<]
TUDelft

Delft University of Technology

Development of intertidal flats in the Dutch Wadden Sea in response to a rising sea level
Spatial differentiation and sensitivity to the rate of sea level rise

Huismans, Ymkje; van der Spek, Ad; Lodder, Quirijn; Zijlstra, Robert; Elias, Edwin ; Wang, Zheng Bing

DOI
10.1016/j.ocecoaman.2021.105969

Publication date
2022

Document Version
Final published version

Published in
Ocean and Coastal Management

Citation (APA)

Huismans, Y., van der Spek, A., Lodder, Q., Zijlstra, R., Elias, E., & Wang, Z. B. (2022). Development of
intertidal flats in the Dutch Wadden Sea in response to a rising sea level: Spatial differentiation and
sensitivity to the rate of sea level rise. Ocean and Coastal Management, 216, 1-11. Article 105969.
https://doi.org/10.1016/j.ocecoaman.2021.105969

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.ocecoaman.2021.105969
https://doi.org/10.1016/j.ocecoaman.2021.105969

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Ocean and Coastal Management 216 (2022) 105969

Contents lists available at ScienceDirect

“Coastal
Management

Ocean and Coastal Management

journal homepage: www.elsevier.com/locate/ocecoaman

ELSEVIER

t.)

Check for

Development of intertidal flats in the Dutch Wadden Sea in response to a  [&&s
rising sea level: Spatial differentiation and sensitivity to the rate of sea
level rise

Ymkje Huismans ", Ad van der Spek ', Quirijn Lodder *°, Robert Zijlstra“, Edwin Elias ",
Zheng Bing Wang "

2 Faculty of Civil Engineering and Geosciences, Delft University of Technology, 2600, GA Delft, the Netherlands
b Deltares, 2600, MH, Delft, the Netherlands

¢ Rijkswaterstaat, 3500, GE, Utrecht, the Netherlands

4 Faculty of Geosciences, Utrecht University, P.O. Box 80115, 3508, TC, Utrecht, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Wadden sea
Sea-level rise
Intertidal flats
ASMITA modelling

The Wadden Sea is a unique intertidal wetland area, forming an important hub for migratory water birds. A
feared effect of accelerated sea-level rise (SLR) is the gradual loss or even disappearance of the ecologically
valuable intertidal flats. To date, the effect of SLR on the time-evolution of the intertidal areas in the Dutch
Wadden Sea has not been studied. To explore the sensitivity of the intertidal flats to SLR and the spatial dif-
ferentiation of the response, simulations are carried out with the reduced-complexity model ASMITA for four sea
level rise scenarios: one with a stable rate of 2 mm/yr (current rate), and three with accelerated sea level rise
rates to respectively 4, 6 and 8 mm/yr. In addition, a scenario with a linearly increasing rate to 17 mm/yr in
2100 has been added to get an impression of what may happen under more extreme SLR-rates. The results show
that the intertidal flats in the larger basins are most vulnerable to drowning. Due to differences in tidal flat
geometry, the intertidal flats in the smaller basins mainly reduce in average height, while the intertidal flats in
the larger basins mainly reduce in surface area. Within the basins, largest losses are expected to occur just off the
land reclamation works and along the western part of each tidal watershed. The intertidal flats are sensitive to
the rate of SLR. With doubling the rate of SLR, losses nearly double as well. Complete drowning is not predicted
for any of the considered scenarios, but for the larger basins volume losses of nearly 50% by 2100 are predicted
for the highest considered scenario. This will transform these basins into more lagoon-like basins, which is ex-
pected to have major consequences for the ecology.

1. Introduction disappearance of the ecologically valuable intertidal flats. As intertidal

flats are the main feeding habitat for a large proportion of the water bird

The Wadden Sea is one of the world’s largest intertidal wetlands. The
area spans nearly 500 km along the northern coast of the Netherlands
and the North Sea coasts of Germany and Denmark (Fig. 1). It is a
designated Nature 2000 site and inscribed on the UNESCO World Her-
itage List. The Wadden Sea forms an important hub for migratory water
birds. From the water birds that use the East Atlantic flyway, at least 52
populations of 41 species use the Wadden Sea in internationally
important numbers for breeding or wintering (Blew and Siidbeck, 2005).
A feared effect of accelerated sea-level rise (SLR) is the loss or even

species in the Wadden Sea (Van Roomen et al., 2012), this may have
large consequences for the bird populations. In the Yellow Sea popula-
tion declines of about 5% per year is associated with the loss of nearly
30% of tidal mudflats and the general degradation in ecosystem quality
(Studds et al., 2017). In the Eastern Scheldt, the loss of intertidal area is
expected to have negative effects in the future on the number of
shorebirds (Smaal and Nienhuis, 1992; Troost and Ysebeart, 2011).
Aside from the ecological consequences, a larger water depth and
less intertidal area can have an impact on flood safety. The presence of
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intertidal areas and in particular salt marshes help to protect against
waves and storm surge, as well as from coastal erosion (Barbier et al.,
2011; Reed et al., 2018 and references therein). Not only the intertidal
areas, but the overall capacity for the bed to keep up with SLR may have
large consequences for the design height of flood defences. If SLR is not
accompanied by increased deposition, larger depths will result in waves
with longer periods, greater amplitudes, and higher run-up. In addition,
changes in depth and friction will affect tide, surge, and wave charac-
teristics. In shallow seas, these non-linear feedbacks are estimated to
lead to about 50% larger design heights, relative to design changes
caused by SLR alone (Arns et al., 2017). So, both for ecology and water
safety it is important to know to which extent the Wadden Sea is able to
keep up with SLR.

When the sea level rises, the accommodation space for sediment
increases, leading to an increase in sediment demand (Beets and Van der
Spek, 2000). If more sediment is available, the sediment import rates
will increase, as well as the sedimentation. Whether the system can keep
pace with SLR mainly depends on the sediment availability and
composition, basin size and past large-scale engineering measures. This
is expressed in the critical rate. If the rate of SLR stays below the critical
level, a new dynamic morphological equilibrium can be established,
with a larger equilibrium depth (Lodder et al., 2019) and a decrease of
intertidal flats. However, if the SLR rate exceeds the critical level, the
Wadden Sea will eventually drown and intertidal flats will disappear
(Lodder et al., 2019; Stive and Wang, 2003; Van Goor et al., 2003).

So far, only few studies have been conducted on the future devel-
opment of the Wadden Sea. For the German Wadden Sea the future
development of the Sylt-Rgmg bight has been explored for two SLR-
scenarios, with a process-based model (Becherer et al., 2018). For
their medium SLR scenario (SLR rates increasing to 7 mm/year in
2050-2100), mild losses in intertidal area are predicted. For higher SLR
rates (SLR rates increasing to 17 mm/year in 2050-2100) a transition to
a lagoon-like system is predicted, with losing about 50% of the intertidal
area. For the Dutch Wadden Sea, studies have mainly focused on esti-
mating the critical SLR-rates for various tidal inlet systems in the Dutch
Wadden Sea (Van Goor et al., 2003; Wang et al., 2018). These studies
show that larger basins generally have smaller critical SLR-rates,
meaning that they will be more vulnerable to drowning. Based on a
combination of the long-term averaged rate of observed sedimentation
and relative SLR-scenarios, "Wang et al. (2018) made predictions for
intertidal volume losses, which for their RCP 8.5 scenario are 38%.

This study builds upon Wang et al. (2018), by evaluating the tran-
sient development of the intertidal areas in each of the Dutch Wadden
Sea tidal basins, which has not been done to date. The aim is to provide
insight into how the process of drowning proceeds in time, how sensitive
it is to the rate of SLR and which spatial differentiation may be expected.
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In addition, volume losses are for the first time translated to losses in
surface area and flat-height, as these are more relevant parameters for
determining the consequences for ecology.

For modelling the long-term development of the Wadden Sea under
the influence of multiple SLR rates, choice is made to use the reduced
complexity model ASMITA (Aggregated Scale Morphological Interaction
between Tidal inlets and the Adjacent coast) (Stive et al., 1998; Stive and
Wang, 2003; Townend et al., 2016a, 2016b). This model is developed for
predicting the long-term evolution of estuarine systems. By calculating
the water motion and sediment dynamics on an aggregated time- and
spatial scale, computational times largely reduce, allowing for multiple
long-term model runs. Another benefit is that ASMITA is not hampered
by the morphodynamic spin-up time, because it relies on the concept of
morphological equilibrium (Dam et al., 2016). The morphodynamic
spin-up time in process-based models is on the order of decades, which
generally complicates making quantitative comparisons between
modelled and observed volume changes on the timescale of decades to a
century (Becherer et al., 2018). This also explains why process-based
models so far have had limited success for predicting the effect of SLR
on the morphodynamic development (Wang et al., 2018).

The ASMITA model has been applied to many cases, ranging from
idealized tidal inlet cases (e.g. Lodder et al., 2019) to real cases like the
Wadden (e.g. Kragtwijk et al., 2004; Van Goor et al., 2003; Wang et al.,
2018), various estuaries in the UK (Rossington and Spearman, 2009;
Rossington et al., 2011; Townend et al., 2016a) and a selection of
worldwide estuaries for a global assessment of the future response of
estuarine systems to SLR (Hinkel et al., 2013).

In this study we apply the ASMITA model for each of the six Dutch
Wadden basins. In order to explore the sensitivity to the SLR rate, four
sea level rise scenarios are explored: one with a stable rate of 2 mm/yr
(current rate), and three scenarios with accelerated SLR rates, increasing
from the current rate of 2 mm/yr to 4, 6 and 8 mm/yr. Based on the
hypsometric curves for each basin, estimates are made for how volume
changes translate to changes in surface area and average height. To get a
first idea of the spatial differentiation within the basin, the under-
standing of tidal basin evolution under high rates of sea-level rise during
the Mid-Holocene (8800-5800 year ago) is used.

2. Method
2.1. ASMITA models

The essence of ASMITA is that it considers the hydrodynamic and
sedimentation processes on an aggregated scale. For this, the area of

interest is subdivided into morphological elements. For a tidal inlet
system, the schematization consists of three elements: the ebb-tidal

Texel Inlet

Am
Vlie Inlet
Eierlandse Gat Inlet

Zoutkamperlaag Inlet
Pinkegat Inlet

land Inlet

T
S°E

6°E 7°E

Fig. 1. Tidal basins in the Dutch Wadden Sea (after Lodder et al. (2019)).
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delta, the channels and the intertidal flats, see Fig. 2. As a first step, the
aggregated representation of the flow condition is calculated by deter-
mining the tidal prism. For each element, equilibrium relationships
relating equilibrium volumes with tidal prism (ebb-tidal delta and
channel) (Eysink, 1990) or tidal range (intertidal flats) (Renger and
Partenscky, 1974; Eysink and Biegel, 1992) are used to determine the
equilibrium volumes. The difference between the actual and equilibrium
volume determines whether there is a sediment surplus or deficit. In case
of a sediment deficit, the element will try to import sediment from a
neighbouring element. The sediment availability, the exchange rate
with the neighbouring elements and the vertical exchange rate with the
bed in the element itself determine the resulting volume changes. Details
on the equations and numerical schemes are given in (Townend et al.,
2016a; Wang et al., 2020). How to relate the parameter settings on an
aggregated scale to sediment parameters which can be measured in the
field is elaborated in Wang et al. (2008), showing that these parameters
are not merely calibration parameters.

In the course of time, various models have been setup for the Dutch
Wadden tidal inlet systems. The first model, representing a typical
Wadden inlet, was developed for studying the effects of subsidence
within the framework of the first Environmental Impact Assessment
study for gas extraction under the Wadden Sea (Buijsman, 1997; Eysink,
1998). Subsequently, Van Goor (2001, 2003) and Kragtwijk (2002,
2004), set up models for the individual basins of the Dutch Wadden Sea
(see Fig. 1). Van Goor et al. (2003) studied the effect of SLR on Eier-
landse Gat Inlet and Ameland Inlet. The same schematisation was used
for the other inlet systems in the Dutch Wadden Sea (Bijsterbosch, 2003;
Hinkel et al., 2013; Kragtwijk et al., 2004).

Based on newest insights from sediment budgets (Elias, 2006, 2019),
the original parameter settings as derived by Kragtwijk (2002) have
been updated twice (Lodder et al., Submitted; Z.B. Wang, Steetzel and
Van Koningsveld, 2006). Lodder et al., (Submitted) used the updated
model to study the impact of SLR on the sediment exchange through the
tidal inlets, within the framework of Kustgenese 2 project. In this paper,
we use the same model results for analysing the response of the intertidal
areas to SLR. Details on the latest update on the parameter settings
(Table 1.) are given in Lodder et al. (submitted).

2.2. Simulated scenarios

To explore the sensitivity of the intertidal flats to the rate of SLR and
the spatial differentiation of the response, four scenarios are chosen: a
reference scenario with a continuation of the present observed relative
SLR rate and three scenarios with acceleration to 2, 3 and 4 times the
present rate (Fig. 3). How the acceleration proceeds between present
rate and final rate is based on the insights presented in Vermeersen et al.
(2018). According to their analysis, the SLR rate increases linearly in
time until the final rate is reached, which is the end of the acceleration
period. The higher the final rate, the longer the acceleration period lasts.
For the three acceleration scenarios considered, the acceleration ends in
respectively 2050, 2060 and 2070. To preserve coherence with the
present SLR rate at the Dutch coast, as reported by Baart et al. (2019) the

2\
\
|
2

Z e o
.‘/ // ‘ =

Ocean and Coastal Management 216 (2022) 105969

acceleration in our scenarios starts in 2020, and not earlier like the
scenarios in Vermeersen et al. (2018). The chosen sensitivity scenarios
(2-4 times the present rate) span the median sea level rise rates for
Representative Concentration Pathways (RCP) 2.6 to just above RCP 4.5
in 2100 by Vermeersen et al. (2018). A fifth scenario, in which the sea
level rise keeps accelerating to 17 mm/yr and with a total sea level rise
in 2100 matching the RCP-8.5 scenario has been added to get an
impression of what may happen under more extreme SLR-rates.

2.3. Analysis of model results for intertidal flat development

ASMITA calculates the volume changes of the morphological ele-
ments. For the development of the intertidal areas in response to SLR, it
is relevant to know how this translates to changes in intertidal area and
average flat height. To link the volume changes to changes in surface
area and height, the hypsometric curves from the Wadden Sea inlets are
used. A hypsomteric curve shows for each elevation how much surface
area has an elevation at and below this level. For each tidal basin in the
Wadden Sea, hypsometric curves have been derived by integrating the
measured bathymetry over the entire tidal basin (Nederhoff et al.,
2017). 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, as
illustrated in Fig. 4.

The values for MLW and MHW are derived from a combination of the
mean sea level (MSL) from the “Zeespiegelmonitor 2018 (Baart et al.,
2019) and the estimates for the average tidal range (Table 1):

For the translation of volume changes to area and height changes, the
most recent available hypsometric curves are used, see Fig. 5. The results
for the Zoutkamperlaag and Pinkegat inlets are combined, since no
separate hypsometric curves are available.

Changes in flat volume in response to SLR, are caused by the change
in MLW and sedimentation. To get an indication on how this relates to
changes in flat area and height, the hypsometric curve is used as well
(Fig. 4). The new volume is calculated by ASMITA. By assuming that the
sedimentation is spread evenly on the intertidal area and no changes in
the shape of the hypsometric curve occur, the hypsometric curve can be
shifted upward by the amount of calculated sediment volume change.
Combined with the changes in SLR, the to the new volume corre-
sponding flat area and averaged flat height can be inferred. It is however
likely that sedimentation is not spread evenly. To get an indication on
how morphodynamic changes may change the relation between volume,
area and average height, all available historic hypsometric curves as
constructed by Nederhoff et al. (2017) have been used to derive a
bandwidth reflecting historical variations, see Fig. 6.

For determining the intertidal area and volume from each historic
hypsometric curve, first the MLW and MHW have been derived from the
historic mean sea levels for Harlingen and Den Helder (Baart et al.,
2009) and the tidal range. Note that for Ameland Inlet the bathymetric
measurements from before 1970 are less reliable (Elias, 2019b) and
therefore disregarded.

Outside world
PHOM 3PISINO

Fig. 2. Schematization of a tidal inlet system into a 3-elements ASMITA model, with the ebb-tidal delta, channel and flats (Lodder et al., submitted).
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Table 1

Input parameters of the ASMITA application models for the tidal inlets, provided for reproducibility of the model results. Explanations of the parameters are given in
the table. Full model formulation is given in Wang et al. (2020).

Inlet Texel Eierland  Vlie Ameland  Pinkegat  Zoutkamp

Basic configuration: tidal range and the horizontal areas of the three elements: tidal range H and horizontal area A of the three elements. The subscripts indicate the elements, i.e. f =
flat, ¢ = channel, d = ebb tidal delta, which also apply to the following groups of parameters.

H(m) 1.65 F(t)* 1.90 2.15 215 2.25
A (km?) 133 105 328 178 38.1 65
A, (km?) 522 52.7 387 98.3 11.5 40
Ag (km?) 92.53 37.8 106 74.7 34 78

Parameters influencing morphological timescale: n = power in the relation for the local equilibrium sediment concentration, Cg = global equilibrium concentration, w, = vertical
exchange coefficient in the element indicated by the second subscript, § = horizontal exchange coefficient between the two elements indicated by the two subscripts (o = outside

world).

n(-)

Sep (m*/s)

Vjo (million m?)
V.o (million m®)
Vo (million m®)

2 2 2 2
0.0002 0.0002 0.0002 0.0002
0.0001 0.0001 0.0001 0.0001
0.0001 0.00005  0.0001 0.00005
0.00001  0.00001  0.00001  0.00001
1550 1500 1770 1500
2450 1500 2560 1500
980 1000 1300 1000
Initial conditions: volumes of the three morphological elements in 1970
51.5 55 162 120
2160 106 1230 302
509.1 132 369.7 131

2
0.0002
0.0001
0.0001
0.00001
1060
1290
840

29.6
18.5
35

2
0.0002
0.0001
0.0001
0.00001
1060
1290
840

69
177
151

Parameters for defining the morphological equilibrium: Vf, = equilibrium volume of the flat element, a=coefficient in the relation between the equilibrium volume (V) of the element
indicated by the subscript and the tidal prism (P): V., = a.P'%,

Vi = agP'?

V. (million m®) 87.78 57.83 250 131.2 30.3 70
a. (1079 m %) 15 13.13 9.6 10.241 10.14 27.266
ag (107%) (m%%%)  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.

sea-level rise scenarios

sea-level rise scenarios
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Fig. 3. The five sea-level rise scenarios considered in the present study. Left: change of SLR rate; right: SLR since 2000.

3. Model results
3.1. Sensitivity to the rate of sea level rise

The changes in intertidal flat area and average flat height in response
to the four SLR scenarios are presented in Figs. 7 and 8. At a SLR rate of
2 mm/yr, all tidal inlets will be able to keep pace with SLR and show no
loss of intertidal flat in 2100. The intertidal flat volume in the Marsdiep
and Vlie inlet will even increase, as the sedimentation rate exceeds the
rate of SLR. This effect is largest for the Marsdiep, with a final increase of
7% in intertidal volume. For all scenarios with accelerating SLR, the
sedimentation rate is lower than the SLR rate, resulting in a loss of
intertidal volume, area and height for all basins. For the most extreme
scenario of 17 mm/yr, nearly half of the intertidal volume is predicted to
disappear. It is furthermore noted that with an equal increase in SLR
rate, a comparable extra loss of intertidal volume occurs. To illustrate,
an increase in rate from 2 to 4 mm/yr leads to a loss of 1.8:10” m® in
intertidal volume in the Vlie inlet, which is comparable to the extra loss
of respectively 1.7-10” m® and 1.5-10” m® that occurs by increasing the
rate from 4 to 6 mm/yr and from 6 to 8 mm/yr. Only a slight decrease in
extra loss occurs with increasing SLR rate. This observation holds for all
basins.

3.2. Spatial variation

The response of the intertidal flats differentiates per basin. The larger
basins of the Texel Inlet (Marsdiep), Vlie Inlet and Ameland Inlet have
most difficulty in keeping pace with SLR and show the highest volume
losses (nearly 50%). Losses in the smaller inlets of Eierland, Pinkegat
and Zoutkamperlaag stay limited to 19-30%. How the volume losses
translate into losses in surface area and average height also differs per
basin and is graphically illustrated in Fig. 9 for the SLR-17 scenario. For
the larger basins the volume changes mainly translate into changes in
surface area, while for the smaller basins they mainly translate into
changes in average flat height. As a result, there is a strong differenti-
ation between the basins in changes in surface area, with the largest loss
of 43% (15-10” m?) in 2100 for the SLR-17 scenario for the Vlie Inlet and
the smallest loss of 5% (6-10° m?) for the inlets of Pinkegat and Zou-
terkamperlaag. Less differentiation is observed for the change in average
height, with the largest changes for the Vlie and Ameland Inlet of
22-23% (13-15 cm loss of average height) and smallest absolute
changes for the Texel Inlet (19%, 9.1 cm).
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Fig. 4. Illustration of the method to derive the relation between intertidal flat
volume, area and height from the hypsometric curve. The intertidal volume is
defined as the volume between MLW and MHW, which is indicated by dark blue
lines. From this the intertidal area and average flat height (H = V/A) is
extracted. With SLR the tidal frame shifts up (light blue lines). In case sedi-
mentation occurs, it is assumed to spread evenly over the system, such that the
shape of the hypsometric curve will not change. The sedimentation is illustrated
by the light brown arrows and curve. Volume, area and average flat height
change accordingly. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

4. Discussion
4.1. Response to sea level rise

The variation in rate of SLR between the scenarios starts in 2020,
resulting in corresponding differences in the development of the inter-
tidal flat between these scenarios. The immediate differences in inter-
tidal volume change per scenario reflect that it takes time before the

Ocean and Coastal Management 216 (2022) 105969

sedimentation rates change. Without changes in sedimentation rate, the
changes in flat volume are a combination of the current sedimentation
rate and the rate of SLR. So, the higher SLR-rates, the more volume losses
occur. Only with time, the sedimentation rates increase, partially
compensating the volumes losses induced by SLR. This delayed response
of the sedimentation rates is in line with the observations of Lodder
et al., (submitted) that the sediment transport through the inlets show a
delayed response to SLR. This delay causes a sediment deficiency in the
basins and a delay in sedimentation of the intertidal areas. In addition,
with accelerating SLR a new dynamic equilibrium will be established,
with a larger equilibrium depth (Lodder et al., 2019). With this, the
sediment demand in the basins will also decrease, leading to less import.
Both effects make the intertidal areas sensitive to SLR. The stronger the
rate of SLR, the more losses occur. A slight decrease in response with
further increase in SLR rate is noted, which means that with doubling the
rate of SLR the losses nearly double as well. Note that, due to the vari-
ation in yearly averaged MSL with a bandwidth of about 5 cm (Baart
et al., 2019; Vermeersen et al., 2018), the year to year variations in
intertidal flat volume will be larger than the changes in response to SLR.
Despite the sensitivity of the intertidal flats to SLR, it may subsequently
take years to decades before changes in intertidal flat volume will
become noticeable.

For the current most-extreme scenario, predicted volume losses
range between 19% and 49% for 2100, with the largest losses for the
largest basins. These numbers are in line with previous more crude es-
timates of Wang et al. (2018) of an average loss of 38% for the entire
Dutch Wadden Sea. For the Sylt-Rgmg beight in the German Wadden
Sea, area losses of 50% are predicted, which is substantially more than
the area losses predicted for the Dutch basins of similar size (26%-37%).
However, their scenario of 17 mm/yr accelerates differently in time
from present rate to final rate, leading to a total increase in sea level rise
of 113 cm between 2010 and 2100. This is substantially more than
median value of the RCP-8.5 scenario of about 80 cm between 2020 and

9 Marsdiep 9 Eierland 2 Vlie 2 Amelanderzeegat 2Pinkegat&Zoutkamp
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-3 3 3 3 3
200 400 600 0 100 500 0 100 200 300 O 100 200
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Fig. 5. Most recent hypsometric curves per inlet. The hypsometric curves are derived from in situ bathymetry (Nederhoff et al., 2017).
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2100 as considered in this study and in Wang et al. (2018). Given the
sensitivity of the intertidal flats to SLR, this difference in scenario likely
explains a large part of the difference in loss in intertidal area. It requires
further analysis to verify to which extend also differences in basin
characteristics (e.g. current morphology, sediment availability and
composition) and modelling approach (process based) contribute to the
different estimates in area losses.

Though the estimated losses will likely have large consequences for
ecology, the feared scenario of complete drowning (i.e. all intertidal flats
below MLW) is not predicted by 2100 for the considered SLR rates.
Given the sensitivity of the intertidal flats to the SLR-scenario and the
fact that scenarios of more than 1 m SLR in 2100 are no longer incon-
ceivable (IPCC, 2019, Table 4.6), it is important to model the full range
of most recent SLR scenarios and expected land subsidence, as a follow
up to this system analysis. These scenarios should preferably be com-
bined with the probability of occurrence (Le Bars et al., 2017), as to put

the considered (extreme) scenarios in perspective. A regional update for
the Netherlands of the SLR scenario’s, following the recent update of
global scenarios by the IPCC (2021), is expected in 2023.

4.2. Spatial differentiation among the basins

The tidal basins in the Wadden Sea will respond differently when SLR
accelerates. The SLR-rate will be the same but the critical SLR-rate for
drowning is very different for each basin. The critical SLR-rate reflects
the ability of the basin to keep pace with SLR and depends on various
basin characteristics. Firstly, the basin size determines how much sedi-
ment needs to be imported to keep pace with SLR. The larger the basin,
the more sediment needs to be imported and the more difficult it will be
to import enough sediment for the whole basin to keep pace with the
rising sea level. Secondly, the sediment transport capacity through the
inlet determines how much sediment can actually be imported. This
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SLR  Volume change Area change
(mm/yr) (m?) (m?)
Marsdiep 2
4 -7.3E+05 -1.1E+06
6 -5.4E+06 -8.7E+06
8 -9.8E+06 -1.6E+07
17 -2.6E+07 -4.4E+07
Eierland 2 -1.2E+04 -5.3E+03
4 -2.8E+06 -1.3E+06
6 -5.5E+06 -2.7E+06
8 -8.0E+06 -4.1E+06
17 -1.7E+07 -1.0E+07
Vlie 3.2E+06
-1.6E+07
-3.5E+07
-5.7E+07
Ameland 2 -9.5E+05 -7.3E+05
4 -9.5E+06 -7.5E+06
6 -1.7e+07 -1.4E+07
8 -2.4E+07 -2.0E+07
17 -4.8E+07 -4.6E+07
Pinkegat & 2 -3.4E+05 -9.7E+04
Zoutkamperlaag 4 -3.5E+06 -1.0E+06
6 -6.4E+06 -2.0E+06
8 -9.1E+06 -2.9E+06
17 -1.8E+07 -6.2E+06
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height change
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2%
-2.0E-01 -1% -1% 0%
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-9.1E+00 -46% -37% -19%
-7.9-03 0% 0% 0%
-1.9E+00 -5% -1% -3%
-3.7e+00 -10% -3% -6%
-5.3E+00 -14% -4% -9%
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Fig. 8. Overview of changes in flat volume, area and height in 2100, for the different inlets and for the four types of sea level rise rate scenarios. The colours indicate
how strong the change is, with highest losses in red and smallest losses or gains in green. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 9. Graphical illustration of the results for the SLR-17 scenario, with the changes in area on the left and changes in average flat height to the right. The colours
indicate how large the losses are, with the largest losses in red (>40% by 2100), the intermediate losses in orange (20%-40%) and yellow (10%-20%) and smallest
losses in green (<10%). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

sediment transport capacity is determined by the amount of sediment
that is stirred up by the waves, the tidal motion within the system and
the sediment characteristics, like composition and grain size which
determine how well sediment settles and erodes from the bed (repre-
sented by the vertical exchange rate in Asmita) and how well it can be
transported over larger distances (represented by the horizontal ex-
change rate in Asmita). With finer sediments, it goes faster to transport
sediment over larger distances (larger horizontal exchange rate), so it is
easier for the whole basin to keep pace with the rising sea level.

Beyond the critical rate of SLR, import of sediment becomes insuf-
ficient for the tidal basin to follow the rising sea level (Stive et al., 1990;
Van der Spek and Beets, 1992; Van Goor et al., 2003, Carrasco et al.,
2016). As long as the SLR rate stays below the critical limit, a new dy-
namic equilibrium intertidal flat volume can be reached, which is
smaller than its original volume. In this case, losses will occur, but
complete drowning will not be the case. In Table 2, the critical SLR-rates
for the six tidal basins in the Dutch Wadden Sea, as calculated by Wang
et al. (2018) are presented together with the dimensionless SLR rate r
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(SLR rate divided by the critical rate) for four SLR rates (2, 4, 6 and 8
mm/y). As the sediment characteristics and wave climate only vary
limitedly between the basins, the critical SLR rates reflect the strong
dependency on the basin size, with smaller critical rates for larger ba-
sins. For the three largest inlets, the critical rate of SLR is exceeded for
the highest SLR rate considered. For this rate, these inlets are predicted
to eventually drown. Timescales for complete drowning are however
very large and can vary between centuries to even a millennium (Wang
et al., 2018).

The calculated losses in intertidal volume (Figs. 7 and 8) are largely
in line with the critical SLR rates, i.e. with smaller critical rates also
more losses in volume are predicted. The Ameland inlet forms an
exception. For scenarios of 4-8 mm/yr, the basin shows larger intertidal
losses than the Texel inlet and comparable losses to the Vlie inlet,
despite its smaller basin size and related larger critical SLR rate. Only for
the highest scenario of 17 mm/yr, losses in the larger basins exceed
those of the Ameland basin. This is explained by the Vlie and Texel inlet
being far from their equilibrium state as a consequence of closure of the
Zuiderzee (Elias et al., 2012; Wang et al., 2018). To compensate their
current sediment shortage, their long-term import rates exceed the rates
needed to keep pace with the current rate of SLR of 2 mm/yr. This also
explains the simulated increase in intertidal areas for the 2 mm/yr sce-
nario for both basins. In contrast, the Ameland basin is near equilibrium
(Wang et al., 2018) and the sediment import more or less balances the
amount needed to follow the current SLR rate. This means that the
sediment import (and hence the sedimentation in the basin) is limited by
accommodation space. Only with increasing rates in SLR, sedimentation
rates will start to increase. It however takes time for the sediment import
rates to increase, meaning that initially the sedimentation rates in the
Ameland basin will lack behind the SLR-rate more than the sedimenta-
tion rates of the Texel and Vlie inlet. With time, the import rates to the
Amelander Basin will increase. Due to its smaller basin size, less sedi-
ment is needed to grow with SLR than the Texel and Vlie inlet need.
Meaning that losses in the Texel and Vlie inlet will eventually also
outpace the losses in the Ameland inlet for the less extreme scenarios of
4-8 mm/yr.

As expected, the smaller basins have less difficulty keeping pace with
SLR and show less volume loss (<30% for a SLR rate of 17 mm/y). These
losses largely translate into loss in average height, while the volume
losses in the larger basins mainly result in area changes. For the medium-
sized Ameland Inlet the volume change is equally distributed over area
and height. As a result, the difference in area loss is very pronounced
with large losses of 26-43% for the medium and larger basins and less
than 11% for the smaller basins, while the height losses stay within a
range of 14-23% for all basins. The large Texel inlet even shows the
smallest absolute height losses (9 cm). The relation between basin size
and type of intertidal losses is determined by the shape of the hypso-
metric curves (Fig. 5). These reflect that the smaller basins are appar-
ently characterized by smaller and relatively higher flats, while the
larger basins are characterized by larger and relatively lower lying flats.
As a result, with increasing water depth, complete areas can drown for

Table 2

Critical SLR rate for drowning of the various tidal inlet systems in the Dutch
Wadden Sea from (Wang et al., 2018) and the dimensionless SLR rate r for four
different SLR rates (2, 4, 6 and 8 mm/yr).

Inlet Basin Area: R, r for SLR rate =
At Ac (mm/ 4 6 8 17
(km®) yr)
mm/ mm/ mm/ mm/ mm/
yr yr yr yr yr
Texel 655 7.00 0.29 0.57 0.86 1.14 2.43
ELGT 158 18.0 0.11 0.22 0.33 0.44 0.94
Vlie 715 6.30 0.32 0.63 0.95 1.27 2.70
Amel 276 10.4 0.19 0.38 0.58 0.77 1.63
PinkeG 50 32.7 0.06 0.12 0.18 0.24 0.52
ZoutK 105 17.1 0.12 0.23 0.35 0.47 0.99
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the larger flats, while the flats of the smaller basins more easily remain
above MLW but do decrease in average height. This notion of course
only applies in a general sense and cannot be used for making statement
about individual intertidal flats.

By using the hypsometric curves for translating the volume changes
into area and average height changes, it is assumed that the hypsometric
curve does not change shape and that any sedimentation is spread
evenly on the intertidal area. This does not need to be the case, as re-
ported by Benninghoff and Winter (2019) for the German Wadden Sea.
The bandwidth of the area and height changes as inferred from the
historic hypsometric curves (Fig. 7) also shows that the shape of the
hypsometric curve changes over time. Major causes for the historic
changes are the closure of the Lauwerszee and Zuiderzee. These in-
terventions caused abrupt and local changes to the morphology. SLR will
however be a gradual and non-local change. We therefore expect that
the future shape of the hypsometric curve will show less variation than
observed in the past 100 years.

4.3. Spatial differentiation within the basin

To get an idea on how the loss of intertidal area is distributed within
each inlet, the understanding of tidal-basin evolution under high rates of
sea-level rise in the past is used. For this, analogy is made to the mor-
phodynamic development of the transgressive Mid-Holocene Holland
tidal basin in the western Netherlands under decelerating post-glacial
SLR (Westerhoff and Cleveringa, 1990; Van der Spek and Beets, 1992)
which exemplifies the sedimentary evolution of a tidal basin from an
‘unfilled’ stage to a ‘filled’ stage, as illustrated in Fig. 10.

The Holland tidal basin was formed in the coastal plain of the
Netherlands by expansion of the North Sea and was bounded by a chain
of barrier islands, separated by tidal inlets. Since the major part of the
basin was not receiving sediment from debouching rivers, all the sedi-
ment had to be supplied by the North Sea coastal zone. As a result, the
barrier islands were rolling over and continuously moving landwards.

In the basin, the sand imported from the North Sea was deposited
near the tidal inlets as those areas were closest to the sediment source,
forming partly intertidal flood-tidal deltas. Mud accumulated in the
lagoon further landwards in the basin and settled in sheltered areas.
With time, SLR decelerated, the basin expansion diminished, and sedi-
ment supply caught up. The flood-tidal delta’s expanded, slowly filling
the lagoon to intertidal level with sand.

The future of the Wadden Sea under accelerated SLR will imply the
opposite situation, namely a sediment-filled basin under increasing SLR

Fig. 10. Stages of development of a flood-tidal delta within a tidal basin. With
infilling of the tidal basin, the delta will grow in surface area, from stage 1 to
stage 2 to stage 3 (and beyond), covering an increasing part of the basin area.
With a growing sand deficit, the delta will gradually become smaller in
reverse order.
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rates. When sediment supply to the basin falls behind on the growth in
accommodation space, the basin is expected to undergo the reverse
evolution. With an increasing sand deficit, the intertidal shoals in the
vicinity of the inlet will remain intertidal, since all sediment is trans-
ported through the inlet, but the shoals further away will gradually
receive less sand. The decline in sand supply will increase with distance
from the inlet. As a result, the outer rim of the flood delta will accrete
insufficiently to keep up with SLR and will gradually disappear under
water. As a consequence, the flood delta starts shrinking and a subtidal
lagoon develops. A basin lay-out with a flood-tidal delta near the inlet
and a subtidal area surrounding it will possibly accumulate more sus-
pended mud in its lagoon. Whether the mud will settle and accrete de-
pends on the energy conditions in the basin. This indicates that the area
just off the land reclamation works and along the western part of the
tidal watershed are the most vulnerable parts for drowning of intertidal
flats.

4.4. Model uncertainties

The development of intertidal flats is very sensitive to the rate of SLR.
In addition, changes in mean tidal range are also expected to influence
the capacity of the tidal basins to cope with SLR (Hofstede et al., 2018).
The uncertainty in SLR predictions and related changes in mean tidal
range forms therefore a major source of uncertainty for the estimation of
future losses.

Within the ASMITA model, the uncertainty is mainly related to the
model parameters for sediment transport and the equilibrium relation-
ships. The parameters related to sediment transport, like settling rate
and dispersion, have been calibrated based on their decadal response to
major interventions, like the closure of the Zuiderzee and Lauwerszee
(Kragtwijk et al., 2004; Van Goor et al., 2003). Because these systems
have undergone a major perturbation, the sediment parameters can be
well determined.

In the model, however, only one sediment fraction can be specified,
representing the range of fractions that are present in reality. Especially
the distinction between coarser sediments which are transported near
the bed and finer sediments which are transported only in suspension is
relevant. The consequence of using only one grainsize fraction, is the
need for a thorough calibration, like described above. In case the two
most distinct sediment classes of sand and mud are separated, the values
for the sediment parameters can be derived from the sediment charac-
teristics and length scales in these basins and need less calibration
(Wang et al., 2008). It has been shown that the sand-only simulations, if
properly calibrated, and the sand-mud simulations yield similar results
for a rate of 6 mm/yr (Wang and Van der Spek, 2015). Therefore, the
extra uncertainty introduced by working with only one fraction is
regarded acceptable. However, for exploring a wider range of SLR sce-
narios, inclusion of mud in the model is advised.

Another uncertainty is in the equilibrium relationships. For systems
that are close to equilibrium, like the Ameland inlet, these relationships
can be well determined. However, for systems far out of equilibrium,
like especially the case for the Texel inlet, the relationships contain great
uncertainty. This results in a larger uncertainty in the absolute values for
the predicted losses. It however does not affect the relative effects pre-
dicted, nor the estimated critical SLR rates, as those do not depend on
the equilibrium relationships.

Differentiation within the basin cannot be made with the three-
element model and is now based on system knowledge of the develop-
ment of tidal basins under SLR. To improve on this, the present three-
elements schematization of the ASMITA models can be extended by
dividing the basins into more subparts, based on e.g. the insights from
the analysis of Elias (2019). In order to do so, first the applicability of the
empirical relationships for the morphological equilibrium for the sub-
parts of the basins needs to be verified.
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5. Conclusions and recommendations

Sea-level rise is expected to accelerate. This will influence the
morphological development of the Wadden Sea and as a consequence its
ecological functioning. In this study we explore the response of the
intertidal flats to SLR, focussing on the sensitivity of the intertidal flats to
the rate of SLR and on the spatial differentiation in the response. For
this, simulations are carried out with the reduced-complexity model
ASMITA for five SLR scenarios: one with a stable rate of 2 mm/yr
(current rate), and four scenarios with accelerated SLR rates, 4, 6,8 and
17 mm/yr, for the timeframe 2020-2100.

The simulations show that the intertidal flats in the Wadden Sea are
very sensitive to the SLR rate. After the SLR rate increases, it takes time
for the sediment transport through the inlets to increase, which causes a
sediment deficiency in the basins and a delay in deposition in the
intertidal areas. As a result, the intertidal flats show an immediate
response to changes in the rate of SLR. Due to the variation in the yearly
averaged MSL, it may however take years to decades before these
changes become noticeable. In addition, stronger rates of SLR cause
larger losses. With doubling the rate of SLR the losses nearly double as
well. This implies that substantially more losses may be expected for
more extreme scenarios. For none of the scenarios complete drowning is
predicted, though for the most extreme scenario considered (17 mm/yr),
substantial relative volume losses (40%-49%) and related area losses
(26-43%) are predicted for the larger basins. Area losses of 30% in the
Yellow Sea coincided with observations of a strongly decreasing popu-
lation of migratory birds (Studds et al., 2017).

As expected, the smaller basins have less difficulty keeping pace with
SLR and show less volume losses (19-30% for a SLR rate of 17 mm/yr).
Exception is the medium-sized Ameland basin, which shows comparable
or even larger losses than the larger Texel and Vlie basins for scenarios of
4-8 mm/yr. Only for the highest scenario of 17 mm/yr, losses in the
larger basins exceed those of the Ameland basin. The relatively large
losses in the Ameland basin are explained by the basin being close to
equilibrium, while the Texel and Vlie basins are still importing extra
sediment in response to past engineering works. As a consequence, the
sediment supply to the Ameland basin is accommodation space limited.
On larger timescales, the Texel and Vlie basin are expected to also
outpace the losses in the Ameland basin for the less extreme scenarios of
4-8 mm/yr. The simulated volume losses do not equally translate into
losses of area and average flat height. Due to geometric differences the
flats in the smaller basins mostly show a reduction in average flat height,
while the flats in the larger basins mostly reduce in area. Based on the
reconstruction of Holocene tidal basin evolution under high rates of SLR,
it can be expected that tidal basins in the Dutch Wadden Sea will start to
develop a subtidal lagoon just off the land reclamation works and along
the western part of each the tidal watershed. Hence, these are the most
vulnerable parts for drowning of intertidal flats.

A more quantitative estimate of the spatial differentiation within the
basin can be made by dividing the basins into more elements. This
however requires verifying the applicability of the empirical relation-
ships for the morphological equilibrium for the subparts of the basins. In
addition, adding a mud fraction will help to further reduce the uncer-
tainty of the model predictions and including salt marshes will help to
get a better understanding of how the vegetated intertidal areas will be
able to cope with SLR.

The relevance of the evolution of the intertidal flats in response to
SLR, is in its relation to ecology and safety. For this, it is valuable to carry
out an integrated study, which combines the morphodynamic develop-
ment with other relevant aspects, to estimate the impact on the ecology
and water safety. Given the sensitivity of the intertidal flats to the rate of
SLR, a broad span of possible SLR predictions should be considered,
preferable combined with their likelihood of occurrence.
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