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Executive summary

Sea-level rise (SLR) in the Dutch Wadden Sea area is expected to accelerate. This will have an
influence on morphological development of the Wadden Sea and as a consequence its ecological
system. A feared effect of accelerated SLR is the disappearance of the ecologically valuable
intertidal flats. To study the impact of accelerated SLR on the sediment dynamics of the Wadden
Sea, simulations were carried out with the reduced complexity model ASMITA, within the

framework of KUSTGENESE2 ( iSedi ment e x c h aadden SeeandWNorhrSeat h e
Coast, Model ling IRaGB8900&ZKS-AMB) Fookdwithin that project was

the impact on the sediment exchange trough the inlets. In this study, these ASMITA results are
further analysed, to infer the impact of SLR on the ebb-tidal delta, the channels and specifically

the intertidal flats.

The ASMITA simulations are based on four future sea-level rise scenarios. One with a stable rate
of 2 mm/year (current rate), and three scenarios with accelerated sea level rise rates, increasing
from current rate of 2 mm/year to 4, 6 and 8 mm/year. Resulting sea level rise between 2020 and
2100 is respectively 16 cm, 29 cm, 40 cm and 49 cm. These scenarios cover the range between
the RCP2.6 and RCP4.5 scenarios as presented by Vermeersen et al. (2018). Based on the
analysis of the ASMITA results, it is concluded that the import rates to the Wadden Sea basins
through the inlets show a delayed response to accelerated sea level rise. Because the import
rates do not immediately increase, the amount of sediment available for sedimentation in the
basins is not sufficient to keep up with sea level rise, which leads to losses of intertidal flats. As a
consequence, the intertidal flat losses are very sensitive to the sea level rise scenario, while the
import rates are not.

For the considered SLR scenarios and timeframe (2020 - 2100), complete drowning (i.e. loss of all
intertidal flats) will occur in none of the tidal basins in the Dutch Wadden Sea. The area loss of the
intertidal flats will be noticeable in 2100 for the highest SLR scenario (SLR80) and will be largest
in the two larger basins in the western part, with predicted losses of intertidal area of about 15% in
the Marsdiep and the Vlie inlets. In the smaller basins, Eierlandse Gat, Pinkegat and
Zoutkamperlaag, the effects of SLR acceleration on the area loss of intertidal flats are less (<5%),
according to the model results. However, the loss in averaged flat height is more noticeable in
these smaller basins, up to almost 10% in 2100 for the SLR80 scenario.

The model ASMITA does not spatially differentiate within the basins. To get an idea on where the
largest losses of intertidal area may occur, a system analysis of the Holocene tidal basin evolution
was carried out. This suggests that the effect of accelerated SLR will be most noticeable in the
area between the flood-tidal delta and the sea dikes or reclamation works along the main land
coast.
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1 Introduction

1.1 Background / problem
Sea-level rise (SLR) in the Dutch Wadden Sea area is expected to accelerate, although the exact
future development of the sea-level is uncertain (Vermeersen et al., 2018). An acceleration in SLR
rate will have an influence on morphological development of the Wadden Sea and changes in
morphology will impact its ecological functioning (Wang et al., 2018). A feared effect of
accelerated SLR is the disappearance of the ecologically valuable intertidal flats. If the SLR rate
exceeds the sedimentation rate in the basin, the amount of intertidal flat will decrease and the
Wadden Sea will become deeper. A deeper Wadden Sea will increase the sediment import and
the sedimentation rate will increase as well. If SLR stays below a critical level, a new dynamic
morphological equilibrium can be established. However, if SLR rate exceeds the critical level, on
the long term the Wadden Sea will drown and practically all intertidal flats disappear (Stive and
Wang, 2003; Van Goor et al., 2003; Lodder et al., 2019). The critical SLR rates for the various tidal
inlet systems in the Dutch Wadden Sea have been evaluated in the studies of Van Goor et al.
(2003) and Wang et al. (2018). These studies show that the critical values are dissimilar for
different inlet systems. In general, the critical values are higher for inlets with smaller back-barrier
basins. The theoretical analysis by Lodder et al. (2019) provides initial insights on the transient
development of a tidal basin when SLR rate changes. However, their analysis was based on a
single element model. Therefore, the transient developments of the various morphological
elements (ebb-tidal delta, channels and intertidal flats) in the various tidal inlet systems for future
SLR scenarios are still not sufficiently studied.

Within the framework of the Kustgenese 2 project, ASMITA simulations for four SLR scenarios
have been carried out to evaluate the future development of the sediment exchanges between the
North Sea and the Dutch Wadden Sea. One with a stable rate of 2 mm/year (current rate), and
three scenariobds with accelerated sea | evel rise
4, 6 and 8 mm/year. Resulting sea level rise between 2020 and 2100 is respectively 16 cm, 29
cm, 40 cm and 49 cm. The simulations are described in the report for Kustgenese 2 (Wang and
Lodder, 2019). This study focused on the sediment exchange through the tidal inlets, i.e. import /
export of sediment. In the models, the intertidal part (tidal flats) and the subtidal part (channels)
are schematised into two separate elements. This means that the model results also contain
information on the development of the intertidal flats in the Wadden Sea. This information is useful
to evaluate the impact of accelerated SLR on the ecological functioning of the Wadden Sea. In this
report, we therefore present a more detailed analysis of the evolution of the morphological
elements.

1.2 Objectives
The aim of the present study is to obtain insights into the developments of the tidal inlet systems in
the Dutch Wadden Sea, with special focus on the changes of the intertidal flats in the Wadden
Sea, under influence of future SLR.

The study will focus on the following research questions:

A What are the expected changes of the intertidal flats, in terms of their volumes, areas and
heights, for the various SLR scenarios?

A How will the channels in the Wadden Sea and the ebb-tidal deltas develop for the various
SLR scenarios?
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1.3 Approach and outline of the report
The present study is based on the analysis of the ASMITA model results, from the existing
simulations carried out within the framework of the Kustgenese 2 project.

The ASMITA model output contains the time evolution of the volumes of the three morphological
elements for each tidal inlet system, viz. the ebb-tidal delta, the channels and the intertidal flats in
the back-barrier basin. Chapter 2 analyses first the direct output of the ASMITA simulations, i.e.
the developments of the volumes of all morphological elements (intertidal flats, channels and ebb-
tidal delta) in a tidal inlet system, as schematised in the ASMITA models. In Chapter 3 the
development of the intertidal flats in the tidal basins are further evaluated by calculating their
changes of the horizontal area and of the averaged height measured from the moving low water
accounting SLR and changing tidal range. However, these results are basin-averaged values and
do not show changes in the distribution of tidal flats over the back-barrier basin. Therefore, the
understanding of tidal basin evolution under high rates of sea-level rise in the past is used to
sketch the situation to be expected in case the sedimentation cannot keep pace with SLR. In
Chapter 4 conclusions from the study are summarised and recommendations are given.

8 of 36 Morphological development of the tidal inlet systems in the Wadden Sea
11203724-012-BGS-0002, 3 July 2020

Deltares



2 Simulated morphological developments

2.1 The used simulations
Four scenarios of SLR will be considered in the present study, with SLR rate in 2100 equal to 2, 4,
6 and 8 mm/y respectively. For the exact method on how the accelerated sea-level rise scenarios
are constructed, reference is made to Vermeersen et al. (2018). Vermeersen presented three
scenarios, see Figure 2.1. Accordingtothesescenari 0 6s t he SLR rates in 210(
about 5, 7 and 12 mml/y. Further analysis on the variation of the SLR scenarios learned that in the
three scenarios the SLR rate increases linearly in time until a maximum is reached (end of
acceleration period). The rate of increase is higher, and the period of acceleration is longer for a
higher scenario. The acceleration ends in 2030, 2060 and 2100 respectively for the three
scenarios.

Mean of Delfzijl and Den Helder
RCP2.6 (5-95%)
——RCP4.5 (5-95%)
1L —RCP8.5 (5-95%)

©
~
&1

o
n
:

Sea-level change w.r.t. 2018 (m)
5

0 peeteomT L L L L
2020 2030 2040 2050 2060 2070 2080 2090 2100
Year

Figure 2.1 Sea-level rise scenarios presented in Vermeersen et al. (2018).

It is further noted that in the scenarios of Vermeersen et al. (2018), the acceleration of SLR started
earlier than 2020, which is different from the scenarios defined here. Based on these
considerations the four scenarios in the present study are exactly defined as follows (see Figure
2.2).

1. Continuation of the present SLR rate: R is constant and equal to 2 mm/y;

2. R=2 mmly until 2020, from 2020 to 2050 R increases linearly to 4 mm/y, and then remain
constant, R=4 mmly;

3. R=2 mml/y until 2020, from 2020 to 2060 R increases linearly to 6 mm/y, and then remain
constant, R=6 mmly;

4. R=2 mmly until 2020, from 2020 to 2070 R increases linearly to 8 mm/y, and then remain
constant, R=8 mmly.

Scenario 1 is about the same as the RCP2.6 scenario in Vermeersen et al. (2018) and scenario 4
is comparable with the RCP4.5 scenario (see Fig.2.1).
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Figure 2.2 The four sea-level rise scenarios considered in the present study. Left: change of SLR rate; right:

SLR since 2000.

Table 2.1  Input parameters of the ASMITA application models for the tidal inlets (symbols explained in
chapter 2)

Inlet | Texel | Eierland | Vlie Ameland | Pinkegat | Zoutkamp
Basic configuration: tidal range and the horizontal areas of the three elements

2a (m) 1.65 F@t)' 1.90 2.15 2.15 2.25

A (km?) 133 105 328 178 38.1 65

Ac (km?) 522 52.7 387 98.3 11.5 40

Aq (km?) 92.53 37.8 106 74.7 34 78

Parameters influencing morphological timescale

n(-) 2 2 2 2 2 2

Ce(-) 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002

We(IM/s) 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Wsc(m/s) 0.0001 0.00005 0.0001 0.00005 0.0001 0.0001

Wsq(M/s) 0.00001 | 0.00001 0.00001 0.00001 0.00001 0.00001

boa (M3/s) 1550 1500 1770 1500 1060 1060

buc (M3/s) 2450 1500 2560 1500 1290 1290

ber (Mm¥/s) 980 1000 1300 1000 840 840

Initial conditions: volumes of thélaree morphological elements in 1970

Vio (Mm?3) 515 55 162 120 29.6 69

Veo (Mm?®) 2160 106 1230 302 18.5 177

Vao (Mm3) 509.1 132 369.7 131 35 151

Parameters for defining the morphological equilibrium

Ve (Mm?3) 87.78 57.83 250 131.2 30.3 70

( (109 15 13.13 9.6 10.241 10.14 27.266

i (103 4.025 8 2.662 2.92157 6.9278 9.137

* For the Eierlandse Gat inlet the tidal range is set as function of time: it increases linearly from 1.73
m in 1970 with 3 mm per year.

In the study of Wang and Lodder (2019) the four SLR scenarios were first simulated with the
ASMITA models with the existing parameter setting (see Wang et al., 2006) before the parameter
setting for the three inlets in the Western part of the Dutch Wadden Sea were adjusted to obtain
better agreement between the model results and the insights from the recent analysis of
bathymetric data (Elias, 2019). Here we only analyse the model results after the parameter setting
adjustment. All the input parameters are given in Table 2.1.
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2.2 ASMITA model schematization

In the ASMITA models used, a tidal inlet system is schematised in three morphological elements:

(1) the intertidal flats, (2) the channels in the back-barrier basin, and (3) the ebb-tidal delta. The

used state variable for these morphological elements are defined as follows:

1 Volume of the intertidal flats V+: this is the volume of sediment between the moving Low Water
(LW) and High Water (HW). Note that sea-level rise is considered as an upwards shifting of
the tidal frame, thus LW and HW. Sea-level rise thus results in a decrease of Vs, calculated as
the horizontal area of the intertidal flats Ar multiplied by the sea-level rise.

1 Volume of the channels Vc: this is the water volume below LW in the back-barrier basin. Sea-
level rise causes an increase of V¢ equal to the horizontal area of the channels Ac multiplied
by the sea-level rise.

1 Volume of the ebb-tidal delta Vu: this is the sediment volume above the normal coastal profile.
Sea-level rise causes a decrease of V4 equal to the horizontal area of the ebb-tidal delta Aq
multiplied by the sea-level rise.

The values of these state variables are calculated at each time step of the simulations and
recorded as function of time in the model output. The simulated changes of these variables are the
results of the direct effect of sea-level rise as explained above and the effect of sedimentation /
erosion. In the following sections the model results, according to the direct model output, are
presented first. Furthermore, the tidal prism P, as used in the model for evaluating the
morphological equilibrium, is also presented. It is assumed that the tidal basins are much shorter
than the tidal wave, so that P and V: are related to each other:

P=2ap -V, 2d A A V @1)

Herein a is the tidal amplitude and Ay is the horizontal area of the back-barrier basin.

2.3 ASMITA results: development of intertidal flats

The simulated volume development of the intertidal flats of the six tidal inlet systems are depicted

in Fig.2.3. Note that the simulations started in 1970, the figure presents results after 2000 and the

differences between the SLR scenarios start in 2020. The following observations are made:

A For most of the tidal inlets limited changes of the intertidal flats volume is predicted by the
model if the present SLR rate will continue (SLR20). Only in the basin of the Texel Inlet the
change will be well noticeable. The volume of the intertidal flats will increase in the future
according to the model results, which is a response to the disturbance caused by the closure
of the Zuiderzee.

A For all the tidal inlet systems there is a clear difference in the development of the intertidal
flats between the four SLR scenarios. The differences follow the SLR scenarios (compare
with Fig.2.2). Note that this is consistent with the conclusion drawn on the development of the
differences in the sediment exchange through the inlets (Wang and Lodder, 2019): delay in
sediment transport between the morphological elements and thus in the sedimentation-
erosion means that the direct effects of SLR on the volumes of the morphological elements
are dominant in the first period after the acceleration of SLR.

A Accelerated SLR will cause losses of intertidal flats. The volume changes of the flats, for a
same SLR scenario, are different for the different tidal inlets, in absolute sense (m®) as well
as relative sense (%). For the highest SLR scenario (SLR80) the relative losses from 2020 to
2100 are about 10%, 7%, 20%, 25%, 15%, and 20% for the inlets Zoutkamperlaag, Pinkegat,
Ameland, Vlie, Eierlandse Gat and Texel respectively. The general trend is that for the larger
back-barrier basins, the effect of accelerated sea-level rise on the intertidal flats is larger. This
agrees with the conclusion form the theoretical analysis (Wang and Lodder, 2019; Lodder et
al., 2019): For the larger basins the critical SLR rate is lower, and it is the magnitude of the
dimensionless SLR rate (the ratio between the SLR rate and the critical rate) that determines
the effects of SLR.

A The general trend mentioned in the previous points does not explain all the model results. As
an example, the relative loss in the Texel Inlet is about the same as in the Ameland Inlet
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although the critical SLR rate for the Texel Inlet is much lower (Wang et al., 2018). This
deviation from the general trend is due to the difference in the initial state between the two
inlet systems. Due to the closure of the Zuiderzee, the amount of the intertidal flats in Texel
Inlet is already much lower than at morphological equilibrium. This explains also why the
intertidal flats volume stabilizes in relative short time, i.e. dynamic equilibrium for SLR40. In
this scenario the SLR rate will increase to 4 mm/year, which is still below the critical level. As
pointed out by Wang and Lodder (2019), the time process for achieving the dynamic
equilibrium (cq. drowning when the critical SLR rate is exceeded) depends on the
corresponding morphological time scale (with respect to dynamic equilibrium) as well as the
initial morphological state (see also Lodder et al., 2019).
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Figure 2.3 Simulated developments of the volumes of the intertidal flats in the back-barrier basins.

2.4 Development of tidal prism
The development of the tidal prisms of the six tidal inlet systems is presented in Figure 2.4. We
present these results before the development of the other two morphological elements in each
tidal inlet system for two reasons. Firstly, the development of the tidal prism is directly related to
that of the intertidal flats (see Eq. 2-1) as the pumping mode (water level in the basin is constant in
space and only varies with time), applicable for short basins, is assumed. Secondly, the
development of the tidal prism influences the developments of the channels and the ebb-tidal delta
via the empirical relation determining their equilibrium volumes.
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Figure 2.4 Simulated developments of the tidal prisms of the tidal inlet systems.

For five of the six inlets the development of the tidal prism shows a mirrored image of the
development of the intertidal flats. As the tidal range is kept constant during the whole simulation
period, every m® decrease in flat volume means a m® increase of the tidal prism. The only
exception is the Eierlandse Gat Inlet, in which the tidal range is set to increase linearly in time (see
Wang and Lodder, 2019). The development of the tidal prism in this inlet is a combined effect of
the increase of the tidal range and the decrease of the tidal flat volume (Eg. 2-1). Note that the
increase of the tidal range in the model is for representing the increase of the basin area in reality.

2.5 Development of channels in the basins

The development of the volumes of the channels in the basins is depicted in Figure 2.5. The

following observations are made from the model results:

A The volumes of the channels in the eastern part of the Dutch Wadden Sea (Zoutkamperlaag,
Pinkegat and Ameland Inlet) will not change much in the future if the present SLR rate
continues. In the western part the channels will decrease their volumes in Vlie and Texel Inlet.
This is the continuation of the response to the closure of the Zuiderzee. In the Eierlandse Gat
inlet the channel volume will remain increasing due to the increase of the tidal prism.

A Acceleration of SLR causes (relative) increase of the channel volumes. All three scenarios of
accelerating SLR cause increases of the channel volumes in all inlet systems except the Texel
Inlet. For the Texel Inlet the channel volume will keep decreasing until around 2040 for all
scenarios. For the SLR40 scenario this even continues until 2100. It confirms again that there
are two factors that influence the development, viz. the SLR rate and the initial state of the
system.
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Figure 2.5 Simulated developments of the volumes of the channels in the back-barrier basins.

Development of ebb-tidal deltas

The development of the volumes of the ebb-tidal deltas of the six tidal inlets is shown in Figure
2.6. The models simulate future decrease of the delta volumes for Zoutkamperlaag, Vlie and Texel
Inlet, increase for Eierlandse Gat, and practically no change for Pinkegat and Ameland Inlet, if the
present SLR rate will continue (SLR20). This behaviour is explained by the initial state, i.e. the
continuing influence of the closures of Lauwerszee (Zoutkamperlaag) and Zuiderzee (Texel Inlet
and Vlie), and the increase of tidal prism for the Eierlandse Gat. It is further noted that the relative
changes of the delta volumes (differences between the different SLR scenarios) are small (all less
than 10% of the initial volume) compared to the development of the other elements. There are two
reasons for the relative smaller effects. First, the ebb-tidal delta is nearest by the sediment source,
the surrounding coastal area (in the model schematised as outside world), so it is easier for this
morphological element to achieve dynamic equilibrium. Second, the direct effect of SLR
(decreasing the delta volume) and the indirect effect via the change in tidal prism (increasing the
equilibrium delta volume) are in opposite direction.
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Figure 2.6 Simulated developments of the volumes of the ebb-tidal deltas of the tidal inlets.
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Interpretation of model results for tidal flat
development

Introduction

For the ecological functioning of the Wadden Sea, the quantity and quality of the intertidal areas
are an important factor. The ASMITA model only describes the impact on intertidal volume.

Therefore, in this chapter both a translation of the volume losses to loss in intertidal area and flat
height is made by combining the model results with the hypsometric curves (83.2), as well as an
indication of the likely spatial differentiation of changes within each basin, based on understanding
of tidal basin evolution under high rates of sea-level rise in the past (83.3).

Interpretation based on ASMITA simulations

Method for translating volume changes to changes in area and average height
ASMITA simulates the volume changes of the morphological elements. However, for the
development of the intertidal areas in response to sea level rise, it is relevant to know how the

intertidal area and average flat height change. To link the volume changes to changes in area and

height, the

hypsometric curves from the Wadden Sea inlets are used. A hypsometric curve shows

the area proportion of land area that exists at various elevations. Based on the area and elevation
occurring between mean low water level (MLW) and mean high water level (MHW), the volume of

the intertidal flat can be calculated, and consequently the relation between volume, area and
average height (=volume/area) can be derived. Subsequently changes in volume, can also be
linked to changes in area and average flat height. This procedure is schematized in Figure 3.1.

Reference
1.00
MLW
MHW
- Flat area reference
/\/\ Volume, Heot
\mw i
Areay e
X 1 15(€ 00C
Area (km?)
After sea level rise ( '
1.00
MHW g MLW
1.00
MLW Volumeg, s THsir Flat area SLR
¥ q 3.00
Areag p

500 100 150¢ 2000

Area (km?)

Figure 3.1 lllustration method to derive the relation between tidal flat volume, area and height. The change in

volume, area and height is the difference between the values for the reference (top figure) and the situation
with sea level rise (bottom figure), left: cross-section, right: hypsometric curve of the Dutch Wadden Sea.

Per definition we have the following relations between the volume Vs, area Ar and height Hr of the
intertidal flat in a basin:
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V, = A H, (3-1)

Note that the flat height is measured from MLW, so it is in fact the averaged thickness of the
sediment between MLW and MHW. The calculated change of flat volume is due to two factors, viz.
the change of MLW and the morphological change due to sedimentation and erosion. The simulated
volume AVt change needs to be translated into changes of area HAr and height AHr. There is thus

only one relation for two unknowns.
DV, =A B, AB, A+ B (3-2)

As shown in Fig.3.1, the distribution to changes in area and height of the volume due to change in
MLW can be determined if the shape of the hypsometric curve is known. In this study, this
distribution is also applied to the volume change due to sedimentation and erosion. Sedimentation
is assumed to be equivalent as a lowering of the MLW and erosion as a rise of MLW.

The values for MLW and MHW are derived from a combination of the mean sea level (MSL) from
the AZeespiegel moni t or nRthekdimates Brahe average tidal mhge, 201 9)
see Table 2.1:

MLW = MSL i Tidal range/2; MHW = MSL + Tidal range/2  (3-3)

For the translation of volume changes to area and height changes, the last available hypsometric
curves are used, see Table 3.1.

Table 3.1 Year of used hypsometric curve per inlet.

Marsdiep Eierland Viie Ameland Pinkegat &
Zoutkamerperlaag
2009 2011 2010 2012 2012

This method for estimating the changes in area and height assumes that the shape of the
hypsometric curve does not change over time, which means that sedimentation, if any, is spread
evenly in the intertidal area. This is however not the case as the available hypsometric curves in
different years do not have exactly the same shape. To get an indication on how morphodynamic
changes may change the relation between volume, area and average height, all available historic
hypsometric curves have been included in the analysis (Nederhoff et al., 2017), to derive a band
width reflecting historical variations, see Figure 3.2.

Figure 3.2 lllustration on how changes in area related to a given changes in volume as determined by
historic hypsometric curves (grey lines) are converted to band width that reflect the range of historical
changes. Left, the calculated volume change and right the related change in area (Amelanderzeegat). Method
is illustrated for the sIr80 scenario.
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