north is
partly balanced by transport of sediment from the south. The sediment that is
transported from the south is deposited on the northern fringes of the ebb-tidal delta of
the Oosterschelde. This results in the extension of the boundary of the ebb-tidal delta of
the Oosterschelde into the realm of the former ebb-tidal delta of the Grevelingen. The
closure of the inlet has blocked sediment transport in and out of the Grevelingen basin.
Ebb-tidal delta of the Oosterschelde.
The most likely rate of erosion or deposition for the ebb-tidal delta of the Oosterschelde
ranges between–1.2 Mm 3/y to +0.4 Mm 3/y. The large number of areas of erosion and
deposition render it impossible to pinpoint any major contributors or suppliers of
sediment. Neither do the studies of the historic developments provide us with a key for
the direction of the trend of the sediment budget because periods with erosion and
periods with deposition have alternated.
The sediment transport to the north results in deposition in the Brouwershavensche Gat
tidal channel. This development is part of the large-scale reorientation of the ebb-tidal
delta of the Oosterschelde (7 in Figure 3). On the southern side the extension of the
Oostgat channel (at the boundary of the ebb-tidal delta of the Westerschelde) pushes
into the realm of the ebb-tidal delta of the Oosterschelde (10 in Figure 3). The partial
closure of the inlet and the presence of the storm-surge barrier have made the
exchange of sand with the tidal basin supposedly almost impossible.
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The area in between the ebb-tidal deltas of the Oosterschelde and Westerschelde (B in
Figure 3) seems to be a major spot for erosion. The rates of erosion vary between –1.2
Mm 3/y to –0.9 Mm 3/y. Despite the corrections the sediment loss of this area remains
large, given that large morphological elements that show persistent changes are
absent. The ‘why and how’ of this erosion remains uncertain! We cannot disregard the
possibility that the observed erosion is flawed by data inaccuracies .
Ebb-tidal delta of the Westerschelde.
The most likely rate of erosion for the ebb-tidal delta of the Westerschelde (without the
Wielingen channel) ranges between–0.2 Mm 3/y to -0.5 Mm 3/y. This figure is corrected
for the erosion on the Vlakte van de Raan that is likely introduced by data problems.
The limited rate of erosion is in agreement with the relatively small loss of sediment the
Oostgat tidal channel and its surroundings are subjected to (10 and 11 in Figure 3). The
rate of erosion for the Wielingen channel and surroundings on the ebb-tidal delta of the
Westerschelde lies between–1.6 Mm 3/y to -0.0 Mm 3/y (12 in Figure 3). The erosion
(dredging) of the navigation channel is almost balanced by the deposition (dumping).
The corrected sediments loss of 0.325 Mm 3/y for the Vlakte van de Raan may be
transported into the Wielingen channel or into the Westerschelde tidal basin. The
sediment exchange between the Vlakte van de Raan and the Wielingen channel is
unknown. The sediment transport into or out of the Westerschelde is a question of
ongoing studies and debate. The southern boundary of the Delta coast has changed
considerably in the period from 1964 to 2004. Today the deep Wielingen channel and
the adjacent shoals dominate the morphology and the sediment budget. The
combination of the dredged channel Wielingen and the harbour of Zeebrugge forms a
major obstruction for alongshore transport of sediment.
Shoreface and dunes
On the basis of the available data no estimate can be provided of the sediment
exchange with the shoreface and tidal ridges and no estimate can be presented for the
exchange with the coastal dunes.
Reference:
Cleveringa, J., 2008: Morphodynamics of the Delta coast (south-west Netherlands).
Quantative analysis and phenomology of the morphological evolution 1964-2004.
Emmeloord, Alkyon Report A1881, 61 pp., tables, figures, litt. list.
Walburg, L., 2005. Zandvolumes in het Nederlandse kustsysteem, Rapport RIKZ
2005.133w.
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Summaries and synthesis

6.1
The Box model
A box model can contribute to the understanding of large scale coastal behaviour. In
this model concept, the coastal system is schematized into a series of connected
morphological elements. The volume development of each element is derived from
historical bathymetrical data. Based on these volume developments and one or more
hypotheses for the boundary conditions the model computes the remaining (unknown)
transports between the elements and the outside world.
The model was preliminary applied to the Dutch Wadden Sea. Two hypotheses were
tested: (a) sediment transport occurs from the outer delta of Marsdiep through Marsdiep
basin to Vlie basin (Elias, 2006) and (b) sediment transport occurs alongshore from the
outer delta of Marsdiep through the outer deltas of Eierland and Vlie to Vlie basin. The
model results showed a high sensitivity to the data interpretation. Using actual data lead
to large fluctuations and unrealistic transports, while fitting procedures over limited
amounts of data points resulted in possible under or overestimation of trends.
Furthermore, a surplus of sediment originated from the volume developments,
indicating that certain source and sink terms were not yet taken into account (e.g. sand
mining). The surplus of sediment was transported through Vlie basin in the first case
and transported around the outer delta’s in the second case. In this stage a wellfounded conclusion of the morphological behaviour of the Wadden Sea cannot be
made.

6.2
The 2Dh morphodynamic model
To increase the understanding of the morphodynamic behavior of the Holland coast and
to support and determine long-term maintenance decisions, a large-scale
morphodynamic model capable of predicting the long-term sediment budget of the
Dutch coast is desirable. As a first step towards such a model, the focus in this years
work is on the feasibility and development of a 2Dh morphodynamic model for the
Holland coast and the sediment exchange with the Wadden Sea.
The main objective is to develop a model that reproduces the sediment transport
patterns as described by Stive and Eysink (1989) and van Rijn (1995), both concluding
to a northward residual transport that varies along the coast. The main challenge lies in
the description allowing long-term morphodynamic simulations over the time scale of
decades to centuries.
Input reduction and advanced acceleration techniques were used to extend the Holland
Coastal Zone (HCZ) model developed within the Flyland project (Roelvink et al., 2001)
to allow for long-term morphodynamic simulations. Using the parallel online approach
(Roelvink, 2006) it was shown that simulations over time-scales of decades to centuries
are feasible. At the moment, although model results were shown to be stable,
unrealistic low morphological changes suggests inaccuracies in the coupling of subnode simulations and results cannot yet be presented. Further testing and
troubleshooting of the parallel mode is needed to resolve this issue.
To validate the schematization of the wave climate , initial sediment patterns were
computed. A representative morphological tide (Roelvink et al,. 1998) was used to
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simulate the transport rates for each individual wave-height / direction class. The
transport rates were weighted by the probability of occurrence and summed. The
results were compared to the studies of Stive and Eysink (1989) and van Rijn (1995),
Steetzel (1999) and Roelvink (2001) and it was found that the present model using the
Flyland morphological schematizations of waves and tides does not present accurate
results at this stage. Especially the tidal schematization needs additional validation as
large residual transports are generated in deep water using the representative
morphological tide. Furthermore, the sediment bypassing near Hoek van Holland is
contradictive to the assumption of van Rijn (1995). The results for the nearshore zone
that are in the same order of magnitude as Van Rijn’s findings indicate that the wave
driven component is reasonably well schematized. However the strong increases in
transport rates towards the Marsdiep as observed by Stive and Eysink (1989) and Van
Rijn (1995) are not present. Future modeling efforts should therefore focus on validation
of sediment transports and morphological changes on longer timescales and can be
subdivided into four tasks: (1) validation of parallel online implementation in Delft3D, (2)
improve post-processing and analysis routines, (3) validation of model schematizations
and (4) calibration of validated model approach.
The validated and calibrated model can then be used for:
•

Decadal simulation of the Holland coast development;

•

Validation of the sediment transport rates and sedimentation-erosion patterns with
measurements and data-derived transports;

•

Simulations to investigate the relative effects of single mega-nourishments on the
Holland coast and sediment exchange with the Wadden Sea;

•

Simulations to investigate the relative effects of (mega) nourishment strategies on
the Holland coast and sediment exchange with the Wadden Sea.

6.3

Erosion of the Delta foreshore (SW Netherlands)

As encountered frequently while carrying out projects using bathymetric data,
persistent queries are raised dealing with the meaning and accuracy of the data, and
dealing with the interpretation of the analysis results. While carrying out the current
project, the opinion has been formed that it should be possible to limit or even end
these discussions in the near future. For the past few decades the question will be how
the real sediment loss can be determined and with which accuracy (bandwidth). A
distinction must be made between the obvious sediment loss in along the actual coast
(BKL) and the “kustfundament”: the former is measured with much more accuracy than
the latter. Automatically this translates into higher awareness of morphological change
in the BKL area, with its conditional response mechanism of beach and/or underwater
sand nourishment.
When limitations in data quality are known, and when looking at (trend) development of
volumes, two possibilities are now available:
• Limit studies to those areas where persistent trends occur (+/- maps: +1/-1). This
needs a lot of data.
• For volume computations: limit studies to those areas where elevation differences
are larger than certain boundary values. In practice the older the data the further
these boundary values are apart. Boundary values to be determined per area.
Voordelta before 1980 1.0m, after 1980 0,5 m?
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• When plenty of bathy data available use both methods.
A protocol needs to be developed to address these issues, that can hold for other
projects that encounter this issue as well.
Additionally, there is a general lack in understanding of large scale field processes. In
order to assess the sediment volumes involved, the following questions can be
formulated for a filed study:
•

What is the current sediment exchange (bed load and suspended load) between
the Voordelta and the individual estuaries?

•

What is the influence of longshore transport on the sediment budget?

•

How large and important are the exchanges of sediment a) into the dunes, b) over
the -20 depth contour, c) from/to the Belgian part of the system, and d)from/to the
Europoort Channel ?

•

What is the role and the relative share of mud deposition, erosion of older mud
deposits, and re-suspension of mud in the total sediment volume exchange on a
yearly basis and through time?

The result would be increased insight into the sedimentary (erosional) processes
prevailing in the Voordelta system, in combination with the morphological study of which
the basis has been provided by Cleveringa (2008). Increased system knowledge
(processes of erosion and sedimentation on different scales and transport processes) in
combination with data analysis and model studies will surely improve the capabilities to
“predict” morphological behavior better than what is possible at this moment.
6.4

Morphodynamics of the Delta coast (SW Netherlands)

The current programme of KLZ attempts to organize a constant dialogue between
affiliated and yet different partners that operate in the field of coastal research. The
motto is: alternative approaches deserve to be tested. Hence, Alkyon was requested to
take up the large scale study on the morphodynamics of the Delta coast including
sediment budget, from the Belgian-Dutch boundary to the Euro-Maas navigation
channel. An important aspect was the determination of the sediment volumes that are
introduced or that disappear because of data issues. Furthermore the morphological
changes that have persisted over a major part of the 1964 to 2004 time period have
been mapped.
The erosion and deposition in areas with small changes (erosion down to –1 m and
deposition up to + 1 m) constitutes a large part of the erosion and deposition on the
Delta coast. These small changes are liable to data inaccuracies that can result from
the measurements themselves or data handling. These inaccuracies can introduce
large ‘virtual’ sediment volumes, both positive and negative. We have estimated the
sediment volume involved with these data problems and we have corrected for them.
Our best estimate of the development of the sediment volume of the complete Delta
coast from 1980 to 2004 is a decrease with –2.2 Mm3 per year. The upper range for the
decrease is –0.4 Mm 3 per year and the lower range is -3.6 Mm3 per year. The decrease
for the entire area constitutes of the developments for the individual (former) ebb-tidal
delta’s. In the analysis we have not corrected for the contribution of mud to the
sedimentation.
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For agreed upon numbers on the sediment budget of the coastal zone of the
Netherlands a generally accepted protocol for the assessment of the data quality and
the corrections of data problems is required.
In addition to the documented persistent morphological changes on the former ebb-tidal
deltas of the Haringvliet and Grevelingen and the construction on the northern boundary
we have observed three more major morphological changes on the Delta coast.
•

The clockwise rotation of the ebb-tidal delta of the Oosterschelde that is
associated with a shift of the centre of gravity of the ebb-tidal delta towards the
north.

•

The extension of the Oostgat tidal channel towards the north.

•

The changes associated with the dredging of the navigation channel Wielingen
and the disposal of dredge spoil on dump locations at either side of the channel.

The changes in the sediment budget of the (former) ebb-tidal delta’s are related to the
large-scale sediment transport on the Delta coast. The closure of the Haringvliet and
Grevelingen inlets, the construction of the storm-surge barrier in the Oosterschelde
inlet, the harbour extensions at Zeebrugge and Rotterdam and the capital dredging in
the Wielingen and Euro-Maaschannels have changed these large-scale transport
patterns. The closure of the inlets has resulted in the local redistribution of sediments
on the former ebb-tidal deltas. The closure of the Grevelingen inlet and the partial
closure of the Oosterschelde inlet have likely resulted in the changes in the orientation
of the ebb-tidal delta of the Oosterschelde.

6.5
Synthesis
In Table 6.1 we have compiled the figures of sediment volume changes as compiled by
the three most recent studies in this field. It is noted that the advantage of these
collective figures is their instant impact, the disadvantage is their (gross) lack of detail.

all figures: Mm3/yr

1964-1980

1980-2004

VOP, 2006
Cleveringa, 2008
This study, 2008

?
+ 8,6
+2

- 10
- 2,2
- 18

1980-2004:
range
9-12
0,4-3,6

Table 6.1: Comparison of sediment volume changes in the Voordelta area of the most
recent studies in this field.

The comparison shows that the outcomes are far from unanimous on the volumes
computed. (note: the area computed under this study is extended when compared to
the VOP 2006 study: a large area to the south in incorporated, in which much erosion
occurs). The two higher figures used the data processing programme UCIT that was fed
with “raw” bathymetry data only. Cleveringa (2008), on the contrary, used a weighted
data set (methods explained in his report).
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A number of factors are known to contribute to these differences:
•

The very large areas that are involved;

•

Poor data cover in some years in some areas; different types of data: both create
gaps in the data set;

•

Poorer quality of data locally and/or from time to time.

It seems possible that the approach such as used by Cleveringa (2008) gives optimal
results. During the coming year of KLZ it should be attempted to reach a consensus on
the best approach formulating the “data protocol” referred to above. The most
beneficial could be to use base-corrected data in an open environment, that will still
enable to use different ways for approach. This common approach should then be
tested onto other areas of interest, e.g. the western Wadden Sea. Here, the analysis
carried out under the current LT study clearly converges: it will be extremely beneficial
for the understanding and the study of the LT coastal development if we are no longer
restricted in our analysis by having to use different data sets.
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Recommendations

7.1
The box model
Main recommendations to improve the results for the Dutch Wadden Sea box model
are to:
•

investigate the data quality,

•

determine and incorporate all relevant sink and source terms and

•

couple these with existing knowledge and modelling results.

•

apply the model to other areas.

These recommendations are detailed immediately below.
Data: more research into data quality of the Wadden Sea
Using the actual volume development produces unrealistic results, probably relating to
measurement errors. As different data collecting and processing methods have been
used during the years the data quality is not well known. Possibly more research into
data gathering processes could lead to a better insight into how to interpret the
available data. If the older data turns out to be unreliable it may be wiser to only
consider more recent volumetric data. It is advised to use the data handling protocol
that has been used for the Zeeland data, for the Wadden data as well. The digital data
used before 1983 is based on averaged squares of 250 by 250 meters. The original
maps and data show much more detail. Especially the data of 1926 play a very
important role for the Wadden Sea area and going back to the original data is strongly
advised.
Model: determine and incorporate all relevant sink and source terms
Not all of the sink and source terms have been incorporated yet. For the Wadden Sea
sand mining took place from around 1960 to 1980. In the presented model scenario the
neglect of this effect forces a large flux out of the model. Furthermore, the losses to
deep water have not been incorporated. This information could be collected or
estimated and incorporated into the model, leading to better results. Finally land
subsidence due to gas mining could play a role as well.
Application: optimize scenarios for the Wadden Sea by coupling with existing
knowledge and modelling results
A few well-known scenarios were preliminary investigated. This investigation needs to
be done more extensive in order to have a good understanding of the system. Coupling
with models (e.g. Unibest) for longshore transports would give information to evaluate
the longshore transports of the box model with. This, combined with a more extensive
implementation of expert knowledge (e.g. certain ‘known’ transports between basins or
interpretation of volume developments) will lead to better model results and a better
understanding of the coastal system, which on return will contribute to an efficient
coastal management strategy.
Apply the model to other areas, by extending the model southward
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The box model can be applied for each coastal area where a sediment budget is
available. For example the Holland coast or the Dutch delta coast. Integration of the
separate domains would lead to a large scale box model for the Dutch coast.

7.2

The 2Dh morphodynamic model

In view of the limited success so far, a number of actions will be required to make the
2Dh model successful for the purpose of establishing the fate of larger sand
nourishments.
Future modelling efforts should therefore focus on validation of sediment transports and
morphological changes on longer timescales and can be subdivided into four tasks:
Task 1: validation of parallel online implementation in Delft3D
•

validate transports by comparison of the (residual) transports of the wave height /
occurrence classes from the parallel computation with that of stand-alone
computations, both using a fixed bed (no bed updating)

•

validate the merged morphological change by comparison with the combined,
weighed morphological change of standalone computations and the morphological
change of a sequential computation.

•

Sensitivity analysis for morphological scale factor in combination with parallel
online approach, feasibility of using shifted representative tides per wave height /
occurrence class.

Task 2: improve post-processing and analysis routines
compare Fortran and Matlab routines to determine volume changes, integrated
transports and determine most accurate methods, visualization routines.
Task 3: validation of model schematizations
•

validate hydrodynamics by comparison with most accurate large-scale North Sea
models available and tidal data.

•

validate tidal schematization by comparison of hydrodynamics, transports and
morphodynamics with full neap-spring results.

•

validate wave schematization by checking the method followed by Roelvink (2001)
and comparison with full wave climate using a profile mode and representative
tide; if necessary deduct a new representative wave climate using advanced
schematization techniques (optional).

•

validate shallow to deep water long- and cross shore transports at well-known and
often modelled transects (Egmond, Noordwijk etc.) and by comparison with 1D
point model using the stand-alone TRANSPORT routines by van Rijn (1993,
2004).
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Task 4: calibration of validated model approach
•

calibrate model to (residual) long- and cross shore transport rates determined in
the “Kustgenese” studies (Van Rijn 1995; Stive and Eysink 1989).

•

The validated and calibrated model can then be used for:

•

Decadal simulation of the Holland coast development.

•

Validation of the sediment transport rates and sedimentation-erosion patterns with
measurements and data-derived transports

•

Simulations to investigate the relative effects of single mega-suppletions on the
Holland coast and sediment exchange with the Wadden Sea.

•

Simulations to investigate the relative effects of (mega) nourishment strategies on
the Holland coast and sediment exchange with the Wadden Sea.

7.3

Erosion of the Delta foreshore (SW Netherlands)

The following recommendations are given:

•

Combine the available knowledge in a “data protocol” how to handle past data
(through a workshop)

•

As much as possible focus on the sedimentation- (1960-1980) and the erosion
cycles (1980-2004) using a system approach;

•

Agree on generally likely figures of yearly rates of sedimentation and erosion,
differentiated over the various areas as distinguished in this year’s VOP KLZ
reports;

•

Couple the figures to processes known to act in the field; make an inventory of
processes poorly measured and/or not understood well enough, for future
research purposes under KLZ.

7.4

Morphodynamics of the Delta coast (SW Netherlands)

The following three recommendations have emerged:
1.
2.
2.

Ground truth the bathymetric data;
Study the fine grained contribution to the sediment fluxes;
Improve the understanding of the sediment-transport mechanisms and the sources
and sinks for sediments with their orders of magnitude.

Ad 1: Ground truthing requires a protocol for the assessment of the data quality and the
required corrections. The aspects of the data quality and correction that are under
discussion have to be addressed before a generally accepted protocol can be drafted.
In addition to the analysis of the available data (including other parts of the coast of the
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Netherlands), dedicated new and detailed soundings of “areas with little change” (A, B
and C in Figure 5.3) can be used to resolve some of the questions concerning the
quality of the data. If the interval between the measurements is reduced to 1 year
instead of the regular 3 year, results can become available within 4 years. This
information can support or reject our assumptions regarding the amount of erosion or
deposition that can be expected within such areas.
Ad 2: Mud contents of past & present sediments; transport paths, compaction history of
major fine-grained sediment sink area ‘s.
Ad 3: Model calculations of the rates of sediment transport, erosion and deposition
under varying meteorological and hydrodynamic conditions will provide insight in point
2. Such model calculations are also major contributions to our understanding of the
sediment-transport mechanisms and the sources and sinks for sediments.

7.5
Final remark
VOP Kustlijnzorg LT 2007 benefited from the input of all team members, including staff
from former RWS-RIKZ, and from input from the associated knowledge network around
KLZ, both in the Netherlands and abroad. It is expected that this cooperation be
continued.
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