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Abstract. Future global mean sea level rise (SLR); will affect coastlines and estuaries in the North Sea and therefore also
coastal protection structures, unique local ecosystems and important waterways. SLR will not only raise water levels but-wilt
also influence tidal dynamics and morphodynamics, which is why the tidal flats of the Wadden Sea can grow to a certain extent
with SLR. Investigations on the effects of climate change-induced SLR and the related potential bathymetric changes inside of
estuaries form an important basis for identifying vulnerabilities and developing appropriate adaptation strategies. To analyse
the influence of potential SLR and tidal flat elevation scenarios on the tidal dynamics in the Elbe estuary, we used a highly
resolved hydrodynamic-numerical model of the German Bight. The analysis results show increasing tidal range in the Elbe
estuary solely due to SLR. They also reveal strongly varying changes with different tidal flat growth scenarios: while tidal flat
elevation up to the mouth of the estuary can cause tidal range to decrease relative to SLR alone, tidal flat elevation in the entire
estuary can lead to an increase in tidal range relative to SLR alone. Further analyses show how the geometric parameters of the
Elbe estuary are changing due to SLR and tidal flat elevation. We discuss how these changes in estuarine geometry can provide

an explanation for the changes in tidal range.

1 Introduction

Future global mean sea level rise (SLR) as it is projected for this century (Fox-Kemper et al., 2021), will not only raise water
levels in the German Bight, but will also affect, for example, tidal dynamics (e.g. tidal amplitude and tidal asymmetry) in
several ways (Jordan et al., 2021; Wachler et al., 2020). In particular, low-lying coastal areas such as the German Bight and
the adjacent estuaries are vulnerable to changes due to SLR. Located in the North Sea, the German Bight includes a large part
of the Wadden Sea World Natural Heritage Site. The Wadden Sea is a geologically and ecologically unique region, which is

structured into several tidal basins with barrier islands, tidal channels and intertidal areas (Kloepper et al., 2017).

As a result of tidal flat morphodynamics (Friedrichs, 2011), SLR will not only influence the tidal dynamics but also the
bathymetry in the German Bight. Changes in tidal dynamics affect net sediment transport and therefore bathymetry, which in
turn influences tidal dynamics. As the hydrodynamic forces and the coastal profile are interdependent, they strive for a

morphodynamic equilibrium in theory (Friedrichs, 2011). Investigations show that in the recent past (1998-2016) most
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intertidal flats in the German Bight have been vertically growing at higher rates- than the observed mean SLR- (Benninghoff
and Winter, 2019). However, in view of the future acceleration of SLR (Fox-Kemper et al., 2021), it is difficult to quantify to

what extent tidal flat growth can keep pace with SLR, and it is questionable, whether the present equilibrium between
hydrodynamics and morphodynamis will be maintained in the future. Several studies found that tidal flats can potentially grow
with SLR if sediment availability is sufficient, but cannot keep pace with future high SLR scenarios (Becherer et al., 2018, van
der Wegen, 2013, Dissanayake, 2012-). A precise prediction of the future morphologic development of the Wadden Sea is
difficult as it does not only depend on the rate of SLR but also on several other factors (e.g. vertical sediment structure, sediment
availability and potentially changing meteorology). Furthermore, long-term numerical simulations of morphodynamic
processes are challenging, because complex small-scale processes need to be parameterised and the spatial resolution of
morphodynamic simulations is limited by computing power.

Potential tidal flat growth should be considered when studying SLR scenarios, as it strongly affects the tidal dynamics in the
Wadden Sea (Wachler et al., 2020; Jordan et al., 2021). SLR in the German Bight will cause an increase in tidal prism relative
to channel cross-sectional flow area in the tidal basins and current velocity in the channels will increase as a result. This effect
is counteracted by tidal flat elevation (Wachler et al., 2020). SLR can also cause a shift of the amphidromic point in the German
Bight in eastward direction, which is counteracted by tidal flat elevation as well (Jordan et al., 2021). As a result of the changes
in amphidromes and current velocities, the combined effect of tidal flat elevation and SLR causes an increase in M2 amplitude
in the German Bight relative to SLR alone (Jordan et al., 2021).

One of the main estuaries in the German Bight is the Elbe estuary (Figure 1), which contains the port of Hamburg and is
therefore an important shipping route. The Elbe estuary is the part of the Elbe river that extends from the weir in Geesthacht
to the North Sea (Figure SFigure-5). The weir in Geesthacht is the artificial tidal barrier of the estuary. An artificially deepened
fairway is maintained from the port of Hamburg to the North Sea to enable the passage of large container ships. The Elbe
estuary is a system subject to strong anthropogenic influence (e.g. dikes and fairway deepening). While the tidal range in
Cuxhaven, in the mouth of the estuary remained relatively constant at around 3 m over the last 100 years, the tidal range in St.
Pauli close to the port of Hamburg increased (Boehlich and Strotmann, 2019). Nowadays, the Elbe estuary is an amplified
estuary where the tidal amplitude increases in upstream direction and reaches its maximum close to the port of Hamburg.
Further upstream, where the water depth decreases and river discharge becomes more relevant, the tide is damped and tidal
amplitude decreases.
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The future of the Elbe estuary depends not only on anthropogenic measures implemented on site but also in particular on SLR
and its implications. SLR and (resulting) topographic changes will alter estuarine geometry and thus influence the tidal wave
propagating into the estuary, which is generally modified by amplification, damping, reflection and distortion. The term
“estuarine geometry” denotes the form of the intersection of estuarine bathymetry with characteristic local parameters of the
tide. SLR will not only simply raise water levels in estuaries; it can also cause changes in water level variations.

Higher water levels can help deep-draught vessels navigate the estuary fairway, but at the same time can hinder the passage of
ships beneath bridges due to reduced clearance. Changes in low tide levels can lead to difficulties in drainage into the estuary
and can therefore impact agriculture in the hinterland, navigation in connected channels and tributaries, and urban drainage
systems (Khojasteh et al., 2021). Moreover, changes in water level and variations of water levels (low tide and high tide levels)
are relevant for the dimensioning of waterfront structures and other hydraulic structures in estuaries (HTG, 2020). In addition,
changes in water level and tidal range can affect the inundation time of the intertidal area and can change the location and
extension of the intertidal area. This in turn can impact biodiversity and agriculture. Other possible SLR-induced changes in
tidal dynamics, besides an increase or decrease in tidal range, are changes in current velocities and tidal asymmetry and,
therefore, e.g. enhanced flood dominance, which can result in more sediment import. A larger tidal range and stronger tidal
asymmetry can cause fine sediments to be pumped into the estuary, which can reduce hydraulic drag. This can in turn lead to
an increase in tidal amplification eventually resulting in a hyper-turbid state (Winterwerp and Wang, 2013). Such developments
in sediment dynamics can impact biodiversity and create economic challenges as a result of the siltation of navigation channels.
Another possible consequence of SLR is increased saltwater intrusion into estuaries because of larger tidal prisms and water
depths, with an effect on e.g. ecosystems, aquifers and agriculture (Khojasteh et al., 2021). Understanding the future evolution
of tidal dynamics due to SLR in heavily utilized estuaries such as the Elbe estuary is therefore important for the development
of adaptation measures, e.g. for navigation, port infrastructure and sediment management in the estuary, as well as water
management in the hinterland.

Several model-based methods are available to address these questions. Analytical studies have examined the behaviour of tides
in estuaries for many decades (Winterwerp and Wang, 2013). Several studies (e.g. {Jay, 1991; Friedrichs and Aubrey, 1994;
Savenije et al., 2008; Friedrichs, 2010; van Rijn, 2011) developed, discussed and applied analytical solutions to estimate tidal
wave propagation in estuaries by simplifying estuarine geometry and the basic equations. They developed scaling parameters
to describe the systems, while still including the important effects of intertidal area and channel convergence. In these analytical
studies, simplified geometric properties of the studied estuaries are considered by the use of several characteristic parameters.
However, accurate computation of time-dependanted water levels and current velocities requires the application of advanced
numerical models that are capable of considering various driving forces and their interactions with accurate concepts of energy

exchange and a precise implementation of estuarine shape (Khojasteh et al., 2021). The importance of an accurate
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representation of- the bathymetry of shallow coastal systems in numerical models is pointed out by Holleman and Stacey
(2014) and Rasquin et al. (2020). Rasquin et al. (2020) found that insufficient bathymetric resolution may lead to
overestimation of the tidal amplitude increase in the German Bight. A study by Seiffert and Hesser (2014) investigating the
effect of SLR on the tidal dynamics in the Elbe estuary shows that SLR causes the tidal range in the Elbe estuary to increase.
However, this study does not consider the potential vertical growth of tidal flats with SLR. Even if the future morphologic
development of the tidal flats in the German Bight and the Elbe estuary is difficult to predict, potential topographic changes

might have a considerable impact on tidal dynamics and should not be neglected.

A drawback of advanced numerical models, besides the computational time and resources required, is the loss of simplicity,
and hence transparency. Therefore, extensive analysis of the simulation results is necessary to gain system understanding and
provide an insight how certain parameters affect others. For this purpose, it can be useful to analyse simplified geometric

parameters, which were originally developed in the context of analytical estuary models.

In this study, potential future SLR and tidal flat growth scenarios are simulated using a hydrodynamic-numerical model. The
two issues we want to address in this study are the following: 1. What is the influence of potential future SLR and tidal flat
growth scenarios on the tidal range along the Elbe estuary? 2. How can these changes be explained by changes in estuarine
geometry? The general aim of this study is to gain a better understanding of the possible effects of potential SLR and tidal flat
growth scenarios in the Elbe estuary.

Tidal range is the double of tidal amplitude and the difference between tidal high water and tidal low water. It is an integral
part of the energy flux of a propagating tidal wave. As mentioned before, it is a parameter that has an influence on navigation
in the estuary and drainage into the estuary, as well as on the dimensioning of bank structures. Moreover, the tidal range in an
estuarty is closely linked with tidal current velocity, mixing, circulation, sediment transport, water quality and ecosystem
communities- (Khojasteh et al., 2021). We therefore focus on this parameter as it is a highly reliable result of hydrodynamic

numerical simulations compared to other parameters mentioned.

To find explanatory approaches for the changes in tidal range simulated by our hydrodynamic-numerical model, we analyse
three parameters of estuarine geometry: {mean hydraulic depth, convergence of cross-sectional flow area and relative intertidal
area}. These geometric parameters, which describe the shape of the estuary in a simplified way, are (equally or in similar form)
known from previously mentioned analytical models.
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The subsequent Sect. 2 describes the applied methods. It includes a short description of the model and the simulated scenarios.
The analysed geometric parameters of the estuary and their potential influence on tidal range are shortly discussed in this
section. In Sect. 3 the results of the analysed tidal and geometric parameters for some of the examined scenarios are illustrated
and outlined. The possible reasons for the detected changes in estuarine geometry and the potential role of a changing geometry
in the alteration of tidal range in the estuary are discussed in Sect. 4. Finally, Sect. 5 summarises the main findings of this

study and their relevance and suggests questions that should be investigated in future studies.

2 Theory and methods
2.1 Model setup

For this study the three-dimensional hydrodynamic numerical model UnTRIM2 (Casulli, 2009) is used, which solves the three-
dimensional-shallow water equations and the three-dimensional transport equation for e.g. salt, suspended sediment and heat
on an orthogonal unstructured grid (Casulli and Walters, 2000). A special feature of UnTRIM?2 compared to its predecessor
UnTRIM is the subgrid technology, which allows a high resolution of the topography independently of the computational grid
(Casulli, 2009). The computational grid cells can be wet, partially wet, or dry, allowing a precise mass balance and realistic
wetting and drying (Sehili et al., 2014), which is important for a realistic representation of the large intertidal areas in the
German Bight. The variation of the surface drag coefficient with wind speed is parametrised according to- Smith and Banke
(1975). The generation of wind waves as well as sediment and heat transport are not calculated in the model setup used for

this study in order to reduce computational effort.

The regional model we use is very similar to the model used by Rasquin et al. (2020). The model domain covers the German
Bight from Terschelling in the Netherlands to Hvide Sande in Denmark including the estuaries of the Elbe, Weser and Ems
rivers with their main tributaries (Figure 1). The model boundary is defined by the dike line and thus cannot be overflowed.
The resolution of the computational grid ranges from 5 km at the open boundary to about 100 m in the coastal area and the
estuaries. In the Wadden Sea region and the estuaries a higher subgrid resolution of about 10 m to 50 m in the finest part is
used. The model has vertically fixed layers with -a resolution of 1 m up to a depth of 27.5 m and a resolution of 10 m below
this depth. The topography data of the year 2010 implemented into the model were generated in the EasyGSH-DB project
(Sievers et al., 2020).

The atmospheric forcing over the model domain (wind field at 10 m height and surface pressure) is derived from COSMO-

REAG6 (Bollmeyer et al., 2015). The data are generated and made available by the Hans Ertel Centre of the University of Bonn
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in cooperation with Germany's National Meteorological Service (Deutscher Wetterdienst, DWD) (Bollmeyer et al., 2015).
Salinity is set to a constant value of 33 psu at the open boundary (based on BSH (2016)) and 0.4 psu (based on Bergemann
(2009)) at the upstream boundary of the Elbe estuary.

The German Bight model is used to simulate a spring—neap cycle in July 2013 with a constant river discharge at the upstream
boundary of the Elbe estuary of 600 m3/s. The weir in Geesthacht is open in the model during the simulated period. The selected

period and discharge are chosen to estimate changes in average conditions without extreme events.

Water levels at the seaward open boundary of the German Bight model are provided by the Dutch continental shelf model
(DCSMV6FM) (Zijl, 2014), a 2-D hydrodynamic model which covers the north-western European shelf and which is a further
development of DCSMV6 (Zijl et al., 2013; Zijl et al., 2015) (Figure 1). DCSMv6FM uses the flexible mesh technique D-Flow
FM (DFlow Flexible Mesh) (Kernkamp et al., 2011) based on the classical unstructured grid concept. At the seaward open
boundary, the DCSMv6FM model is forced by the amplitudes and phases of the 22 main diurnal and semidiurnal constituents,
which are derived by interpolation from the data set generated by the GOT00.2 global ocean tide model (Ray, 1999). Sixteen
additional partial tides are adopted from FES2012 (Carrére et al., 2013). As for the smaller regional model, the atmospheric
forcing for DCSMV6FM is derived from COSMO-REAG6 (Hans-Ertel-Centre for Weather Research; (Bollmeyer et al., 2015).

SLR is added at the open boundary of the German Bight Model, therefore SLR-induced changes in tidal dynamics seaward of
the German Bight are neglected. Ideally, SLR would be added at the boundary of the shelf model to consider changes in tidal
dynamics in the continental shelf seaward of the German Bight Model boundary. However, this approach is not suitable in our
case, since the resolution of the DCSMV6FM is insufficient for estimating SLR induced changes (Rasquin et al., 2020).
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Figure 1: Model domain and bathymetry in m NHN (German vertical datum) of the DCSMv6FM model (a) in WGS 84 and of the
German Bight model (b) in UTM zone 32N.

Since the focus of our study is on the Elbe estuary, a brief validation of the model for this specific region is presented below.
Further analysis of the model’s performance can be found in Rasquin et al. (2020). To compare the simulation results with
observations, we simulated seven spring—neap cycles between January and April 2013 with measured river discharge provided
by the Federal Waterways and Shipping Agency (WSV, 2022). A comparison of water levels between model results and
observations at 39 gauges in the model domain for this period reveals a mean RMSE of 16.4 cm, a mean bias of 7.3 cm and a
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