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Projected Responses of Tidal Dynamics in the North Sea to Sea-Level Rise and Morphological Changes in the Wadden Sea
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This study explores the projected responses of tidal dynamics in the North Sea induced by the interplay between plausible projections of sea-level rise (SLR) and morphological changes in the Wadden Sea. This is done in order to gain insight into the casual relationships between physical drivers and hydro-morphodynamic processes. To achieve this goal, a hydronumerical model of the northwest European shelf seas (NWES) was set-up and validated. By implementing a plausible set of projections for global SLR (SLRRCP8.5 of 0.8 m and SLRhigh−end of 2.0 m) by the end of this century and beyond, the model was run to assess the responses of the regional tidal dynamics. In addition, for each considered SLR, various projections for cumulative rates of vertical accretion were applied to the intertidal flats in the Wadden Sea (ranging from 0 to 100% of projected SLR). Independent of the rate of vertical accretion, the spatial pattern of M2 amplitude changes remains relatively stable throughout most of the model domain for a SLR of 0.8 m. However, the model shows a substantial sensitivity toward the different rates of vertical accretion along the coasts of the Wadden Sea, but also in remote regions like the Skagerrak. If no vertical accretion is assumed in the intertidal flats of the Wadden Sea, the German Bight and the Danish west coast are subject to decreases in M2 amplitudes. In contrast, those regions experience increases in M2 amplitudes if the local intertidal flats are able to keep up with the projected SLR of 0.8 m. Between the different scenarios, the North Frisian Wadden Sea shows the largest differences in M2 amplitudes, locally varying by up to 14 cm. For a SLR of 2.0 m, the M2 amplitude changes are even more amplified. Again, the differences between the various rates of vertical accretion are largest in the North Frisian Wadden Sea (> 20 cm). The local distortion of the tidal wave is also significantly different between the scenarios. In the case of no vertical accretion, tidal asymmetry in the German estuaries increases, leading to a potentially enhanced sediment import. The presented results have strong implications for local coastal protection strategies and navigation in adjacent estuaries.
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1. INTRODUCTION

Climate change induced SLR is one of the major challenges for low lying coastal communities and coastal infrastructure, in the future and already today (Nicholls and Cazenave, 2010; Arns et al., 2017). Throughout the twentieth century (1901–1990), a mean global SLR of 1.4 mm/yr was observed (Oppenheimer et al., 2019). Since 1993, this rate has more than doubled, reaching a mean global SLR of at least 3.1 mm/yr (Dangendorf et al., 2017; Oppenheimer et al., 2019). Likely projections from the Intergovernmental Panel for Climate Change (IPCC) indicate that the global mean sea-level (MSL) will rise by 43 cm (low-emission scenario RCP2.6) to 84 cm (high-emission scenario RCP8.5) by the year 2100, in relation to the observed MSL in the time span of 1986–2005 (Oppenheimer et al., 2019). According to developed high-end scenarios, even a global SLR of more than 2.0 m is possible by the end of this century, due to the potential collapse of the Antarctic ice sheet (Kopp et al., 2017; Wong et al., 2017). Following the RCP8.5 scenario, sea-levels will continue to rise unabated beyond the twenty-first century, with a likely range of 2.3–5.4 m by the year 2300 if no effective mitigation measures are implemented to reduce greenhouse gas emissions (Oppenheimer et al., 2019). Since sea-levels do not rise uniformly, substantial regional variability can be observed. For the North Sea region, which is in the focus of this study, recent rates of SLR of 4.00 ± 1.53 mm/yr (1993–2009) even surpass mean global SLR (Wahl et al., 2013).

In general, tidal properties are influenced by non-astronomical factors, which alter the geometry of ocean basins (e.g., size, shape, and water depth) (Haigh et al., 2020). As a consequence, changes in sea-levels directly affect tides as well as storm surges and waves (Idier et al., 2019). Modification of coastal protection measures, river engineering works, or port construction also have an impact on local tidal water levels and currents in shallow water environments (Winterwerp and Wang, 2013; David and Schlurmann, 2020). Knowledge about the future responses of North Sea tides to SLR and large-scale human interventions has many implications for the regional ecology and economy (de Boer et al., 2011). Focusing on the interaction between SLR and tides, recent regional studies for the NWES (Pickering et al., 2012; Ward et al., 2012; Pelling et al., 2013) and the German Bight (Rasquin et al., 2020) demonstrate that tidal amplitudes will be significantly altered by a changing basin geometry caused by SLR. Depending on the implementation of coastal defense measures, such as coastal recession or fixed coastline, variations in the tidal responses can be substantial, locally even varying in the sign of changes in tidal amplitudes (Pelling et al., 2013; Pickering et al., 2017). Most hydronumerical models of the NWES (e.g., Pickering et al., 2012; Ward et al., 2012) however use low spatial resolution (≥ 8 km) in shallow coastal areas like the Wadden Sea. Thus, these models potentially omit local shallow water driven effects, leading to imprecise results (Rasquin et al., 2020).

SLR will also have implications for the future morphological evolution of intertidal flats in shallow coastal areas like the Wadden Sea (Dissanayake et al., 2012; Becherer et al., 2018). The Wadden Sea, which is located in the southeastern North Sea, is the world's largest intertidal flat system and a valuable biodiversity hot spot with approx. 10,000 known species (Common Wadden Sea Secretariat, 2020). Recent findings suggest that the local intertidal flats accumulate sediments with higher rates than the observed local SLR (Benninghoff and Winter, 2019), leading to a mitigation of water depths in shallow water environments. However, numerical studies indicate that the accumulation of marine aggregates may not be sufficient to compensate for future accelerated SLR, resulting in larger water depths near-shore (Dissanayake et al., 2012; Becherer et al., 2018). Another numerical study by Jacob et al. (2016) shows that recent historical changes in the morphology of the Wadden Sea have impacted the local and remote responses of tidal dynamics. It is thus mandatory to consider potential bathymetric changes in the Wadden Sea for projecting the impact of SLR on the regional tides, as highlighted by Wachler et al. (2020). Concentrating on the responses of tidal current velocities in the German Bight, Wachler et al. (2020) project that bathymetric changes in the Wadden Sea can even compensate the effects of SLR on the local tidal dynamics. To-date, it is however only poorly understood how the combination of SLR and morphological changes in the Wadden Sea might impact the regional tidal dynamics. Due to insufficient resolution in shallow water environments, these combined effects have been overlooked in large-scale models of the North Sea region (Pickering et al., 2012; Ward et al., 2012; Pelling et al., 2013). The present paper attempts to fill this existing gap of knowledge by means of a novel modeling approach that allows for a systematic assessment of the projected responses of North Sea tidal dynamics, which are caused by the combined effects of SLR and morphological changes in the Wadden Sea.

To address these aspects, a hydronumerical model of the NWES was thoroughly set-up and systematically validated. In contrast to previous shelf models (Pickering et al., 2012; Ward et al., 2012; Pelling et al., 2013), highly-resolved bathymetric data and a fine resolution computational grid in the area of the Wadden Sea were used for this paper, ensuring an accurate representation of local tidal channels and intertidal flats. As shown by Rasquin et al. (2020), the correct representation of such complex bathymetric features can have significant impact on the tidal responses to SLR. Concentrating mainly on the responses of the dominant semi-diurnal tidal constituent M2, two plausible projections of SLR (0.8 and 2.0 m) to assess the model's sensitivity to SLR and the linearity of M2 amplitude alterations were implemented first. In addition, to study the impact of morphological changes on future M2 amplitudes, a predefined set of cumulative rates of vertical accretion was implemented in the intertidal areas of the Wadden Sea. Due to uncertainties in the future morphological responses of intertidal flats to SLR, these implemented rates ranged from 0 to 100% of projected SLR. The resulting scenarios are based on combinations of the different SLR projections and the various cumulative rates of vertical accretion of marine aggregates in the Wadden Sea. Therewith, the assessment of likely impacts on the regional tidal dynamics for a multitude of reasonable future developments is systematically facilitated.

The outline of the paper is as follows: In the next section, the study area, our hydronumerical model, and the scenario development are described. Section 3 elaborates on the results of this study. Finally, in section 4, the results are discussed in detail and summarized, while also addressing potential implications.



2. MATERIALS AND METHODS


2.1. Study Area

The domain of the numerical model used in this study is shown in Figure 1. It covers the NWES, including the North Sea, the Irish Sea, and the English Channel. The North Sea basin has a surface area of approx. 575,000 km2 (including the Skagerrak) and is the main area of interest in this study. It is noteworthy to stress that its basin width varies considerably, from <40 km in the Strait of Dover to over 500 km in the north (Roos et al., 2011). Water depths in this region also show significant variations, from only a few meters in shallow water environments (e.g., along the Dutch, German, and Danish coastline) up to over 700 m in the Norwegian Trench (Roos et al., 2011). The Wadden Sea, which is located in the southeastern North Sea, extends from Den Helder (the Netherlands) to Skallingen (Denmark) and is characterized by a chain of barrier islands, tidal inlets, channels, and intertidal flats. Tidal waves enter the North Sea through an open boundary situated east of Scotland and through the Strait of Dover (Roos et al., 2011). Tidal records indicate a predominant semi-diurnal character, with spring tidal ranges surpassing 3.5 m along the coasts of England and in parts of the German Bight (Huthnance, 1991). However, tidal ranges are small in the vicinity of amphidromic points in the central part of the Southern Bight and west of Denmark (Huthnance, 1991).
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FIGURE 1. Bathymetric maps for the study area. (A) Bathymetric map for the NWES, including model boundaries and locations of tidal gauges used for model validation. Additional information about the 68 tidal gauges is given in Supplementary Table 1. Letters a to e denote: (a) Irish Sea, (b) English Channel, (c) Southern Bight, (d) German Bight, and (e) Skagerrak. (B) Bathymetric map for the Wadden Sea, including model boundaries and locations of tidal gauges used for model validation.




2.2. Model Set-Up

To investigate the responses of North Sea tidal dynamics to the combined effects of SLR and potential morphological changes in the Wadden Sea, a depth-averaged hydronumerical model based on the software Delft3D was set-up (Lesser et al., 2004). Using a finite difference scheme, Delft3D solves the Reynolds-averaged Navier-Stokes equations on a staggered grid. A detailed description of the used formulations and implementation can be found in Lesser et al. (2004) and Deltares (2020). The model domain extends from 48° N to 62° N in latitudinal direction and from 12° W to around 13° E in longitudinal direction (see Figure 1A). The spatial extent of the domain ensures that the effects of external surges, which can have significant impact on the correct representation of local water levels, are captured in the two-dimensional model. Using spherical coordinates, the grid resolution in latitudinal and longitudinal direction equals 1/50° and 1/32° (≈ 2.3 × 2.3 km), respectively. In order to provide sufficiently fine resolution of local tidal inlets, channels, and intertidal flats, a domain decomposition approach was used to increase the grid resolution in the Wadden Sea to 1/450° and 1/288° (≈ 250 × 250 m) (see red box in Figure 1B). Bathymetric data for the NWES, obtained from the European Marine Observation and Data Network (EMODnet) (EMODnet Bathymetry Consortium, 2018), were complemented by high resolution data for the Dutch, German, and Danish Wadden Sea, originating from the Rijkswaterstaat (Wiegmann et al., 2005), the Bundesanstalt für Wasserbau (BAW) (Sievers et al., 2020a), the Wasserstraßen- und Schifffahrtsverwaltung des Bundes (WSV) (WSV, 2020), and the Kystdirektoratet. The merged and assimilated dataset, with a maximum resolution of 5 × 5 m, was adjusted to MSL as a vertical reference datum and was interpolated onto the numerical grid. Amplitudes and phases for a total of 32 harmonic constituents were extracted from the FES2014 global tide model (Carrère et al., 2016) and taken as model forcing along the open boundary (see pink box in Figure 1A). Furthermore, the model was forced with spatially varying wind (u- and v-component at 10 m height) and pressure fields with a resolution of around 6 × 6 km, originating from the COSMO-REA6 reanalysis dataset (Bollmeyer et al., 2015). Based on the spatially varying pressure fields, an inverse barometer correction was applied. Wind drag coefficients were calculated by using the parameterized model of Wu (1982). Using a wind speed of 30 m/s as an upper limit, a constant wind drag coefficient was assumed above this threshold. To dynamically calculate the bed roughness for each grid cell based on local sediment characteristics, currents, and water depths, the van Rijn (2007) bed roughness predictor was applied. Available data of median grain-sizes (D50) (Rijkswaterstaat, 1998; Bockelmann, 2017; Wilson et al., 2018; Sievers et al., 2020b) were used as input for the bed roughness calculations, in order to incorporate local roughness anomalies.



2.3. Model Validation

The performance of the model was evaluated based on the comparison of simulated and observed water levels for 68 locations across the whole North Sea region (see Supplementary Table 1). Figure 2 shows the agreement between simulated and observed water levels for six selected tidal gauges (see locations in Figure 1) for a full spring-neap cycle (September 28 to October 13, 2012). Concentrating on tidal dynamics, this simulation period only includes moderate wind forcing. The chosen locations reflect the counterclockwise propagation of the tidal wave in the North Sea, entering the basin through its northern boundary with the Atlantic Ocean and propagating along the coasts of the UK, France, Belgium, and the Netherlands, heading eastwards to Germany and finally traveling northbound to Denmark and Norway. A closer examination of the individual time-series of tidal curves reveals that the simulated tidal high and low water levels are corresponding to a high degree with observations acquired in the field. Observed features, including spring and neap tides, diurnal inequalities, and extreme events are also well captured, indicating the model's ability to reproduce the regional hydrodynamics. Furthermore, different statistical parameters were calculated based on the above-mentioned spring-neap cycle to quantify the model skill. A Taylor diagram (Taylor, 2001) was therefore applied, which is based on three statistical measures: i) the standard deviation of the simulation, ii) the Pearson correlation coefficient, and iii) the centered root mean square difference (CRMSD). The Taylor diagram in Figure 3 highlights the modeling quality and individual level of agreement between modeled and observed water levels at the considered locations. For each gauge station, the simulated standard deviation and CRMSD were normalized by dividing these quantities by the standard deviation of the observation. A perfect model fit has a normalized standard deviation of 1, a correlation coefficient of 1 and a normalized CRMSD of 0. Deviations between model results and observations are largest along the Danish and Norwegian coasts, where tidal ranges are small in the close vicinity of amphidromic points. Accordingly, even differences of just a few centimeters affect the model's fit at these locations significantly. However, the overall agreement between model results and observations is confirmed by averaging the quantities of the Taylor diagram across all locations. The mean normalized standard deviation nearly shows an ideal value (1.03), while the mean correlation coefficient is high (0.9826) and the mean normalized CRMSD is rather small (0.18).
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FIGURE 2. Agreement between simulated and observed water levels at selected tidal gauge stations, according to the spring-neap cycle from September 28 to October 13, 2012. Comparison of simulated and observed water levels at the tidal gauge stations of (A) Immingham, (B) Vlissingen, (C) Harlingen, (D) Cuxhaven-Steubenhöft, (E) Dagebüll, and (F) Thyborøn Havn. Locations of tidal gauges are shown in Figure 1.
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FIGURE 3. Model performance according to the Taylor diagram, using the standard deviations, Pearson correlation coefficients, and CRMSDs. The spring-neap cycle from September 28 to October 13, 2012, was used for the calculation of statistical parameters. Quantities that were normalized by the standard deviations of the observational data are indicated by *. The black triangle indicates a perfect model fit. The color codes and locations of tidal gauges are shown in Figure 1.


Furthermore, a harmonic analysis was performed to compare observed and simulated amplitudes of selected tidal constituents. For this analysis, a simulation period of 3 months was set (September 1 to December 1, 2012), since this period is sufficient to determine the amplitudes of the most relevant tidal constituents in the North Sea (Rasquin et al., 2020). The T_TIDE toolbox was applied to perform the harmonic analysis of tidal water levels. Further details regarding the principle of classical tidal harmonic analysis and the underlying formulations of T_Tide can be found in Pawlowicz et al. (2002). Figure 4 shows the agreement for the main tidal constituents M2 and O1, the higher harmonic M4, and the frictional tide M6. Generally, the model results show no inherent over- or underestimation of magnitudes of tidal constituents and are in good agreement with observational data. Only at a few locations, the results for the higher harmonic M4 and the frictional tide M6 show mismatches between simulated and observed data. Across all locations, the root mean square error (RMSE) values for the dominant constituent M2 and its higher harmonic M4 are 7.3 and 2.5 cm, respectively. The RMSE values for the constituents O1 and M6 are ≤ 1 cm. Owed to the thorough validation, based on a high number of reference gauges, the quality of our model is similar or even superior to previous shelf models (e.g., Pickering et al., 2012; Ward et al., 2012; Arns et al., 2015), indicating the ability to reproduce the regional hydrodynamic processes to a more than satisfying degree. Thus, it is also reasonable to conclude that the model set-up and its performance for the validation period are trustworthy to conduct further investigations regarding plausible scenarios of SLR and morphological changes in the Wadden Sea.


[image: Figure 4]
FIGURE 4. Agreement of tidal constituents calculated by harmonic analysis of observed and simulated water levels, according to the 3-month period from September 1 to December 1, 2012. Comparison of observed and simulated amplitudes for the tidal constituents (A) M2, (B) O1, (C) M4, and (D) M6. The color codes and locations of tidal gauges are shown in Figure 1.




2.4. Scenario Development

Based on the results of the validation, the model was used to assess the responses of the regional tides to plausible future scenarios, which were developed in this study. Besides the present-day baseline scenario, simulations with 0.8 and 2.0 m SLR were run by adding these values to the bathymetry. A global mean SLR of 0.8 m by the end of this century is in accordance with the latest findings on SLR, following the RCP8.5 emission scenario (Oppenheimer et al., 2019). A SLR of 2.0 m represents a high-end projection (Kopp et al., 2017; Wong et al., 2017) that is certainly beyond recent expectations, but could easily be reached by the year 2100 or beyond if today's mitigation efforts to reduce greenhouse gas emissions fail. This high-end projection has also been assessed in numerous previous studies of future North Sea tidal dynamics (Pickering et al., 2012; Ward et al., 2012; Pelling et al., 2013), hence enabling a direct comparison of results between different modeling attempts. In order to assess the model's sensitivity to accompanying morphological changes in the Wadden Sea, different cumulative rates of vertical accretion were applied to the local intertidal areas. Thus, the model addresses the questions how and to which degree local intertidal areas will contribute to future changes in North Sea tidal dynamics. Generally, if SLR is below a critical limit, a dynamic equilibrium is established and intertidal areas are able to keep up with SLR (Van Goor et al., 2003; Dissanayake et al., 2012; Lodder et al., 2019). This critical limit can vary substantially between tidal basins in close proximity to one another (Van Goor et al., 2003; Lodder et al., 2019). By analyzing digital elevation models (DEMs) of intertidal flats in the Wadden Sea, a recent study finds evidence that the accumulation of marine aggregates presently compensates observed SLR (Benninghoff and Winter, 2019). However, numerical studies (Dissanayake et al., 2012; Becherer et al., 2018) indicate that future vertical accretion in the local intertidal flats is insufficient to compensate for projected SLR by the year 2100. Depending on the future magnitude and acceleration of SLR in the coming decades, intertidal flat systems in the Wadden Sea could be significantly diminished or may even disappear completely (Dissanayake et al., 2012). Considering these uncertainties, different cumulative rates of vertical accretion were used, ranging from 0 to 100% of projected SLR, thus mimicking variation of local water depths in shallow water environments. For the case of no vertical accretion (0%), a significant sediment deficit is assumed and intertidal flats are incapable to rise with the sea-level, which might be the case if a rapid, accelerated SLR is experienced (e.g., Dangendorf et al., 2017). For 100% vertical accretion, it is assumed that sediment input can counterbalance projected levels of SLR and intertidal flats are able to keep up with SLR. The other considered rates of vertical accretion (25%, 50%, 75%) assume that the local sediment availability leads to moderate accretion in the intertidal flats, which can partly balance the effects of SLR. Including the baseline scenario, combinations of the different SLR projections and the various rates of vertical accretion led to a total of 11 scenarios. These scenarios, which are summarized in Table 1, reflect a multitude of reasonable and sound future developments of drivers and parameters that may impact the future responses of the regional tides. Figure 5 shows the changes in local water depths in the Wadden Sea, which are associated with a SLR of 0.8 m and the various rates of vertical accretion. Changes in water depths for a SLR of 2.0 m and the various rates of vertical accretion can be found in Supplementary Figure 1. Additionally, exemplary hypsometric curves for the Elbe estuary, which also reflect changes in water depths associated with the outlined scenarios, are given in Supplementary Figure 2.


Table 1. Notations of investigated scenarios as well as associated values of SLR and cumulative rates of vertical accretion.
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FIGURE 5. Combinations of 0.8 m SLR projection and various cumulative rates of vertical accretion in the Wadden Sea. (A) Bathymetric map for the Wadden Sea, including locations of intertidal flats. Local increases in water depths for scenarios (B) RCP8.5_000, (C) RCP8.5_025, (D) RCP8.5_050, (E) RCP8.5_075, and (F) RCP8.5_100.


Even though our modeling approach uses highly resolved bathymetric data in the intertidal flats of the Wadden Sea, thus compensating for shortcomings of previous numerical studies of North Sea tidal dynamics, several assumptions and simplifications are inherent to our scenario simulations. As proposed by Pickering et al. (2012), the model's open boundary was implemented in deep water and far away from the shelf. Accordingly, it can be assumed that the effects of SLR on the tidal forcing along this boundary are insignificant. Furthermore, no river discharges were applied to the upstream boundaries of the Ems, Weser, and Elbe estuaries, even though they are included in the model. It is, however, proven that the exclusion of the local hydrology in the adjacent estuaries only has minimal impact on the regional tidal dynamics of the German Bight, as discussed and shown by Rasquin et al. (2020). Regarding the future morphological evolution of intertidal areas in the Wadden Sea, the availability of sediments from internal and external sources has to be considered. Tidal inlets, channels, and ebb-tidal deltas act as internal sediment sources in a tidal basin, while external sediments may be provided by foreshore areas, barrier islands, or remote sites (Wachler et al., 2020). Existing empirical (Hofstede, 2002) and schematized models (Van Goor et al., 2003) have shown that SLR may cause an internal sediment redistribution from tidal inlets, channels, and ebb-tidal deltas to the intertidal flats. As a result, vertical accretion in the intertidal flats is usually associated with a simultaneous erosion in the inlets and channels, as recently observed by Benninghoff and Winter (2019). We assumed that sediments from external sources are fully accountable for the vertical accretion in the intertidal flats of the Wadden Sea for simplicity. In contrast to Wachler et al. (2020), a deepening of local tidal inlets and channels was neglected in our model. Furthermore, we uniformly applied each considered rate of vertical accretion to the entire intertidal flats of the Wadden Sea. Even though the morphological responses of individual tidal basins to SLR may vary substantially (Van Goor et al., 2003; Lodder et al., 2019), spatially varying patterns of vertical accretion were deemed unfeasible for the original focus in our study. Finally, we assumed that predominant sediment grain-sizes, which were used as input in the bed roughness calculations, remain stable despite rising sea-levels. The effects of SLR and altered hydrodynamics on the amount of fine-grained sediments in intertidal flats (Dolch and Hass, 2008) were accordingly also neglected. Focusing on the general responses of North Sea tides to SLR and morphological changes in the intertidal flats of the Wadden Sea, these mentioned assumptions and simplifications were considered acceptable.




3. RESULTS

To analyze the responses of the North Sea tides to SLR and morphological changes in the Wadden Sea, the assessment considers the likely alterations in the amplitudes of the dominant semi-diurnal tidal constituent M2. Due to the application of harmonic analysis, the impact of the wind forcing can be neglected in our results. In detail, we analyzed spatial patterns of M2 amplitude increases and decreases. Observed changes in M2 amplitudes are strongly linked to the forced migration of amphidromic points. Accordingly, their movements in response to the different scenarios are also presented, while mainly focusing on the amphidromic point in the German Bight. Changes in the shape of tidal curves and associated alterations in tidal asymmetry (i.e., flood and ebb dominance) in prominent adjacent estuaries are also discussed. Results for 0.8 m SLR and the various rates of vertical accretion are presented first, followed by the analysis of scenarios, which are associated with a SLR of 2.0 m. In addition, the comparison of the tidal responses to 0.8 and 2.0 m SLR enables the assessment of the non-linearity of amplitude changes.


3.1. Responses of Regional Tides to 0.8 m SLR

Figure 6 shows the alterations in M2 amplitudes across the NWES for a SLR of 0.8 m and the various rates of vertical accretion in the intertidal flats of the Wadden Sea. Except for the Wadden Sea, spatial patterns of amplitude increases and decreases remain relatively stable for most of the North Sea region, only varying in the magnitude of amplitude changes (see Figures 6B–F). Regions of significant amplitude increases are located at the British coast between Aberdeen and Whitby, the bulk of the Southern Bight, and the Skagerrak. Regions of amplitude decreases are seen northwards of Aberdeen, between Immingham and Cromer, in the northeastern part of the Southern Bight, and along the west coast of Norway. Other areas of particular M2 amplitude increases (e.g., northern half of Irish Sea, eastern half of English Channel) and decreases (e.g., southernmost Irish Sea, western half of English Channel), which lie outside the North Sea region, are not in the focus of our study. It also must be noted that M2 amplitude changes for presented scenarios are insignificant along the open boundary (<1 cm), as previously assumed.
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FIGURE 6. M2 amplitudes for the NWES resulting from the combinations of 0.8 m SLR projection and various cumulative rates of vertical accretion. (A) Map of M2 amplitudes for the NWES for the baseline scenario, according to the 3-month period from September 1 to December 1, 2012. Relative changes in M2 amplitudes for scenarios (B) RCP8.5_000, (C) RCP8.5_025, (D) RCP8.5_050, (E) RCP8.5_075, and (F) RCP8.5_100.


In contrast to the remainder of the domain, the M2 amplitude responses are distinctly different between the investigated scenarios for the Wadden Sea area. For increased near-shore water depths, following the scenario of no vertical accretion in the intertidal flats (RCP8.5_000) (see Figure 6B), significant decreases in M2 amplitudes are observed in the German Bight and along the adjacent Danish coast. With increasing vertical accretion in the intertidal flats of the Wadden Sea (RCP8.5_025 to SLR0.8_075), areas with amplitude increases are extending, while areas with M2 amplitude decreases begin to diminish (see Figures 6C–E). In the case of 100% vertical accretion (RCP8.5_100), substantial amplitude increases are noticed along the entire Wadden Sea coast (see Figure 6F). Due to the sensitivity of the region to the different scenarios, M2 amplitude alterations in the Wadden Sea are shown in more detail in Figure 7. Since intertidal flats are more frequently or even permanently inundated for a SLR of 0.8 m, they show the most pronounced increases in M2 amplitudes. In the case of no vertical accretion (RCP8.5_000), the amphidromic point in the German Bight shifts in northeast direction by around 7 km, thus moving closer toward the coast of Denmark (see Figure 7B). With increasing vertical accretion in the Wadden Sea, this amphidromic point migrates back in the direction of its present-day location (see Figures 7C–F). The closer the amphidromic point shifts toward its present location, the more areas become subject to increases in M2 amplitudes. The magnitudes of M2 amplitudes are also visibly affected, indicating that the shift of this amphidromic point has significant impact on the overall tidal responses in the Wadden Sea. Plausible physical drivers and inherent mechanisms forcing the migration of this amphidromic point are discussed in detail in section 4. Other amphidromic points in the North Sea region (e.g., in the Southern Bight) however show no sensitivity toward the different rates of vertical accretion in the Wadden Sea and thus are not presented here.
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FIGURE 7. M2 amplitudes for the Wadden Sea resulting from the combinations of 0.8 m SLR projection and various cumulative rates of vertical accretion. (A) Map of M2 amplitudes for the Wadden Sea for the baseline scenario, according to the 3-month period from September 1 to December 1, 2012. Relative changes in M2 amplitudes for scenarios (B) RCP8.5_000, (C) RCP8.5_025, (D) RCP8.5_050, (E) RCP8.5_075, and (F) RCP8.5_100. Green dots indicate movements of amphidromic points in relation to the baseline scenario (orange dots).


To quantify the tidal responses of the North Sea basin to our scenarios, Figure 8 shows the M2 amplitude changes for the 68 tidal gauge locations, which were previously used for the validation of the model. For each site, Figure 8B highlights the range of possible alterations in the responses of the M2 tide, which are associated with a SLR of 0.8 m and the various cumulative rates of vertical accretion. The three largest decreases in M2 amplitudes occur at the locations Pellworm Anleger (−3 cm), Husum (−3 cm), and Büsum (−3 cm) for scenario RCP8.5_000. The three largest absolute increases occur at the locations Dagebüll (+13 cm), Harlingen (+12 cm), and Delfzijl (+12 cm), assuming that the vertical accretion in the intertidal flats is able to keep up with a SLR of 0.8 m (RCP8.5_100). Following the propagation of the tidal wave, M2 amplitude changes between the morphological scenarios are almost negligible from Lerwick to Den Helder, which marks the southwest edge of the Wadden Sea. Along the coasts of the Wadden Sea, significant differences prevail between the scenarios. Between scenarios RCP8.5_000 and RCP8.5_100, the differences in M2 amplitudes even surpass 10 cm at multiple locations. The largest differences are observed at the locations Dagebüll (−1 cm for RCP8.5_000, +13 cm for RCP8.5_100), Husum (−3 cm for RCP8.5_000, +9 cm for RCP8.5_100), and Pellworm Anleger (−3 cm for RCP8.5_000, +8 cm for RCP8.5_100). This highlights that the North Frisian coastal region of the Wadden Sea is particularly sensitive to the combined effects of a SLR of 0.8 m and the various cumulative rates of vertical accretion. However, even a remote region like the Skagerrak, which is located hundreds of kilometers away from the Wadden Sea, also shows a significant sensitivity toward the applied morphological changes. Plausible implications for the Baltic Sea (e.g., inflow of saline water, stratification, nutrient influx) are not addressed in this study.


[image: Figure 8]
FIGURE 8. M2 amplitudes as a function of available tidal gauge stations resulting from the combinations of different SLR projections and various cumulative rates of vertical accretion. (A) M2 amplitudes for the baseline scenario, according to the 3-month period from September 1 to December 1, 2012. (B) Relative changes in M2 amplitudes resulting from 0.8 m SLR and various cumulative rates of vertical accretion. (C) Relative changes in M2 amplitudes resulting from 2.0 m SLR and various cumulative rates of vertical accretion. The color codes and locations of tidal gauge stations are shown in Figure 1. Shown numbers indicate exemplary tidal gauge stations that were highlighted in more detail in Figure 2.


The tidal curves for the tidal gauge stations, which were previously shown in Figure 2, reveal some interesting features (see Figure 9). With very few exceptions (e.g., Dagebüll in the case of scenario RCP8.5_000), tidal high water levels tend to rise for a SLR of 0.8 m, while tidal low water levels concurrently fall. As a result, the tidal ranges (and M2 amplitudes) are likely to increase. Figure 9 also shows that a phase shift of the M2 constituent occurs for a SLR of 0.8 m, as indicated by an earlier occurrence of the tidal high and low water levels. This is explained by an increase in the propagation speed of the tidal wave with increasing sea-level and larger water depths inside the North Sea basin. The stations of Immingham (Figure 9A) and Vlissingen (Figure 9B), though, show no sensitivity toward the vertical accretion in the Wadden Sea. In contrast, the stations Harlingen, Cuxhaven-Steubenhöft, Dagebüll, and Thyborøn Havn (see Figures 9C–F) show substantially different responses between the scenarios. At these locations, magnitudes of changes in tidal high and low water levels become more pronounced with increasing vertical accretion in the intertidal areas of the Wadden Sea. For the stations of Harlingen and Dagebüll it is also shown that alterations in tidal low water levels are larger in relation to the tidal high water levels. In addition, it becomes apparent that the morphological evolution of the Wadden Sea not only affects local high and low water levels in the case of a SLR, but also influences the shape of the tidal wave, as seen in Figures 9C–F. For all available gauge locations, detailed changes in tidal high and low water levels are presented in the Supplementary Figures 3, 4, respectively.


[image: Figure 9]
FIGURE 9. Distortion of the tidal wave at selected tidal gauge stations resulting from combinations of 0.8 m SLR projection and various cumulative rates of vertical accretion. Distortion of the tidal wave at the tidal gauge stations of (A) Immingham, (B) Vlissingen, (C) Harlingen, (D) Cuxhaven-Steubenhöft, (E) Dagebüll, and (F) Thyborøn Havn. Comparisons are based on an exemplary 25 hour period during spring tide (boundary forcing equals conditions for September 30 to October 1, 2012). Locations of tidal gauges are shown in Figure 1.


An altered distortion and more pronounced asymmetry of the tidal wave, as shown in Figure 9, supposedly has strong implications for the sediment transport in the estuaries of the German rivers Ems, Weser, and Elbe. Thus, we also briefly assessed the tidal duration asymmetry by analyzing phase differences between the M2 and M4 tidal constituents. By means of the widely applied definition by Friedrichs and Aubrey (1988), positive values for the indicator sin(2ΘM2−ΘM4) denote an estuarine system showing flood dominance, while negative values are typically associated with ebb dominance. Here, ΘM2 and ΘM4 are the sea-surface phases of the M2 and M4 tidal constituents. In the case of a symmetric tide, sin(2ΘM2−ΘM4) is equal to zero. In this context, flood dominance is associated with a shorter flood than ebb duration and stronger peak flood currents, resulting in a net import of sediments into an estuary. Conversely, ebb dominance results in shorter ebb duration than flood duration, stronger peak ebb currents, and a flushing of sediments in seaward direction. According to this definition, the Ems, Weser, and Elbe estuaries already show flood dominance under present-day conditions (see Figure 10A). In this context, it must be noted that the influence of freshwater discharges was neglected in our simulations. In the case of a SLR of 0.8 m and no vertical accretion in the Wadden Sea (RCP8.5_000), the loss of intertidal storage volume leads to an increase in flood dominance (or a decrease in ebb dominance) in the respective estuaries (see Figure 10B). The more intertidal storage volume becomes available due to vertical accretion in the Wadden Sea, the more the tendencies for flood and ebb dominance resemble the present-day state (see Figures 10C–F).


[image: Figure 10]
FIGURE 10. Flood and ebb dominance for the German Bight resulting from the combinations of 0.8 m SLR projection and various cumulative rates of vertical accretion. (A) Map of flood and ebb dominance for the German Bight for the baseline scenario, according to the 3-month period from September 1 to December 1, 2012. Relative changes in flood and ebb dominance for scenarios (B) RCP8.5_000, (C) RCP8.5_025, (D) RCP8.5_050, (E) RCP8.5_075, and (F) RCP8.5_100. In panel (A), values > 0 indicate flood dominance, with values <0 signaling ebb dominance. In panels (B) to (F), values > 0 indicate increases in flood dominance or decreases in ebb dominance, while values <0 signal increased ebb dominance or decreased flood dominance.




3.2. Responses of Regional Tides to 2.0 m SLR

The M2 amplitude alterations for a SLR of 2.0 m and the various cumulative rates of vertical accretion are shown in Figure 11. In comparison to a SLR of 0.8 m, as portrayed in Figure 6, the limits of the color bars were adjusted in proportion to the increased SLR. Compared to a SLR of 0.8 m, the M2 amplitude changes are amplified, while the associated spatial patterns of amplitude increases and decreases show only minor alterations. Again, regions of amplitude increases are foremost found between Aberdeen and Whitby, in the central part of the Southern Bight, and the Skagerrak. Regions of amplitude decreases are located in the north of Scotland, near the Wash estuary, in the northernmost part of the Southern Bight, and along the Norwegian west coast.


[image: Figure 11]
FIGURE 11. M2 amplitudes for the NWES resulting from the combinations of 2.0 m SLR projection and various cumulative rates of vertical accretion. (A) Map of M2 amplitudes for the NWES for the baseline scenario, according to the 3-month period from September 1 to December 1, 2012. Relative changes in M2 amplitudes for scenarios (B) high-end_000, (C) high-end_025, (D) high-end_050, (E) high-end_075, and (F) high-end_100.


For a SLR of 2.0 m, the responses of the tidal signal in the Wadden Sea can be quite different between the various rates of vertical accretion (see Figures 11, 12). As previously depicted for a SLR of 0.8 m, the amphidromic point in the German Bight migrates the furthest in northeast direction (≈ 12 km) in the case of no vertical accretion (high-end_000) (see Figure 12B). With increasing vertical accretion, this amphidromic point moves back in the opposite direction toward its present location (see Figures 12C–F). In contrast to a SLR of 0.8 m, only the North Frisian Wadden Sea and a smaller section of the adjacent Danish coast are subject to decreases in M2 amplitudes if no vertical accretion is assumed (high-end_000). Independent from the rate of vertical accretion, the remainder of the Wadden Sea exhibits increases in M2 amplitudes for a SLR of 2.0 m. The higher the vertical accretion, the more the M2 amplitudes are amplified in those regions. The North Frisian and Danish coasts become subject to increases in M2 amplitudes, too, with increasing vertical accretion in the local intertidal flats. In relation to a SLR of 0.8 m, the observed alterations in the patterns of M2 amplitude increases and decreases also reveal non-linear behavior in response to SLR.


[image: Figure 12]
FIGURE 12. M2 amplitudes for the Wadden Sea resulting from the combinations of 2.0 m SLR projection and various cumulative rates of vertical accretion. (A) Map of M2 amplitudes for the Wadden Sea for the baseline scenario, according to the 3-month period from September 1 to December 1, 2012. Relative changes in M2 amplitudes for scenarios (B) high-end_000, (C) high-end_025, (D) high-end_050, (E) high-end_075, and (F) high-end_100. Green dots indicate movements of amphidromic points in relation to the baseline scenario (orange dots).


Detailed alterations in the M2 amplitudes resulting from a SLR of 2.0 m and the various cumulative rates of vertical accretion are shown in Figure 8C for a total of 68 tidal gauges across the entire North Sea region. The three largest decreases in M2 amplitudes occur at Stavanger (−3 cm), Lerwick (−2 cm), and Wick (−2 cm) in the case of scenario high-end_100. The three largest absolute amplitude increases, which are observed at the locations Dagebüll (+28 cm), Delfzijl (+24 cm), and Harlingen (+23 cm), are also associated with scenario high-end_100. Between the investigated scenarios, the differences in M2 amplitudes are again substantial along the coasts of the Wadden Sea and the northward located part of the Danish coast. Maximum differences between scenarios high-end_000 and high-end_100 are as high as 22 cm. The largest differences occur at Dagebüll (+6 cm for high-end_000, +28 cm for high-end_100), Husum (+3 cm for high-end_000, +20 cm for high-end_100), and Delfzijl (+7 cm for high-end_000, +24 cm for high-end_100).

In comparison to a SLR of 0.8 m, changes in individual tidal curves (e.g., magnitudes of tidal high and low water levels, phase shifts) become more pronounced for a SLR of 2.0 m (see Supplementary Figure 5). Largest changes are to be expected if intertidal areas are capable to import an adequate amount of sediments to fully rise with the sea-level (high-end_100). Associated changes in tidal asymmetries (i.e., magnitudes of flood and ebb dominance) are also enhanced for a SLR of 2.0 m (see Supplementary Figure 6). As previously observed for a SLR of 0.8 m, the largest increases in flood dominance (and decreases in ebb dominance) occur in the case of no vertical accretion in the Wadden Sea (high-end_000).




4. DISCUSSION


4.1. Mechanisms for Observed Changes

Taylor (1922) investigated the reflection of Kelvin waves for a semi-enclosed, rotating basin of uniform width and depth. For this problem, the superposition of Kelvin waves (incoming and reflected) and generated Poincaré waves leads to the formation of an amphidromic system, with the amphidromic points being aligned along the centerline of the basin. Hendershott and Speranza (1971) introduced a dissipative boundary condition to Taylor's solution, while Rienecker and Teubner (1980) added the effect of bottom friction. Both incorporated effects lead to a shift of amphidromic points in cross-basin direction, even though the displacements of amphidromic points are different. Based on these idealized solutions, M2 amplitude changes can generally be explained by different spatial patterns of energy dissipation, which lead to varying migrations of amphidromic points in return. To shed more light on the responses of the North Sea tides to the scenarios discussed above, the energy dissipation was therefore calculated for each scenario. To estimate the energy dissipation, the standard expression for tidal boundary layers, which assumes a balance between bottom stress and energy dissipation, was used:

[image: image]

where ρ is the water density (ρ = 1,025 kg/m3), Cd is the bed friction coefficient and u is the tidal velocity vector. Concentrating on the Wadden Sea area (see red box in Figure 1B), the mean tidal energy dissipation for the baseline scenario amounts to around 6,300 MW, based on an exemplary spring-neap cycle (September 28 to October 13, 2012). In relation to the baseline, the energy dissipation for the different scenarios increases between around +2 and +7% for a SLR of 0.8 m. The lower the vertical accretion in the Wadden Sea, the higher the increase in energy dissipation becomes. Accordingly, the highest energy dissipation is associated with scenario RCP8.5_000, while scenario RCP8.5_100 shows the smallest increase in tidal energy dissipation. As expected, the displacement of the amphidromic point in the German Bight becomes larger, the more energy dissipation occurs (see Figures 7B–F). For a SLR of 2.0 m and the various rates of vertical accretion, the energy dissipation increases between around +4 and +13% in comparison to the baseline. Thus, movements of the amphidromic point in the German Bight are more pronounced for a SLR of 2.0 m. Again, the largest increase in energy dissipation occurs for 0% vertical accretion (high-end_000), while the smallest increase occurs for 100% vertical accretion (high-end_100). The detailed rates of energy dissipation for our scenarios are shown in Supplementary Table 2.

Caused by different rates of energy dissipation, the observed migrations of the amphidromic point in the German Bight and subsequent M2 amplitude changes can be explained adequately. It is still uncertain though, which mechanisms are responsible for the presented increases in tidal energy dissipation. The investigation of different coastal defense strategies by Pelling et al. (2013) showed that the flooding of additional grid cells within a numerical model can be an important mechanism controlling the responses of North Sea tidal dynamics to SLR. For a fixed coastline, the energy dissipation decreased across their whole model domain with increasing SLR. In contrast, present-day dissipation rates were maintained for a coastal recession scenario. New areas of high energy dissipation were created by the flooding of the low-lying Dutch coast, counterbalancing the effects of decreasing energy dissipation with increasing water depths. However, we assumed that coastal protection measures will be in place and even re-strengthened in order to cope with SLR and protect the present-day coastline, thus following a fixed and fortified coastal protection strategy. In relation to the baseline, no additional cells are available for flooding in any of our outlined future scenarios. Accordingly, the flooding of new cells cannot be the controlling mechanism that leads to the different responses in M2 amplitudes. In addition, as shown by Rasquin et al. (2020), intertidal flats in the Wadden Sea, which will be inundated more frequently or even permanently due to SLR, contribute only marginally to the local energy dissipation.

Observed differences in the rates of energy dissipation can likely be explained by alterations in the mean current velocities, as suggested by Rasquin et al. (2020). For a SLR of 0.8 m, the alterations in mean current velocities due to the various rates of vertical accretion are shown in Figure 13. As described by Wachler et al. (2020), changes in the velocity patterns due to SLR are mainly controlled by the ratio of tidal prism to cross-sectional area of local tidal inlets and channels. For no vertical accretion, they showed that this ratio increases with rising sea-levels. As a result, the mean velocity magnitudes in the tidal inlets and channels will be increased, which can also be observed in our results, as seen Figure 13B. For a SLR of 0.8 m, with simultaneous vertical accretion of tidal flats by 0.5 m and a deepening of tidal channels by 0.2 m, Wachler et al. (2020) also showed that this ratio decreases again. With regard to the tidal velocities, the system's responses to SLR were counterbalanced by the applied bathymetric changes. As can be deduced from Figures 13C–F, these effects are also evident in our results. In most of the tidal inlets and channels, the mean velocity magnitudes will decrease with increasing vertical accretion in the local intertidal flats. It seems reasonable that the observed alterations in M2 amplitudes are caused by these changes in mean current velocities, since current velocities are strongly linked to the energy dissipation. The changes in mean current velocities for a SLR of 2.0 m and the various cumulative rates of vertical accretion can be found in Supplementary Figure 7.


[image: Figure 13]
FIGURE 13. Mean velocity magnitudes for the Wadden Sea resulting from the combinations of 0.8 m SLR projection and various cumulative rates of vertical accretion. (A) Map of mean velocity magnitudes for the Wadden Sea for the baseline scenario, according to the spring-neap cycle from September 28 to October 13, 2012. Relative changes in mean velocity magnitudes for scenarios (B) RCP8.5_000, (C) RCP8.5_025, (D) RCP8.5_050, (E) RCP8.5_075, and (F) RCP8.5_100.


At this point, we also want to briefly discuss the possible impact of our simplifications and assumptions on the results. For simplicity, we assumed that sediments from external sources are fully accountable for the vertical accretion in the intertidal areas of the Wadden Sea. However, it is likely that a redistribution of sediments from tidal inlets and channels to the intertidal areas will partially contribute to the vertical accretion. If tidal inlets and channels are deepened, the ratio of tidal prism to cross-sectional area will decrease. As discussed in detail by Wachler et al. (2020), this further decreases current velocities in the inlets and channels in comparison to a SLR without considering potential bathymetric changes in the Wadden Sea. Due to the interconnections between tidal velocities, energy dissipation rates, and tidal amplitudes, we conclude that the differences in M2 amplitudes between scenarios could even be higher than presented here if future erosion in the inlets and channels is assumed. Furthermore, we applied considered rates of vertical accretion uniformly to the entire intertidal areas of the Wadden Sea. Due to given uncertainties in the response of individual tidal basins to SLR, it was simply unfeasible to use spatially varying rates of vertical accretion in our study. Accordingly, it should be noted that future changes in current velocities and M2 amplitudes could exhibit more complex spatial patterns than shown in our study. Finally, we also assumed that sediment properties (e.g., D50) will remain constant. Variations in sediment properties would impact the bed roughness, which is linked to the bed shear stress. As a result, changes in bed shear stress would also trigger feedbacks on the current velocities, energy dissipation rates and ultimately the amplitudes of tidal constituents. Even though simplifications and assumptions were needed to address future uncertainties, they are common practice in numerical modeling studies. Thus, we are confident that our results give a reliable estimate regarding the future response of regional tidal dynamics to SLR and morphological changes in the Wadden Sea.



4.2. Comparison to Previous Studies

For the North Sea region, the responses of the M2 tide to a SLR of 2.0 m were recently further investigated in numerous studies (Pickering et al., 2012; Ward et al., 2012; Pelling et al., 2013). None of these studies, however, considered the effects of morphological changes on the regional tides. Accordingly, a comparison of results is only feasible for our scenario high-end_000. Our spatial pattern of M2 amplitude increases and decreases is consistent with the results of Pickering et al. (2012) throughout most of the North Sea. Discrepancies are only apparent in the Wadden Sea: Whereas the findings by Pickering et al. (2012) show significant increases in M2 amplitudes along the entire Dutch, German, and Danish coasts, our results indicate decreases in M2 amplitudes in the North Frisian Wadden Sea and along the adjacent Danish coast. The study by Ward et al. (2012) found significant decreases in M2 amplitudes extending from the Netherlands to the Skagerrak. In contrast to Pickering et al. (2012) and our results, they postulated a coastal recession strategy, thus allowing the flooding of extended areas in the Dutch hinterland, which is in stark contrast to present-day coastal protection strategies (Haasnoot et al., 2020). Applying a fixed coastline approach and using the same model as Ward et al. (2012), the pattern of M2 amplitude changes found by Pelling et al. (2013) exhibits strong similarities to our findings. However, as pointed out by Rasquin et al. (2020), the above-mentioned models used relatively coarse resolution (≥ 8 km) throughout their entire model domains. These models are thus not able to represent characteristic bathymetric features in the Wadden Sea, like tidal inlets, channels, and intertidal flats correctly. Considering alterations in local current velocities, which play an important role in the responses of regional tidal dynamics to SLR, the results of these models are sound but imprecise. Taking this shortcoming into consideration, we used a fine grid resolution of around 250 x 250 m in the entire Wadden Sea, thus ensuring a more adequate representation of local shallow water environments.

Furthermore, a recent study by Rasquin et al. (2020) investigated the responses of tidal dynamics in the German Bight to a SLR of 0.8 m, neglecting vertical accretion in the local intertidal flats. Accordingly, their results must be related to our scenario RCP8.5_000. For the German Bight, our responses in M2 amplitudes are nearly identical to the findings of Rasquin et al. (2020), who focused on the impact of bathymetry representation on the local tidal dynamics, thus applying fine grid resolution as well. Another recent study by Wachler et al. (2020), which focused on the German Bight, too, assessed the tidal responses to SLR and bathymetric changes in the Wadden Sea. Besides a SLR of 0.8 m, they also considered vertical accretion of 0.5 m in the local intertidal flats and a simultaneous deepening of tidal channels by 0.2 m. They used peak flood and ebb velocities to analyze changes in flood and ebb dominance patterns in the German Bight for two scenarios. In general, their results agree with our identified changes in flood and ebb dominance, i.e., increased flood dominance and decreased ebb dominance if no vertical accretion is considered (RCP8.5_000). They also showed that morphological changes might compensate alterations in tidal asymmetries, which are caused by SLR. However, Wachler et al. (2020) did neither provide changes in M2 amplitudes nor did they focus on the responses of the North Sea basin or migrations of amphidromic points. In contrast, we also used a larger number of combinations of projected SLR and various rates of vertical accretion in the Wadden Sea, while focusing on the entire North Sea region. Accordingly, our results highlight the impact on the regional tides on a larger scale and for a more diverse set of future scenarios, thus expanding the existing knowledge in many aspects.



4.3. Summary and Outlook

The knowledge of future North Sea tidal dynamics has wide ranging implications for the regional environment and economy, including impact on sediment transport, coastal habitats, maritime navigation, and the offshore wind energy industry. Covering the NWES, a hydronumerical model was set-up within this study to investigate the responses of regional tidal dynamics to the combined impact of SLR and the morphological evolution of intertidal flats in the Wadden Sea. Focusing on the North Sea region, the thoroughly validated model reproduces the present-day tidal dynamics with good accuracy. In order to correctly represent characteristic bathymetric features in shallow coastal areas (e.g., tidal channels and intertidal flats), a fine resolution (≈ 250 x 250 m) was applied for the Wadden Sea. Though our results agree with previous studies for most of the North Sea region, our estimated responses of M2 tidal amplitudes to SLR reveal some discrepancies along the Wadden Sea coast. Due to coarse model resolution, earlier projections were unable to correctly reproduce the responses of current velocities in the Wadden Sea to SLR (Rasquin et al., 2020). Accordingly, our results presumably represent the first robust projection for the effects of SLR on the M2 tide for the entire Wadden Sea region.

Due to uncertainties in the projections of SLR, it is still slightly unknown how intertidal flats will cope with future accelerated SLR. Though it seems plausible that the availability of sediment from internal and external sources will lead to local accretion, it is unclear to which degree the intertidal flats will be able to counterbalance the effects of SLR. However, as shown in this study, the future morphological evolution of the Wadden See will play an important role in regarding the responses of the regional tidal dynamics to SLR. Starting at Den Helder and extending to the Skagerrak, the coasts of the Netherlands, Germany, and Denmark are particularly sensitive toward the combined impact of SLR and morphological changes in the Wadden Sea. Depending on the rate of vertical accretion in the local intertidal flats, M2 amplitude changes can even vary in their sign. In the case of no vertical accretion, amplitude decreases are to be expected in the German Bight and along the Danish coast. With increasing rates of vertical accretion, increases in M2 amplitudes become more pronounced, while areas with amplitude decreases begin to diminish. The largest amplitude increases occur in the case that intertidal flats are able to keep up with SLR. Between the applied rates of vertical accretion, the M2 amplitude changes can locally vary by more than 10 cm for a SLR of 0.8 m. For a SLR of 2.0 m, these differences can even surpass 20 cm. Besides M2 amplitude changes, which mainly impact the height of tidal high and low water levels, we also briefly assessed possible alterations in tidal asymmetries. Increases in flood dominance (and decreases in ebb dominance) are to be expected in the case of no vertical accretion in the intertidal areas of the Wadden Sea.


4.3.1. Implications for Coastal Protection Strategies

Design heights in coastal protection usually consider the superimposed effects of tides, surges, waves, and SLR. As shown in our study, large uncertainties are inherent to the local responses of tidal dynamics to the combined effects of SLR and morphological changes in the Wadden Sea. For numerous regions (e.g., North Frisian Wadden Sea, Danish west coast), it is highly uncertain whether tidal amplitudes will be amplified or attenuated by SLR, depending on the various pathways of possible morphological changes in the Wadden Sea. Dealing with large uncertainties in future SLR, Oppenheimer et al. (2019) proposed that flexible responses and adjusted decisions are needed in coastal management. We suggest that this adaptation pathway approach (e.g., Haasnoot et al., 2013, 2020) should also be applied in order to cope with the presented uncertainties in future tidal dynamics.



4.3.2. Implications for Sediment Transport in Estuaries

Generally, large tidal amplitudes and shallow channels enhance flood dominance, while ebb dominance is enhanced by a large intertidal storage volume in comparison to the channel volume (Bosboom and Stive, 2021). If intertidal storage is lost due to SLR and lacking vertical accretion in the Wadden Sea, flood dominance will accordingly be enhanced (and ebb dominance be decreased). Since tidal asymmetry in estuaries controls the residual sediment transport, enhanced flood dominance will lead to more sediment being imported into the Ems, Weser, and Elbe estuaries. As identified by Winterwerp and Wang (2013), positive feedbacks between increased tidal asymmetry, increased sediment import, and reduced hydraulic drag might even bring an estuary into a hyper-turbid state. To cope with such possible regime shifts in the German estuaries, awareness must be raised and new strategies are demanded to improve the estuarine water quality and to safeguard operations of local critical infrastructure, e.g., waterways and ports. Accordingly, the design of resilient pathways for local port operations and waterways management should be studied in greater detail in the future.
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