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SUMMARY

The German Wadden Sea on the Northwestern European Shelf is world’s largest channel-shoal
system that comprises broad coherent intertidal flats, islands, shoals, and several estuaries.
Coastal management (e.g., land reclamation, diking, channel closure, coastal construction, or
channel deepening) has shaped the German Wadden Sea’s coastline and its estuaries for cen-
turies. As a consequence, navigational channel dredging and coastline maintenance have be-
come routine coastal engineering tasks. Since the 2010s, German coastal stakeholders reported
turther enhanced coastal siltation which resulted in increased dredging efforts, muddy recre-
ational areas, or habitat loss. The scope of this dissertation was therefore to (1) scientifically
quantify changes in coastal siltation and to (2) investigate the evolution of driving mechanisms.
The overarching objective was to assess to what extent and why enhanced coastal siltation oc-
curred at the study site during a chosen recent study period of 1996 to 2016.

I deployed a baroclinic numerical model of the North Sea to assess changes in the German
Wadden Sea during this period. A novel data aggregation approach was developed to trans-
late these extensive modeling data into representative samples for trend assessment. These
processed data were then merged with bathymetry and surface sediment data to estimate the
observed evolution of area, height, water volume, and sediment volume in the subtidal and
intertidal zones.

The bathymetry data analysis revealed notable lateral intertidal expansion and vertical accre-
tion at the cost of a retreating and deepening subtidal zone. The respective sediment and
water volumes confirmed this observation. Interestingly, the total coastal (i.e., subtidal and
intertidal) sediment volume was mostly balanced with few exceptions; hence, local sediment
redistribution from the subtidal to the adjacent intertidal zone was likely dominant over sedi-
ment import. Decadal surface sediment distributions furthermore suggested that the coverage
of mudflats in the southern and southeastern German Bight increased gradually.

Research on the accretion of sediments in the coastal zone emphasizes the dynamical equilib-
rium concept which was followed closely in this dissertation. Equilibrium may be assumed
whenever the transverse profile of a channel-shoal environment remains more or less constant
on morphological time scales. As this was not the case at the study site, changes in the tidal
and non-tidal drivers affecting the dynamical equilibrium were investigated. Results were am-
biguous at first because no noteworthy changes in non-tidal forcing aside from minor sea level
rise and more frequent landward-facing waves were found. There were, however, changes in
tidal forcing. Significant trends in principle and shallow water tidal constituent’s amplitude
and phase were found in modeled and observational data. This development resulted in an
overall increase in tidal range by several mm yr~!, declining tidal duration and flow velocity
flood dominance, and increasing flood and ebb slack duration. Local changes in tidal asym-
metry were found to be correlated with subtidal deepening and increasing relative intertidal
storage.

In conclusion, reports about enhanced coastal siltation were considered plausible as recent



bathymetry evolution and an increasing mudflat coverage were found. Changes in tidal forc-
ing and asymmetry initially suggested that the sediment import into the coastal zone should
be hampered which is counterintuitive considering the observed bathymetric development.
An increase in mean flood and ebb slack duration could, however, enhance the deposition of
tine material which would fit the scope of coastal siltation. Furthermore, reduced tidal and
wave energy from broader, higher tidal flats is reasonable to suspect which should also facil-
itate more sediment deposition. I hypothesized that observed bathymetry evolution resulted
from a morphological disequilibrium that was initiated by sea level rise. Future research was
recommended on the interaction of sea level rise, bathymetry changes, tidal dynamics, and
sediment transport.









ABSTRACT

The Wadden Sea on the Northwestern European Shelf is world’s largest channel-shoal system
that comprises broad coherent intertidal flats, islands, shoals, and several estuaries. Coastal
management has shaped the Wadden Sea’s coastline and its estuaries for centuries which is
why navigational channel dredging and coastline maintenance have become routine coastal
engineering tasks. Since the 2010s, German coastal stakeholders reported further enhanced
coastal siltation. My research objectives were (1) to identify whether there was quantifiable
evidence of enhanced coastal siltation and (2) to find the driving processes behind this de-
velopment. An analysis of bathymetry data confirmed that intertidal flats accreted and that
lateral expansion and subtidal deepening occurred. Balanced subtidal and intertidal sediment
budgets suggested a redistribution of local subtidal sediments to intertidal flats. In addition,
surface sediment data indicated a gradually increasing mudflat coverage over time. Based on
this information, numerical modeling and observational data were used to quantify changes
in tidal and non-tidal forcing: I found near-constant wind-wave and storm surge conditions
which indicated that event-driven phenomena were an unlikely driver. Spatial tidal analysis
and observational data revealed amplitude and phase shifts of principle and shallow water
tidal constituents which reflected in increased tidal amplitude, and reduced flood dominance.
Furthermore, diminishing flood flow velocity and increased slack duration were noted. These
phenomena were related to increased relative intertidal storage and to subtidal deepening from
bathymetry evolution. Hence, the reduction in channel volume and the intertidal accretion
likely decreased tidal and wave energy on the tidal flats and enabled the deposition of more
tines. Longer flood and ebb slack duration should add to this effect. The import of sand into
the coastal zone was likely reduced as flood dominance diminished at the entire study site.
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2 Chapter 1. Introduction

1.1 Motivation and Relevance

In theory, constant sediment supply under stationary tidal and wave forcing in the absence of
river runoff would result in a near constant morphology over time so that no artificial sedi-
ment management would be required whatsoever. This state is defined by the dynamical equi-
librium concept whereby sediment import and export remain more or less constant over time
(Pritchard and Hogg, 2003). However, such conditions are rarely found at coastlines in the 215
century as changes in forcing (e.g., climate change or mean sea level rise), on the one hand,
and coastline management, on the other hand, are constantly affecting the morphology. The
drawbacks of artificial coastal and estuarine management, e.g., by channel deepening, channel
closure, channel straightening, land reclamation, sand mining, or construction, are increased
sediment import through tidal pumping, channel and tidal flat siltation, or local and remote
scour. The unrelenting threat of mean sea level rise (SLR) is likely to amplify such unfavorable
phenomena as a higher mean sea level (MSL) must ultimately be compensated by sediment
redistribution and import (Khojasteh et al., 2021).

The coastline along the southern North Sea on the Northwestern European Continental Shelf
is not only an area of economic activity, harbors, and offshore wind farms but also a site with
strict coastal protection measures. The Dutch, German, and Danish coasts are connected by
the world’s largest coherent tidal flat system, i.e., the Wadden Sea, which extend over more
than 450 km in length and covers 11,000 km?. The Wadden Sea comprises a large variety of
landscapes such as broad tidal flats, offshore shoals, barrier islands, islands, estuaries, and
branched tidal channels with shallow embankments. Its unique biodiversity and unspoiled
intertidal flats have been protected as UNESCO world heritage site since 2009 regardless of
heavy coastline modification.

Although most areas in the Wadden Sea remain natural, maintenance of navigational channels
and shipping routes near large ports, e.g., the German port of Hamburg, increases. German
port authorities and coastal stakeholders reported further enhanced channel and harbor silta-
tion since the 2010s. This claim reflected in dredging volume records of German estuaries that
attained record levels in the 21% century (Table 1.1 and Figure 1.1). Arguably, major deepen-
ing projects in the Weser and Elbe estuaries in the period of 2007 to 2017 contributed to the
observed increase and the linear growth will be limited by sediment availability in the future.
It should also be noted that dredged sediment cannot be removed entirely when convenient
dumping sites within or in the mouth of the estuaries are used.

Nevertheless, the dredged hopper volume increased by more than 50 % in the Jade and Weser
estuaries and by approximately 10 % in the Elbe estuary in the period of 2000 to 2018. Even
higher increase rates were recorded for water-injection dredging (WI) with increases in the
Jade, in the Weser (each more than 75 %), and in the Elbe estuary (15 %). Reports about

TABLE 1.1: Dredged sediment volume from all German estuaries in the year 2018

Outer Ems Jade Weser Elbe
in10°m®  in10°m® in10°m3 in 10° m3
Hopper 5.9 53 7.5 14.1

WI — 0.17 1.7 1.5
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FIGURE 1.1: The evolution of the normalized dredged sediment volume in the Ems (a), Jade
(b), Weser (c), and Elbe (d) fairways in the period of 1996 to 2018. The annual volume was
normalized by the dredged volume of the year 2018.

enhanced navigational channel siltation hence seem reasonable at first glance although no
scientific quantification was conducted, yet. The unknown implications of climate change,
«likely» mean sea level rise (SLR) of 0.43 m to 0.84 m by the year 2100 relative to the period
of 1986 to 2005 (Oppenheimer et al., 2019), the increasing demand for green energy, and the
unremitting desire for economic growth will intensify the need for efficient and sustainable
sediment management strategies in the future. This requires a better understanding of drivers
and effects at the study site.

1.2 Research Objective

Local port authorities and coastal stakeholders reported intensifying channel and harbor silta-
tion in the German Bight since the 2010s. Dredging records (Figure 1.1) in the fairways of Jade,
Weser, and Elbe support their claims at first glance.

Consequently, my main research objectives are (1) to quantify recent coastal (subtidal and in-
tertidal) sediment accretion, (2) to identify changes in the drivers for coastal siltation, and (3) to
analyze recent changes in morphology, tidal forcing, and non-tidal forcing (effects) connected
to enhanced coastal siltation in the German Bight.
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1.3 Research Questions

(1) Is there evidence of enhanced coastal siltation in the period of 1996 to 2016?

(2) What are the forcing change(s) that facilitated enhanced coastal siltation?

1.4 Thesis Structure

After a brief introduction to the study site in Section 1.5, I conduct a literature review in Chap-
ter 2 on the drivers of intertidal siltation (Section 2.1) before focusing on recent changes in mor-
phology, sediment composition, and forcing (Section 2.2). Afterward, I outline the research
gaps from my literature review in Section 2.3.

The theoretical thesis framework (Section 3.1) outlines in detail how I addressed these research
gaps. Chapter 3 describes the data which I created to answer my research questions (Sec-
tions 3.2 to 3.3) followed by an introduction to the novel and established frameworks for tidal,
morphology, and surface sediment analyses (Sections 3.4 to 3.9).

The first result chapter (Chapter 4) presents recent changes in coastal morphology (Section 4.2)
and surface sediments (Section 4.3) to answer the first research question. The second result
chapter (Chapter 5) explores the development of the non-tidal (Sections 5.2 to 5.3) and tidal
forcing (Sections 5.4 to 5.5) with respect to the second research question.

Chapter 6 begins by revisiting the research questions in Section 6.1 before introducing and
outlining the relevance of my results in a practical context (Section 6.2). A critical discussion
of limitations and assumptions (Section 6.3) and an outlook to future research questions (Sec-
tion 6.4) conclude the thesis.

1.5 Study Site Description

1.5.1 General Description

The North Sea is located in the North Atlantic Ocean on the Northwestern European Conti-
nental Shelf (Figure 1.3, top left). It is dominated by tidal and meteorological forcing from
the North Atlantic Ocean and has micro to macro tidal range at a mean water depth of only
90 m (Quante and Colijn, 2016). The surface area covered by the North Sea was estimated at
575,300 km? and its water volume to 42,300 k> (Otto et al., 1990).

The coastal zones in the Dutch, German, and Danish administrative zones consist of coherent
flat-channel systems, barrier islands, islands, shoals, and estuaries. This unique environment is
commonly referred to as the «Wadden Sea» and was inscribed on the UNESCO world heritage
list in 2009 for its ecological richness and natural dynamics. The Wadden Sea covers an area
of 11,500 km?, or a length of 450 km extending from the West Frisian barrier island Texel to the
southwestern tip of Denmark near the island Fane (Figure 1.3). The Dutch Wadden Sea (also
West Frisia) extends from Texel in the central North Sea to the Ems estuary. Texel is bordered
to the East by further barrier islands (Vlieland, Terschelling, Nes, and Schiermonnikoog) until
the Ems estuary near the island Borkum. East Frisia inherits more barrier islands eastwards
of Borkum (Juist, Baltrum, Norderney, Langeoog, Spiekeroog, and Wangerooge). The Jade es-
tuary (until Jade Bay) is located east of the barrier island Wangerooge and west of the Weser
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FIGURE 1.3: Map of the North Sea (top left), and the Wadden Sea area (right). Regional areas
such as West Frisia, East Frisia, North Frisia, and the German Bight are highlighted as well as

names of islands, rivers and main cities.

estuary. The Weser estuary connects the German Bight to the ports of Bremerhaven and Bre-
men and the northeastern adjacent Elbe river connects the port in Hamburg and the entrance to
the «North Sea - Baltic Sea Channel» to the North Sea. North Frisia begins north of the Elbe es-
tuary in the Meldorfer Bight near Biisum. The Eider estuary is situated north of the Meldorfer
Bight and is protected by a tidal barrage. North Frisian barrier islands and islands (Pellworm,
Langeness, Amrum, Fohr, and Sylt) extend into the Danish Wadden Sea with the islands Reme

and Fane.

1.5.2 Forcing

Currents in the North Sea (long-term average: Figure 1.4) are subject to strong seasonal wind-
driven and wave-driven variability (e.g., Stanev et al., 2019). Most of the water from the North
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FIGURE 1.4: Water circulation in the North Sea from the North Atlantic near in Scotland and

the English Channel towards Norway and the Baltic Sea (adapted from OSPAR Commission,
2000; Turrell, 1992).

Atlantic Ocean bypasses the North Sea to the Northeast. The flux from the North to the Wad-
den Sea results from the mixing of Scottish coastal and continental coastal water in the south-
ern North Sea (Figure 1.4). From here, currents continue parallel to the Dutch and German
coasts before approaching the Danish Coast. The hydrography in the Wadden Sea is there-
fore dominated by the interaction of counterclockwise rotating tidal currents from the North
Atlantic. Tidal ranges in the southern North Sea vary between micro to macrotidal ranges
with three M, amphidromes in Portsmouth (UK), the northern English Channel, and north-
west of the German Bight (Otto et al., 1990). The annual freshwater discharge from all rivers
was estimated within the range of 295 km? to 355 km?® including melt water from Norway and
Sweden (OSPAR Commission, 2000). Additional freshwater from the Baltic Sea outflow was
determined at «around» 15,500 m?> yr’l, i.e., 445 km® (Quante and Colijn, 2016). Waves in the
southern North Sea occasionally reach a fully arisen sea state as wave build up in some areas
is neither fetch nor wind limited. In the storm season from September to April, frequent strong
west and east wind events cause severe storm surges. The latest, severe storm surges in the
German Bight were Tilo in 2007 (also known as Kyrill), Xaver in 2013, and Nadia in 2022 which
resulted in sea surface heights of 2.8 m, 3.1 m, and 2.8 m above mean high water. Sudden large-
scale air pressure changes over the North European Shelf can furthermore trigger water level
fluctuations (i.e., «external surge») of up to 1 m in the German Bight (Gonnert, 2003).
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1.5.3 Bathymetry and Surface Sediments

Storm surges, tides, and waves have shaped the bathymetry and coastline of the German North
Sea coast into a highly complex system of deep channels with steep slopes, intertidal flats, and
shallow embankments. An example of the bathymetry in the German Bight (Figure 1.5) shows
peak depths of more than 80 m at the northwestern tip. The German Wadden Sea coast can
be distinguished between narrow channels in East Frisia and broad channels in North Frisia.
North Frisia comprises complex tidal systems of barrier islands, dams, and islands while East
Frisian inlets are classical shoal-channel-flat systems between barrier islands. Inlet systems are
disrupted by estuaries which carve further broad and deep channels to the German North Sea
coast.

The «Figge Map» from the early 1980s resulted from the first complete field campaign that
mapped marine surface sediments in the German Bight (Figge et al., 1980). Further efforts
were undertaken by Meyer and Ragutzki (1997) who classified the geology of intertidal flats in
East Frisia until 1997 and published data on surface sediment distributions. They found that
81 % of the tidal flat area was predominantly sandy, 13 % was equally muddy and sandy (i.e.,
mixed flats), and 6 % was muddy (i.e., an area of roughly 1,400 km?). The Dutch Wadden Sea is
also dominated by fine to medium sands (Elias et al., 2012; Postma, 1981; Wang and Townend,
2012) with nearshore mud accumulation in shallow wave-sheltered areas.

The median grain diameter (i.e., d5¢) distribution from the EasyGSH-DB data collection (Sievers
et al., 2020b) synthesized existing surface sediment data (Figure 1.6). Fine to medium sands
were estimated in the shoal and ebb delta area of the East Frisian barrier islands (c), coarse
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FIGURE 1.5: Topography of the German Bight (a), in the outer Weser estuary (b), and Spiekeroog
/ Wangerooge inlet (c) in the year 2015 from the EasyGSH-DB data collection (Sievers et al.,
2020a).
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FIGURE 1.6: The median grain size diameter dsp in the German Bight (a), in the outer Weser
estuary (b), and Spiekeroog / Wangerooge inlet (c) in the year 2016 from the EasyGSH-DB
data collection (Sievers et al., 2020b).

to medium sands in tidal channels (a, b), and very fine, muddy sediments in shallow wave-
sheltered areas of the Ems, East Frisia, the Jade, the outer Weser and Elbe, and in most parts of
North Frisia (b, ¢).
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2.1 The Drivers of Coastal Siltation

Tides and waves dominate suspended and bedload sediment transport in coastal waters. Wet-
ting and drying of intertidal flats, storm surge activity, grain grain interaction, flocculation,
hindered settling, turbulence damping through seasonal and haline stratification, limited sedi-
ment availability, biological potential, etc. further influence the erosion, settling, and transport
behavior of sediments.

For all subsequent considerations, the term «siltation» refers to the accretion of cohesives and
fine sands (i.e., «fines») in the coastal zone. The coastal zone is defined by the subtidal and
intertidal zones until the —20 mNHN (German chart datum) height isobath. Mark that coastal
siltation often coincides with the formation of mud which is a mixture of cohesives, organics,
minerals, and water (Winterwerp et al., 2021).

2.1.1 Sediment Transport Processes

Tides and waves induce shear stress T on the seabed. The shear stress magnitude depends on
near-bed current velocity magnitude, wave height, wave period, and wave breaking consider-
ing the respective water depth. Most sediment transport formulae define a critical shear stress
Torit to estimate the initiation of sediment movement (i.e., erosion). The eroded particle trajec-
tory depends on grain properties (e.g., grain size, porosity, and density) as sediment can either
be suspended into the water body (i.e., suspended or SPM-transport) or dragged along the sea
floor (i.e., bedload transport). Most sand fractions are transported as bedload while fine to very
fine sands and cohesive sediments (4 < 0.16 mm) suspend into the water body (van Rijn, 2007).
A suspended sediment particle moves with the water body and its vertical displacement is de-
termined by molecular diffusion and turbulent mixing. When the energy is insufficient to keep
sediment particles in suspension, grains sink to the sea floor at a sinking velocity ws. Numer-
ous flume and laboratory experiments have shown that assuming a constant sinking velocity
for sandy sediments is a reasonable simplification. In contrast, the cohesive sediment sinking
velocity varies due to grain grain interaction and flocculation. High concentrations of cohesive
particles can either accumulate near the seabed (hindered settling, lower w;), interact at high
concentrations to form fluid mud (Winterwerp et al., 2017), or aggregate in flocs in brackish
water to increase their sinking velocity. The stability of flocs is closely linked to turbulence in
the water body as high turbulence dissolves floc aggregates. Laboratory flume tests showed
that cohesive sediments were deposited when 7.,;; was below 0.1 N/ m? to 0.2 N/m? and were
eroded above 0.4 N/m? to 0.5 N/m? (Holt and James, 1999). There is evidence that a constant
critical bed shear stress is oversimplified in the field, as e.g., consolidated beds require much
higher bed shear stress for erosion (e.g., van Prooijen and Winterwerp, 2010).

2.1.2 The Dynamical Equilibrium Theory

The following section takes a deeper look at the interaction between morphodynamics, tides,
and waves in coastal environments under infinite sediment availability and without river
runoff. Tides generate low periodic magnitudes of bed shear stress during flood and ebb while
waves induce large episodic magnitudes of bed shear stress. Shallow water effects weight the
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tidal shear stress and advection towards flood or ebb (i.e., tidal asymmetry or tidal distor-
tion). Friedrichs (2011) synthesis on mudflat morphodynamics incorporated these processes
in the Eulerian and Lagrangian tidal asymmetry framework (based on the work of Pritchard,
2005; Ridderinkhof, 1997). The Eulerian frame of reference describes the ratio of flood- and
ebb-related parameters of the tide at a location, e.g., a tidal gauge, while the Lagrangian
framework outlines the equilibrium of wave and tide-induced energy in intertidal environ-
ments, e.g., a tidal basin. Eulerian tidal asymmetry descriptors can be applied as indicators for
residual sediment transport in tidal systems (e.g., Dronkers, 1986) while Lagrangian asymme-
try cannot be quantified directly. The dynamical equilibrium of an intertidal flat is reached
when its trajectory «remains more or less constant over some characteristic period of natu-
ral forcing» (Friedrichs, 2011). Another definition stated that a system reaches its dynamical
equilibrium if the balance between sediment import and export «in the order of decades or
more» (Pritchard and Hogg, 2003) is nearly zero. In other words, stationary tide and wave forc-
ing on morphologically relevant time scales eventually result in some form of steady state (for
an overview see Friedrichs, 2011), provided that the system is not influenced artificially (e.g.,
by dredging), that river runoff is absent, and that sediment supply is infinite. The Wadden Sea,
however, is a known sediment sink (Stive et al., 1990) and exhibits notable morphodynamic
variability, both recently (Benninghoff and Winter, 2018, 2019) and in the past (Vos and Knol,
2015), which raises questions as to the existence of a dynamical equilibrium at the study site.

2.1.3 Lagrangian Tidal Asymmetry

An energy gradient between a tidal channel and an intertidal flat is a precondition for La-
grangian asymmetry (Friedrichs, 2011): If wave shear stress or a high flow velocity magnitude
(high-energy) cause sediment erosion in a tidal channel, flood advection transports sediments
landward to tidal flats where the particles settle as a result of the low energy environment
(Figure 2.1, a). If the energy of the subsequent ebb is insufficient to resuspend the previously
accommodated sediment (Figure 2.1, b) a residual landward transport occurs. High-energy
events on intertidal flats (e.g., waves during storm surges) reverse this effect: The advection
of the withdrawing water after a high-energy event then results in net seaward transport. La-
grangian asymmetry therefore always requires a spatial gradient in sediment concentration or
energy in combination with sufficient tidal advection (Friedrichs, 2011). A common feature
in natural tide-dominated flat-shoal environments is a decreasing median grain size diame-
ter from the tidal channel towards the dike from decreasing levels of energy (Flemming and
Nyandwi, 1994). This feature was observed in the Elbe estuary near Neuwerk (Reineck and
Siefert, 1980) and Cuxhaven (Albers and von Lieberman, 2010), in the Dutch Wadden Sea
(Janssen-Stelder, 2000; Postma, 1961), and in the Danish Wadden Sea (Madsen et al., 2010)
among many others. Postma (1961) furthermore found in a variety of measurements in the
Dutch Wadden Sea that Lagrangian driven sediment import affected fines only (64 um to
128 um).

Several authors distinguished Lagrangian asymmetry descriptors in settling or scour lags (Gatto
etal., 2017; Postma, 1961; Pritchard and Hogg, 2003). For example: A suspended sediment frac-
tion with a sinking velocity of 1 mm s~! sinks 3.6 m in one hour. If the flood slack period is
extended by just 10 minutes, settling of 4.2 m occurs and the possible area for the accretion of
tine sediments on the tidal flat would increase as a result assuming constant water depth (i.e.,
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FIGURE 2.1: Calm-weather Lagrangian tidal asymmetry (adapted from Friedrichs, 2011) during
flood (a) and ebb (b).

enhanced settling lag). Slack duration also determines the erosion threshold lag until erosion
from the bed becomes possible (i.e., scour lag). Hence, longer slack periods lead to a longer
residence time of sediments on the tidal flat and facilitate siltation.

Siltation from Lagrangian asymmetry thus depends on the (erosive) tidal or wave energy mag-
nitude, slack water duration, and particle settling velocity (de Swart and Zimmerman, 2009;
van Maren and Winterwerp, 2013). Lagrangian-induced net transport during calm-weather
was related to the (Eulerian) peak velocity asymmetry (Postma, 1961), critical shear stress for
erosion T, the sinking velocity of sediment particles (van Maren and Winterwerp, 2013), and
the duration of slack water (Dronkers, 1986).

2.1.4 Eulerian Tidal Asymmetry

The flood and ebb properties of an ideal symmetric tide are equal. When symmetric tides en-
ter shallow water, bed friction distorts the tidal signal and weights it towards flood or ebb.
This is defined as Eulerian tidal asymmetry. The degree of tidal distortion depends on the
amplitude of the incoming tidal signal, local and regional bathymetry (water depth), surge,
spring-neap variability, and the interannual (Grawe et al., 2014; Miiller et al., 2014) and peren-
nial (Pugh, 1987) modulation of tidal constituents. Systems are regarded as flood dominant
if their flood duration (T_F) is shorter than their ebb duration (T_E) which usually results in
higher flood than ebb flow velocity (Aubrey and Speer, 1985; Friedrichs and Aubrey, 1988;
Speer and Aubrey, 1985). A greater flood than ebb current velocity also means that a system is
flood dominant. Gong et al. (2016) defined the ratio of flood and ebb duration as tidal duration
asymmetry (TDA), the ratio of flood and ebb slack duration as flow duration asymmetry (FDA)
(also slack water asymmetry; Gatto et al., 2017), and the ratio between peak flood and peak ebb
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flow velocity magnitude as flow velocity asymmetry (FVA). Dronkers (1986) hypothesized that
the residual sediment flux of coarse sediments is limited by flow velocity magnitude (i.e., FVA)
while fines are more dominated by the duration of flood and ebb slack (i.e., TDA & FDA) be-
cause of different sinking velocities and critical shear stress for erosion. Conceptual studies in a
2D depth-averaged model found that the Eulerian flow velocity asymmetry (FVA) is the dom-
inant driver behind calm-weather intertidal sand accretion provided that critical shear stress
for erosion and particle settling velocity are in a favorable range (van Maren and Winterwerp,
2013) which is in line with Dronkers (1986) ideas.

TDA and FVA can also be estimated by tidal constituent phase relations (e.g., 6(2M; — My)) of
the sea surface height (SSH) or current velocity in combination with relevant amplitude ratios
such as My to M, (Friedrichs and Aubrey, 1988). Other authors also defined other tidal con-
stituent phase relations (for an overview see Guo et al., 2019) which may be more appropriate
for tides along branched estuaries (Zhang et al., 2018). It is also possible to estimate Eulerian
tidal asymmetry by evaluating the SSH or velocity distribution skewness (Nidzieko, 2010) to
obtain a qualitative indication about flood or ebb dominance (Gong et al., 2016; Song et al.,
2011). The drawback of this method is the lack of quantitative information about the described
SSH or flow velocity signal.

Eulerian tidal asymmetry can furthermore be estimated by estuarine bathymetry, geometry,
and tidal amplitude (i.e., stability criteria) based on continuity and momentum (for overview
see Friedrichs, 2010). Flood and ebb dominance in shallow, convergent estuaries (comparable
with short tidal channels with tidal flats) correlates with intertidal width changes Ab/b, inter-
tidal storage Vs, and with the relative tidal amplitude expressed by the water depth ratio a/h.
Systems with a large V;are usually ebb dominant because the rising tide needs to overcome
a higher frictional resistance than the falling tide. Without V;, flow resistance during flood
is low which favors flood dominance (Friedrichs and Aubrey, 1988; Pethick, 1980). Intertidal
flats are always flood dominant as they are dry during ebb and inundated during flood. This
inevitably favors sediment import (Friedrichs, 2010). A review of stability criteria criticized the
sensitivity of the relative tidal amplitude a/h to the hydraulic depth k, their dependence on
bathymetry data resolution and quality, the simplified theoretical background of the schematic
channel cross section, and oversimplified 1D approaches (Zhou et al., 2018).

2.1.5 Calm vs. Rough Weather Conditions

The dynamical morphological equilibrium of the German Wadden Sea is determined by the
balance of calm- (May to September) and rough-weather (October to April) conditions. Calm-
weather spells can be characterized by low suspended sediment concentration (SSC) and sedi-
ment accommodation, while rough-weather spells enhance erosion and SSC in the coastal zone
following the Lagrangian asymmetry framework (see Section 2.1.3). Several studies agreed that
seasonal wave-induced coastal erosion and enhanced mixing contribute to an overall higher
SSC in the entire southwestern North Sea in the rough-weather period (Dyer and Moffat, 1998;
Fettweis and van den Eynde, 2003; Gayer et al., 2006; Stanev et al., 2009; Staneva et al., 2009).
Low flow velocity, low river runoff, and less wave activity during calm-weather periods was
found to promote flocculation of fines (Chang et al., 2006a,b).

Local studies confirmed these observations: A numerical modeling study on the short-term
morphodynamics in the outer Weser indicated that sand transport on sheltered tidal flats and
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channels was tide-dominated, while exposed tidal flats were wave-dominated (Herrling et al.,
2017). Similar modeling studies also found that the morphology of outer sands, shoals, and
tidal flats in the German Wadden Sea were mixed-energy or wave-dominated than that of the
protected flats in the hinterland (Herrling and Winter, 2018; Kosters and Winter, 2014). Long-
term bed level observations in the Dutch Scheldt estuary established that calm-weather accre-
tion can be reversed or even permanently disrupted by storm surges (de Vet et al., 2020). Simi-
lar observations were made in the Elbe estuary where enhanced mud erosion was documented
during onshore wind directions (Albers and von Lieberman, 2010; Reineck and Siefert, 1980).
Another study in the Dutch Wadden Sea confirmed that the suspended sediment concentration
on an intertidal flat was significantly higher during rough-weather than during calm-weather
conditions (Janssen-Stelder, 2000). Yet another recent five-month measurement campaign in
the Dutch Vlie basin found that wind speed and direction directly affected the suspended
particulate matter (SPM) transport. The authors measured high SPM concentrations after a
change in wind direction from calm conditions to moderate landward winds that exceeded
concentrations during rough weather conditions. This phenomenon was related to the erosion
of non-consolidated fine sediments on low-lying tidal flats (Colosimo et al., 2020). These re-
sults agree with a numerical modeling study that showed a dependency of the sediment flux
through a tidal inlet on the wind direction in the Dutch Wadden Sea (Sassi et al., 2015). Rid-
derinkhof (1997) also found that net landwards transport was inverted at an offshore wind
speed of approx. 10 m s~ ! in the Dutch-German Dollart bay.

2.1.6 Accommodation Space

On morphological timescales, land reclamation could still influence coastal siltation in the Ger-
man Wadden Sea. Extensive diking and salt marsh draining in the Dollart bay (Ems estuary)
always resulted in enhanced siltation of the salt marshes in front of the dikes (Vos and Knol,
2015). Whenever new areas were reclaimed, the marsh before a new dike silted up and ulti-
mately transformed into a smaller salt marsh which reduced the available accumulation space
permanently. Therefore, it cannot be ruled out that coastal siltation in response to past land
reclamation is ongoing. A numerical modeling study in the Ems estuary demonstrated that
the loss of depositional areas (i.e., the removal of SSC in the Dollart area) led to a 50 % increase
in SSC in the Ems River (van Maren et al., 2016). In their discussion, the authors argued that a
larger sediment sink in Dollart bay would have the same effect as sediment removal, ultimately
reducing SSC, and possibly decreasing coastal siltation in Dollart bay, the Ems river, and ad-
jacent tidal basins. Another study in the English Humber Estuary also linked «exceptionally
high SSC concentrations» to land reclamation and artificial estuarine realignment (Morris and
Mitchell, 2013).

2.1.7 Stratification

Thermal and haline stratification trap fine sediments in the coastal zone and estuaries (for
an overview see Burchard et al., 2018). It is important to note that estuarine circulation and
related processes were not addressed in this thesis for the sake of simplicity. Mesotidal range
and frequent wave-stirring led me to neglect baroclinic aspects in the following. The detailed
numerical modeling or extensive measurements that would be necessary to capture changes in
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water column stratification and SSC sufficiently would have involved a disproportionate effort
beyond the scope of this thesis. Nonetheless, I recognize that sediment trapping near the coast
is correlated with water column stratification and deserves future research.

2.2 Recent Changes

Subsequent sections explore the documented recent changes in (1) morphology, (2) surface
sediments, (3) non-tidal, and (4) tidal forcing in the German Wadden Sea with respect to the

research questions.

2.2.1 Morphology and Surface Sediments

An analysis of the German Wadden Sea’s geomorphology in the period of 1998 to 2016 showed
a lateral intertidal expansion by up to 18 % and an increase in mean intertidal flat height
with peak accretion in Jade Bay and the Weser estuary (Benninghoff and Winter, 2019, see
Figure 2.2). A concurrent subtidal channel depth increase and a subtidal area decline implies
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that tidal channels in the Wadden Sea have narrowed and deepened. A similar study con-
tirmed vertical intertidal accretion and a subtidal deepening in the outer Weser (Benninghoff
and Winter, 2018) although methodology and input data were near-identical in both studies.
They emphasized low confidence in their bathymetry data and could not exclude implausible
height jumps despite introducing a weighted regression approach based on data confidence in
Benninghoff and Winter (2019) and excluding several areas from analysis. Therefore, further
research on this subject using more plausible data is required. A similar development of inter-
tidal bed levels was found in the Dutch Western Scheldt estuary (de Vet et al., 2017) and in the
Dutch Wadden Sea (Nederhoff et al., 2017) with mean intertidal height increases of 1 cm yr—!.
The bathymetry evolution in the German Bight had implications on the subtidal and intertidal
sediment budget in the German Wadden Sea. Benninghoff and Winter (2019) suggested a par-
tial sediment exchange between the subtidal and intertidal zone because intertidal sediment
accretion exceeded subtidal loss in most cases. Sediment budget considerations in the Dutch
Wadden Sea estimated a similar annual sediment import of 9.4 10° m3 yr~! in the period of
1935 and 2005 which was mostly related to the closure of the Zuiderzee in 1957 notwithstand-
ing (Alonso et al., 2021; Elias et al., 2012). Alonso et al. (2021) pointed out that tidal inlets
in the Dutch Wadden Sea imported predominantly mud with net sand import being almost
nonexistent in the period of 1995 to 2015. This supports partial sediment exchange hypothesis
proposed by Benninghoff and Winter (2019). No studies were found that describe the decadal
evolution of surface sediments on the intertidal flats in the Dutch, German, or Danish Wadden
Sea. This could be related to a lack of reliable observational data for bathymetry and sediments
as e.g., stated by Sievers et al. (2021).

2.2.2 Non-Tidal Forcing

Mean sea level

The probable mean sea level rise (SLR) until the end of the 21 century is currently estimated
between 0.43 m (RCP2.6) to 0.84 m (RCP8.5) relative to the MSL of the period 1986 to 2005.
Annual SLR in the period of 1901 to 1990 was estimated to 1.4 mm yr~! globally and has accel-
erated to 3.6 mm yr~! in the period of 2006 to 2015 (Oppenheimer et al., 2019). SSH observations
of tidal gauges in the North Sea found a breakpoint in the late 1990s which increased the annual
increase from 1.7 mm yr~! to 2.7 mm yr~! on average (Steffelbauer et al., 2022). The impact of
SLR on tidal dynamics in the North Sea was predicted with numerical models although sim-
plifications in model configuration (e.g., lacking baroclinity, coarse grid resolution, bathymetry
assumptions) made predictions vulnerable for misinterpretation. The comparison of studies by
Pickering et al. (2012) and Ward et al. (2012), for example, yielded opposite projections for the
response of the M, amplitude to SLR even though the model configuration seemed compara-
ble at first glance. This discrepancy was a direct result of the flooding vs. no-flooding of the
low-lying hinterland philosophy (Pickering et al., 2017). Numerical simulations in Chesapeake
Bay, Delaware Bay, and San Francisco Bay (US) all indicated decreasing tidal amplitude if the
tflooding of the low-lying hinterland under SLR was permitted (Holleman and Stacey, 2014;
Lee et al., 2017) with similar findings in Bohai Bay, China (Pelling et al., 2013a), and the North
Sea (Pelling et al., 2013b). The most recent numerical SLR impact studies on the Northwest-
ern European Shelf (Idier et al., 2017; Jordan et al., 2021; Pickering et al., 2017; Schindelegger
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et al., 2018) projected a spatially varying change in tidal amplitude proportional to SLR in the
German Wadden Sea with the highest difference in M, amplitude in North Frisia. It must be
emphasized that the role of bathymetry evolution under SLR is still underexplored and could
change the sign of the prediction (as demonstrated by Jordan et al., 2021).

Waves and wind

Only little recent research was conducted on the development of wave heights in the German
Bight since the 2000s. An analysis of the wave-climate in the southern North Sea in the period
of 1958 to 2002 demonstrated an increase in the 99" percentile of the significant wave height
with no further increases towards the end of the studied period. The study furthermore em-
phasized a high correlation between wind and wind-waves in the southern North Sea (Weisse
and Giinther, 2007). Changes in the North Atlantic Ocean followed this pattern. A weak lin-
ear increase in swell intensity in the northeast Atlantic Ocean was found in the same period;
it was related to the increasing storm frequency in the course of the 20" century (Gulev and
Grigorieva, 2006). However, this increase in storm frequency ceased in the late 1990s (Krieger
et al., 2021; Weisse and Giinther, 2007). A 30-year wave hindcast in the Baltic Sea based on the
COSMO-REA6 (Bollmeyer et al., 2015) and CoastDat2 (Groll and Weisse, 2017) data indicated
that significant wave heights had increased by less than 5 % at westerly wave-exposed loca-
tions in the nearby Baltic Sea (Dreier et al., 2020). The absence of other research on trends in
wave height and direction led me to focus the remainder of this section on the well-researched
development of wind and atmospheric boundary conditions (based on the work of Feser et
al., 2015; Quante and Colijn, 2016). I assume that changes in predominant wind direction and
wind magnitude translate to a proportional response in regional wave parameters.

A study on geostrophic winds over the German Bight in the period of 1897 to 2018 found below
long-term average wind speeds in the 99" quantile and constant wind speeds in the median
since the late 1990s (Krieger et al., 2021). Moreover, the study compared wind speeds in the
German Bight to the northeastern Atlantic Ocean which has been considerably stormier in the
same period. A recent review paper on the long-term (decadal) development of storminess
over the North Atlantic and northwestern Europe seemingly contradicts these results, as most
studies indicated an increase in storminess over the past few decades (Feser et al., 2015). Still,
most studies also found a decrease in storminess in the late 1990s when focusing on the North
Sea. It is therefore reasonable to conclude below average wave heights and storm frequency in
the German Bight since the late 1990s. Nearly constant median geostrophic wind speeds over
the German Bight indicate constant mean wave forcing.

The predominant wind direction is also of interest in the context of intertidal siltation (see Sec-
tion 2.1.5). No studies were found that analyzed the decadal changes in wind directions. It
should be noted that decreasing storminess in the past 20 years directly contradicts current cli-
mate projections that support a higher probability for storm frequency, duration, and strength
(Feser et al., 2015; Ganske et al., 2016; Quante and Colijn, 2016).

2.2.3 Tidal Forcing

SLR affects tidal dynamics which in turn affect coastal morphology or vice-versa. The link
between tidal amplitude and tidal asymmetry to a basin’s geometry and bathymetry (Sec-
tions 2.1.3 to 2.1.4) creates a chain of relationships. On the one hand, large-scale changes in
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forcing (i.e., tidal amplitude and modulation, MSL, or waves) affect the dynamical equilibrium
and therefore the morphology of the coastal zone. On the other hand, changes in morphology
cause changes in local and regional tidal dynamics. The following review of the changes in
tidal dynamics in the German Wadden Sea was partially adapted from Hagen et al. (2022).
MSL increased by roughly 21 yr x 3.2 mm yr~! = 6.7 cmin the period of 1996 to 2016. Tidal
range has risen by approx. 21 yr x 3.3 mm yr—! = 6.9 cm (Janicke et al., 2020) although a lower
increase in tidal range is likely and its increase varies locally (Leon Janicke, personal communi-
cation, 2021). A trend analysis of observed tidal characteristic values revealed increasing high
water (HW), decreasing low water (LW), increasing flood duration (T_F), and increasing tidal
range in the German Bight (Jensen et al., 2019; Janicke, 2021). Even though changes in the order
of centimeters of MSL and tidal characteristics appear minor in mesotidal conditions, implica-
tions on large-scale tidal dynamics are probable (as suggested e.g., by Haigh et al., 2020; Jordan
et al.,, 2021). Interestingly, Janicke et al. (2020) showed decreasing tidal range at the British east
coast along with increases in the Dutch and German Wadden Sea which indicated a moving
amphidrome location. While Jordan et al. (2021) suggested that this is related to SLR and mean
intertidal flat height, Janicke et al. (2020) elaborated on changes in water column stratification
(i.e., a stronger pycnocline) that stabilized the water column against turbulence for higher tidal
range near the coast.

A modeling study on the consequences of local bathymetry changes for regional tidal dynamics
found a local and regional impact on M, and M, amplitudes as well as 6(2M, — M) (Jacob et
al., 2016). The applicability of the 6(2M; — M,), however, is disputable in the southern German
Bight because the My amplitude is locally more than 50 times smaller than M, and baroclinic
bias was likely present in their study. Another modeling study illustrated that the changes in
flood current velocity and flow velocity asymmetry (FVA) were nearly compensated when in-
tertidal flats were raised and tidal channels deepened with SLR (Wachler et al., 2020). Further
modeling investigated the effect of (again uniform) vertical intertidal flat accretion in combina-
tion with SLR scenarios and concluded that the M, amplitude and the 6(2M, — M) respond
most if intertidal flats drown under SLR (Jordan et al., 2021). In fact, the representation of the
intertidal bathymetry was found to have a noteworthy influence on the impact of SLR on tidal
characteristics (Rasquin et al., 2020). This impact was, to date, solely investigated by applying
a uniform increase in the intertidal flats” height, instead of varying their elevation and lateral
extent. Lateral expansion, however, can be expected based on recent bathymetry evolution at
the study site (see Section 2.2.1 Benninghoff and Winter, 2019). A conceptual morphodynamic
model of a simplified estuary has shown that SLR enhanced the lateral expansion of tidal flats
at increased sediment export (Guo et al., 2021). Still, the feedback mechanisms between SLR
and its impact on tidal characteristics and coastal morphology remain underexplored.

2.3 Identified Research Gaps

(1) Enhanced coastal siltation

Benninghoff and Winter (2019) discovered laterally expanding and accreting intertidal flats in
the German Wadden Sea. However, they emphasized low confidence in their bathymetric data
and, as a result, excluded of parts of the Wadden Sea from their analysis. The use of constant
high and low water boundaries for tidal zone estimation furthermore neglects SLR. For these
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reasons, an update of their work with more recent and detailed data can provide novel in-
sights into possible accretion hotspots in the German Wadden Sea to answer the first research
question. Similarly, the long-term changes in surface sediments have not yet been documented
outside of local short-term measurement campaigns and remote sensing classifications in the
German Bight. This information would be valuable to quantify changes in coastal siltation.

(2) Changes in non-tidal forcing

Many studies have linked the effect of SLR, storm surges, and waves to coastal morphody-
namics and siltation. The Lagrangian tidal asymmetry framework suggests that changes in
non-tidal external forces could affect the dynamical equilibrium of long-term coastal morpho-
dynamics. However, no studies were found which investigated the recent development of local
MSL, wind-wave activity, and storm surge SSH in the entire German Bight.

(3) Changes in tidal forcing

It is established that SLR must cause bathymetry adaptation to maintain the dynamical equi-
librium. Bathymetry changes, however, also provoke feedback in local and regional tidal dy-
namics. This causes a chicken-and-egg problem: Has the recent bathymetry evolution impacted
tidal dynamics? Has SLR caused bathymetry adaptation? Either way, there are no data pro-
viding a full spatial coverage to confirm or contradict recent local changes in tidal dynamics
in the German coastal zone. Knowledge on the development of these parameters is, however,
essential to estimate changes in residual sediment transport or coastal siltation.
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3.1 Thesis Framework

This section describes the theoretical framework of this thesis based on the research questions
(Section 1.2) and previously identified research gaps from the literature review (Section 2.3).

3.1.1 Research Question 1: Coastal Siltation

First, it is imperative to translate reports about enhanced coastal siltation into a quantifiable
scientific context to unravel if, to what extent, and where sediments deposited. For this pur-
pose, I refine the method of a recent geomorphological analysis of the German Wadden Sea
(Benninghoff and Winter, 2019) with novel bathymetry data (Sievers et al., 2020a) and annual
tidal high and low water boundaries from a numerical model for the period 1996 to 2016. New
bathymetry data provide an improved spatial resolution and contain more airborne laser scan-
ning (ALS) surveys in the intertidal zone, so that they are likely to reveal more information
about intertidal accretion. Furthermore, a new geomorphological analysis enables the calcula-
tion of the intertidal storage volume V;, the subtidal channel volume V,, and the mean subtidal
channel depth / (following the definitions of Friedrichs, 2010) to establish a link to changes in
tidal forcing (see below).

In addition to the morphological perspective, I use recently published decadal surface sed-
iment data (Sievers et al., 2020b) to estimate representative surface mud content in the inter-
tidal zone based on grain size distribution median and skewness (as defined by Folk and Ward,
1957). I aim to develop a data-driven approach that reproduces the validated remote-sensing
tidal flat classification of Meyer and Ragutzki (1997). I follow the sedimentological tidal flat
description of Ragutzki (1980) to extrapolate spatially variable changes in mud content on the
intertidal flats of the German Bight.

3.1.2 Research Question 2: Recent Changes

Coastal siltation in the absence of river runoff and with infinite sediment supply is driven by
the following processes (see Section 2.1): (1) Tides and waves redistribute sand and mud in
intertidal systems under calm- and rough-weather conditions (i.e., Eulerian and Lagrangian
asymmetry) until a dynamical equilibrium state is achieved. (2) Vertical haline and thermal
density gradients dampen vertical mixing and trap SPM. (3) Biological activity, grain grain in-
teraction, and flocculation vary the sinking velocity of sediments. (4) Local seabed properties
such as the degree of consolidation, soil porosity, ice-coverage, vegetation density and species,
mussel banks, etc. influence the erosion and deposition of sediments.

I chose to focus my work on (1), the changes in non-tidal (i.e., SSH and waves) and tidal forces
(i.e., tidal constituents, Eulerian and Lagrangian tidal asymmetry). Nevertheless, I recognize
that (2-4) are contributing mechanisms to coastal siltation. The investigation of estuarine and
tidal inlet turbidity maxima, thermal and haline stratification changes and implications, or spa-
tially varying erosional or depositional seabed properties would require local, high-resolution
modeling in combination with novel numerical model implementations and laboratory exper-
iments which does not concur with my research questions.

Changes in wave, tidal, and non-tidal forcing are investigated with validated modeled data
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from a baroclinic numerical hindcast of the North Sea (Hagen et al., 2021b). I chose a hind-
cast modeling period of the years 1996 to 2016 to include one full nodal cycle (1997-2015),
SLR, and the recent bathymetry evolution (Benninghoff and Winter, 2019) as represented in
the bathymetry data (Sievers et al., 2020a). I modeled the entire North Sea and assimilated the
open boundary to observations because tidal dynamics in the system were shown to be sensi-
tive to coastal bathymetry changes and SLR (see Section 2.2).

Research on the drivers of coastal siltation underlined the importance of wind and wind-wave
magnitude and direction (Section 2.1.5). Field surveys and numerical modeling showed that
tines accrete during calm-weather (low-energy) while rough-weather conditions (high-energy)
promote residual seaward transport following the Lagrangian tidal asymmetry framework
(Section 2.1.3). I decided to conduct a review of recent changes in non-tidal forcing to un-
derstand if MSL, storm surge SSH, or waves facilitated more coastal siltation. As changes in
storminess and MSL are already well researched, my work focuses on a review of the modeled
SSH and wave anomaly with the quantile method of Woodworth and Blackman (2004).

Based on this information, I direct my attention to changes in tidal dynamics as the intensity of
Lagrangian asymmetry also depends on the local (i.e., Eulerian) tidal properties. The changes
of the coastal bathymetry of the German Bight (Benninghoff and Winter, 2019) likely affected
local and regional tidal dynamics. First, I investigate changes of the modeled amplitude and
phase of the dominant semidiurnal M, and its first overtide My in the German Bight to estab-
lish the presence of changes in tidal dynamics outside of nodal modulation. Second, I conduct
a trend analysis of the relevant main and shallow water constituents with measurements and
nonlinear multiple regression (Hagen et al., 2021a) to connect observational data to my model
results. Third, I assess the development of Eulerian tidal asymmetry descriptors and slack
duration based on modeled data. I follow the tidal asymmetry framing of Song et al. (2011)
and Gong et al. (2016) who defined tidal duration asymmetry (TDA), flow velocity asymme-
try (FVA), and flow duration asymmetry (FDA) as mentioned in Section 2.1.4. Since changes
in Eulerian tidal asymmetry are considered as indicator for the residual sediment transport
(following Dronkers, 1986, ideas), analysis results may unravel recent changes.

3.2 External Data Sources and Availability

Observational gauges (locations in Appendix A), annual bathymetries, and decadal surface
sediment data (Table 3.1) were used in model validation and trend estimation. Most measure-
ment locations were permanent gauges with varying temporal coverage and their data were
always checked visually for plausibility and outliers whenever applicable.

I frequently used bathymetries and decadal surface sediment data from the EasyGSH-DB data
collection (Sievers et al., 2020a,b) on regular 10 m and 100 m grids in the period of 1996 to 2016
for numerical modeling and data analysis. It must be noted that these bathymetry data under-
lay a high degree of uncertainty as they were merged and interpolated from of a high number
of individual measuring campaigns with varying instrument accuracy (Sievers et al., 2021).
The state-of-the-art airborne laser scanning (ALS) technology, for example, has an estimated
horizontal and vertical accuracy of 5 cm to 20 cm. Benninghoff and Winter (2019) assumed a
mean survey accuracy of £20 cm following the AufMod documentation which I considered



26 Chapter 3. Material and Methods

TABLE 3.1: List of external data sources with observational gauge data in the top and
bathymetry data in the bottom half.

Name and link Nationality ~Authority
BODC data center GB BODC

BSH gauge network DE BSH
FINO1to3 DE BSH
PegelOnline DE WSV

SHOM data base FR SHOM
WaterInfo NL Rijkswaterstaat
ZDM coastal data DE WSV
EasyGSH-DB annual bathymetry (Sievers et al., 2020a) DE BAW
EasyGSH-DB surface sediments (Sievers et al., 2020b)  DE BAW

Dutch Bathymetry NL Rijkswaterstaat
British Bathymetry UK UKHO

French Bathymetry FR SHOM
EMODnet Bathymetry Consortium (2018) - EMODnet

reasonable for the EasyGSH-DB bathymetries as well. Additionally, different surveying fre-
quency (i.e., high frequency in navigational channels, low frequency on intertidal flats) and
surveying technique (ALS, multi-beam, single-beam, etc.) must be kept in mind whenever in-
terpreting bathymetry data and its parameters.

Severe limitations also exist for the EasyGSH-DB surface sediment data. The sediment sample
frequency and density was considerably lower than bathymetry data with a notably worse time
coverage, as more than 90 % of the underlying sediment sample data base were older than the
year 2000. In addition, the interpolation methodology for sediment samples uses modeled bed
shear stress to estimate a representative area (Sievers et al., 2021). Modeled shear stress, how-
ever, is dependent on model implementation, model validity, and various other uncertainty.
From a practical stand point, most available sediment samples were sieved which means that
grains below 0.063 mm are captured as remainder. Therefore, sediment fractions d < 0.063 mm
in the EasyGSH-DB surface sediment data cannot be distinguished.

3.3 A 20-Year Numerical Modeling Hindcast

Earth sciences and oceanography apply numerical process-based models to fill data gaps for a
user-specified model domain. This section was adapted directly from Hagen et al. (2021b) with
minor changes in wording and figure design.

Several other hindcast model data products for the German Bight followed a similar goal but
were inapplicable due to insufficient temporal coverage, coarse grid resolution, or data quality.
The unstructured CoastDat data (Weisse and Plii3, 2006) and CoastDat2 (Geyer, 2014; Groll
and Weisse, 2017) data contain SSH, current velocity, and wave climate products at a regu-
lar 1.6 km spatial resolution with hourly time intervals (waves 5.5 km regular grid, 3-hour
intervals). Similar to CoastDat2, the ERA-40 data set describes the wind and wave climate.
ERA-40 demonstrates higher skill than CoastDat2 when compared to measurements; yet it
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https://doi.org/10.48437/02.2020.K2.7000.0005
https://inspire.caris.nl/viewer/
https://datahub.admiralty.co.uk/
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covers a shorter time period (Reistad et al., 2011). There are similar data from coastal engi-
neering projects, e.g., the AufMod data collection (Heyer et al., 2015) which provides annual
tidal characteristics. Other data products cover the northwest European Shelf region (e.g.,
https:/ /marine.copernicus.eu/), or the entire globe (e.g., global tides of the finite element so-
lution (FES) by Lyard et al., 2021) and are therefore limited to coarse grid resolution near the
coast (minimum 2.5 km regular grids on the European shelf).

As pointed out by Groll and Weisse (2017) and Rasquin et al. (2020), a high spatial resolution
of data sets is required in the German Bight to properly resolve the morphologically complex
nearshore areas (see Section 1.5). Additionally, only few of the hindcasts above considered
annually varying bathymetry for numerical model simulations which is crucial in the morpho-
dynamically highly active Wadden Sea (Jacob and Stanev, 2021). Sufficient temporal coverage
is also an important criterion because a typical tidal cycle in the North Sea takes about 12.4 h
and contains two peaks in current velocity (flood and ebb). Hence, a 1-hour temporal resolu-
tion would be too coarse to represent peaks in both SSH and current velocity for robust sta-
tistical analyses. None of the data products mentioned above reach that spatial and temporal
resolution.

3.3.1 Modeling Software

I chose the semi-implicit finite difference / -volume hydrodynamic model «unstructured, tidal,
residual, intertidal, mudflat model (UnTRIM)Z», version February 06", 2019, with the well-
established subgrid approach for high-resolution bathymetry representation to solve instation-
ary flow- and transport problems on unstructured grids (Casulli, 2009; Casulli and Stelling,
2011; Sehili et al., 2014). UnTRIM? is based on TRIM-3D (Casulli and Cattani, 1994; Casulli,
1990) and UnTRIM (Casulli and Walters, 2000). Modeling results are SSH, current velocity,
tracers, salinity, temperature, turbulence, sediment concentration, or fluid density.

UnTRIM? is coupled to SediMorph! (Malcherek et al., 2002) for erosion and deposition fluxes,
bed discretization, and roughness estimation. Wave parameters and feedback on hydrodynam-
ics are two-way coupled with the spectral unstructured k-model (UnK). Known shortcomings
of UnK? are the lack of dissipating processes (e.g., white-capping or wave-breaking) and wave-
wave interaction (e.g., triads or quadruplets).

3.3.2 Model Setup

A 20-year hindcast requires a computational model setup which (1) is applicable for all years,
(2) is sufficiently detailed concerning horizontal and vertical mesh resolution, (3) represents
relevant physical processes, and (4) is computationally efficient. Therefore, boundary and ini-
tial data for SSH, bathymetry, wind speed, air pressure, and fresh water discharge must be
available for the entire hindcast period of 1996 to 2016 to maintain data consistency.

The model considers 3D hydrodynamics, salinity, heat flux, two-way (online) coupled waves,
freshwater discharge, wind forcing and air pressure fluctuation, external surge from the North
Atlantic Ocean, and SLR. The open boundaries to the North Atlantic were forced with tidal
constituents from FES2014b (Section 3.2) for SSH, constant salinity, and a long-term monthly

Ihttp://http://wiki.baw.de/de/index.php/Mathematisches_Verfahren_SEDIMORPH
Zhttp://http://wiki.baw.de/de/index.php/UNK (Schneggenburger et al., 2000)
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mean temperature from the gauges Lerwick (north) and Roscoff (southwest) averaged over the
water column. External surge at the open boundaries was incorporated by adding smoothed
differences between calibrated baroclinic simulations and nearby observations to the open
boundaries (Pliif3, 2003). This approach implies that surge is constant along an open boundary
which is not the case in nature. Modeling practice, however, has shown that the predicted SSH
agrees well to measurements in the German Bight despite this simplification. Further aspects
concerning the numerical model, the calibration procedure, and a thorough validation were
published separately (BAW Technische Berichte et al., 2020, in German only).

The model domain (Figure 3.1) covers the North Sea from Norway to Scotland, the English
Channel, and the Danish Straits. The model extends approximately 1,400 km in north-south
and 1,200 km in west-east direction. Comparable modeling approaches of the German Bight
(Heyer et al., 2015; Pliif3, 2003; Putzar and Malcherek, 2015) showed that tidal dynamics and
transport in the German Bight can be reproduced well with models of the North Sea or the
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FIGURE 3.1: The domain of the numerical North Sea model with open boundaries represented
by blue lines, closed boundaries by black lines, and land by white patches. Topography is
shown with negative values indicating depths with respect to «Normalhthennull» i.e., Ger-
man chart datum (NHN). A zoom in East Frisia (bottom, right) near the islands Juist and
Norderney shows the computational grid (gray triangles). The figure was modified from Ha-
gen et al. (2021b).
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European continental shelf (e.g., Zijl et al., 2013) because only large-scale approaches resolve
tide-surge interaction and the complex amphidromic system of the North Sea.

The model uses an unstructured grid with a varying horizontal grid resolution of 10 km near
the northern boundary down to 45 m in the Ems estuary, with roughly 75 % of all grid nodes
located in the German Bight. The German Wadden Sea and the outer estuaries of Ems, Weser
and Elbe were resolved until the tidal weir with a typical edge length between 40 m and 500 m
(e.g., Figure 3.1, bottom, right). Additionally, a subgrid refinement between 4 (open North Sea)
and 12 (within the estuaries) was applied to ensure an accurate water volume approximation of
the computational grid throughout the hindcast period (Section 3.3.1). The grid discretization
used roughly 202, 000 horizontal grid cells and more than 10,000,000 subgrid elements. The
vertical resolution utilized 54 fixed z-layers with a half meter delta between +4 mNHN and
—20 mNHN, gradually becoming coarser downwards.

Wind data and air pressure were extracted from the COSMO-REA6 (Bollmeyer et al., 2015)
which provides hourly reanalyzed meteorological data on a regular 6 km grid. Fresh water
discharge was considered at the Dutch coast (Rhine, Maas, Western Scheldt, Ijsselmeer, Lauw-
ersoog, and Waal river) and for the major estuaries in the German Bight (Ems, Elbe, Weser,
and Eider) together with their main confluents (Leda, Wiimme, Lesum, Hunte). Bathymetries
(Sievers et al., 2020a) were interpolated annually to the computational subgrid within the Ger-
man Bight and parts of the Dutch Wadden Sea. The remaining bathymetry of the North Sea was
obtained from sources in Table 3.1 and assumed to be constant over time. External data were
checked semi-automatically and corrected for outliers and errors in unit or vertical coordinate
reference system before usage (exemplary bathymetry given in Figure 1.5 and Figure 3.1). Ma-
jor groins, dams, and training walls were included in the model grid at their realistic height
and extent in the German Bight.

Bottom roughness was calibrated with a spatially varying Nikuradse roughness ranging from
0.08 m in the English Channel to 0.002 m in Northern Frisia. Turbulence closure uses a conven-
tional k-¢ model with constant values for horizontal and vertical viscosity. Initial conditions for
SSH, depth-averaged current velocity, waves, and the depth-averaged distribution of salinity
and temperature were nested from model results of predecessor years. The first year (1996)
was started from an astronomically forced simulation from FES2014b using the initial salinity
and temperature distribution from a climatology (Janssen et al., 1999).

Waves were computed with UnK which ran on a separate unstructured grid (not included).
The wave-grid located more (roughly 80 %) of its elements between the —30 mNHN isobath
and the coastline of the German Bight. The horizontal grid resolution for waves varied between
20 km near the open boundary to 150 m in the tidal channels of the German Wadden Sea. The
wave spectrum was limited to 32 frequencies between 0.006 Hz and 1.6 Hz with 24 specified
directions (steps of 15 degree). UnTRIM? and UnK were two-way coupled which implies that
current velocity, SSH, and meteorological forcing were communicated between the models at
every time step. Wave energy was transferred to UnTRIM? as wave radiation stress affecting
local currents.
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3.3.3 Model Validation

This section provides the model validation against measurements in the hindcast period of
1996 to 2015 with harmonic and tidal characteristic analysis (error metrics provided in Ap-
pendix B). Observational data sources were presented in Section 3.2 and their locations are
given in Appendix A. A more detailed documentation of model calibration and validation in
the years 2006 and 2012 can be found in a technical report (BAW Technische Berichte et al.,
2020, in German only). This section uses the harmonic and tidal characteristic analysis from
Section 3.4.

Tidal constituents

I chose to validate the modeled semidiurnal tidal constituent M, against observations because
its amplitude is more than 7 times larger than any other constituent in the German Bight, mak-
ing it the dominant driving force of tides. An annually varying network of 10 (1996) to 41
(2006) tidal gauges in the model domain was used for validation with most gauges located
within the German Bight. The varying number of gauges resulted from data availability and
quality restrictions such as extensive data gaps. Observed and predicted SSH were analyzed
harmonically and their difference (i.e., error) was used to estimate error metrics. I chose the
mean error (ME), the error standard deviation (), and a root mean square error (RMSE) for a
goodness-of-fit estimation of M, amplitude and phase for each year (Table 3.2).

The ME of the M, amplitude varied from —3 cm to 2 cm with a standard deviation between
3 cm to 7 cm. The largest RMSE was calculated in the year 2006 with 7 ¢m and the lowest in the
years 1996, 2003, and 2013 with approximately 3 cm. The phase error was between —1.2 de-
gree and —4.9 degree in the years 1998 and 2005 and the standard deviation varied between
1.2 degree to 3.3 degree. The RMSE of the phase was always lower than 5.2 degree (in the year
2005) which would correspond to a M, phase lag of 10 minutes. Comparable North Sea models
documented M, RMSEs between 6.4 cm to 20 cm for the amplitude and 5.1 degree to 10 degree
for the phase (Grawe et al., 2016; Plifs, 2003; Zijl et al., 2013).

Sea surface height

Observed and predicted tidal signals were validated using the RMSE of tidal characteristics.
The RMSE was computed from the difference of observed and predicted tides (i.e., more than
700 tides per year) for each year. No-data values may occur as a result of lacking observational
data, data gaps, a high number of suspect values, or outliers. The scale was chosen to a maxi-
mum of 5 % and a minimum of 1 % of a peak tidal range of 5 m at the study site.

Most tidal range RMSEs (Figure 3.2) were between 10 cm and 20 cm, except for DWG, CUX,
and BAL, usually before the year 2008. The RMSE was lowest at DUK, NOY, and HOH with
5 cm, 9 cm, and 8 cm, respectively, and largest at DWG, BAL, and CUX in the period of 1996 to
2008. Large RMSEs before the year 2008 could be related to uncertainty in model bathymetry,
or inaccuracy of measurements caused by older, non-digital measuring instruments.

After the tidal signal was validated for its amplitude (i.e., tidal range and M, amplitude), the
vertical extent of the signal was checked by comparing the RMSE of the tidal high water in
analogy to the tidal range (Figure 3.3). The RMSE distribution of the tidal high water showed
margins between 5 cm in HEL and ALW to 20 c¢m in BAL. Most RMSE values were in between



3.3. A 20-Year Numerical Modeling Hindcast 31

TABLE 3.2: The mean error (ME), standard deviation (), and root mean square error (RMSE) of
the amplitude A and phase g of the predicted vs. observed M, tidal constituent in the period
of 1996 to 2015 (adapted from Hagen et al., 2021b).

| Ainm | ¢ in degree
year # gauges | ME o RMSE | ME o RMSE
1996 10 0.00 0.04 0.03 | -39 2.5 4.5
1997 12 0.00 0.04 004 |-22 2.7 34
1998 12 -0.03  0.04 0.05 |-1.2 1.2 1.7
1999 19 0.00  0.05 0.05 |-25 1.8 3.1
2000 25 -0.02  0.03 0.04 |-3.0 1.3 3.2
2001 28 -0.01  0.04 004 | -24 1.8 29
2002 27 -0.02  0.04 004 |-17 1.7 24
2003 23 0.00 0.04 0.03 |-1.5 2.0 2.5
2004 27 -0.02  0.03 0.04 | -23 1.9 3.0
2005 30 0.00 0.04 0.04 |-49 1.7 5.2
2006 41 0.01 0.07 0.07 |-23 3.3 4.0
2007 32 -0.02  0.05 0.05 |-1.5 1.9 24
2008 28 -0.03  0.04 0.05 |-1.7 25 3.0
2009 25 0.01 0.04 0.04 | -22 2.7 3.4
2010 30 0.00 0.04 0.04 |-1.8 2.2 2.8
2011 27 0.00 0.04 0.04 |-31 2.3 3.8
2012 26 0.00 0.04 0.04 | -25 2.2 3.3
2013 31 0.01 0.03 0.03 | -29 2.2 3.6
2014 23 0.02 0.03 0.04 | -33 1.7 3.7
2015 25 0.02 0.04 0.04 |-33 1.9 3.8

7 cm and 13 cm and the gauges NOY, HOO, ALW, HEL, BKA, and HOH exhibited RMSEs be-
low 10 cm except for NOY in the period of 2004 and 2006. The largest RMSEs were computed
in DUK, DWG, and CUX which are all tide records located in the mouths of the estuaries of
Ems, Weser, and Elbe, indicating that the error in tidal high water increased upstream of the
outer estuaries. This was possibly related to insufficient horizontal and vertical grid resolution
of the numerical model in the complex bathymetry in the German estuaries. Additionally, the
gauge DWG suffered from systematic bias (not included) of 5 cm to 8 cm throughout all years
which may also amplify its tidal high water RMSE disproportionally.

The flood duration (T_F) was chosen as indicator for shape and lag of the modeled SSH (i.e.,
tidal duration asymmetry). The RMSE of the flood duration (Figure 3.4) was between 10 and
20 minutes at most gauges. BKA, BUS, and HOH deviated with an RMSE of 20 to 37 minutes
while BKA and HOH exhibited a constant deviation of 17 to 22 minutes and 20 to 25 minutes.
The error of the modeled flood duration at BUS increased over time. The error remained con-
stantly larger than 29 minutes after the year 2010 which may be the result of local bathymetric
changes which were not represented in the model’s bathymetry.

In addition to the RMSE of tidal characteristics (Figures 3.2 to 3.4), extreme events play a role
as the southern North Sea is subject to frequent storm surge events. Storm surge SSH was
expressed by the difference of the peak tidal high water of prediction and observation (Fig-
ure 3.5). The error was usually lower than 20 cm and the lowest error margins were observed
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FIGURE 3.2: RMSE of the tidal range in the period of 1996 to 2015 at representative gauges
(adapted from Hagen et al., 2021b).
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FIGURE 3.3: RMSE of the tidal high water in the period of 1996 to 2015 at representative gauges
(adapted from Hagen et al., 2021b).

at ALW, HEL, BKA, and HOH. The model overestimated extreme water levels in the eastern
German Bight near the Ems estuary (BOS, DUK, NOY) and in the Weser estuary (DWG, BAL).
The peak overestimation of 37 cm was noted in DUK and HOH and the minimum underesti-
mation by —37 cm at BKA (outliers). Hence, the modeled data may deviate in extreme water
levels in the low decimeter range.
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FIGURE 3.4: RMSE of the flood duration in the period of 1996 to 2015 at representative gauges
(adapted from Hagen et al., 2021b).
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FIGURE 3.5: Error of the peak tidal high water in the period of 1996 to 2015 at representative
gauges (adapted from Hagen et al., 2021b).

Current velocity magnitude

The validation of the current velocity magnitude was hampered by the low availability of ob-
servations and poor data quality. The uncertainty of current velocity measurements (van Rijn
et al., 2000) and the sensitivity of computed current velocity to water depth and water depth
gradients limit the comparability of observed and modeled current velocity. Nevertheless, I
carried out a validation of current velocity magnitude for available data in the Ems, Elbe, and
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FIGURE 3.6: Scatter plots of current velocity magnitude at different gauges in the German Bight
in the year 2012: So07JDO0 (a), So07JD3 (b), and So07]D5 (c) in the Jade, LZ1 (d) and LZ4 (e) in
the Elbe, and KNO (f) in the Ems estuary. Samples were colored according to sample density.
The dotted line represents a linear regression with the regression slope m and y-intercept
b. The solid gray line indicates an optimal correlation between observation and prediction.
(adapted from Hagen et al., 2021b).

Jade estuary (Figure 3.6) with a statistical approach in the year 2012. For the purpose of val-
idation, model data were extracted at the respective z-layer of the measurement devices and
samples were colored in the plots according to sample density. The index of agreement R?
and a linear regression with the slope m and the y-intercept b were used to obtain information
about bias or time lag. The y-intercept b can be an indicator for bias and the slope m of potential
phase lag (Winter, 2007).

R? indicated a mediocre to high correlation between the predicted and observed current ve-
locity magnitude with values of 0.49 to 0.89. Comparisons at LZ1 and LZ4 in the mouth of
the Elbe estuary exhibited lower R? values of less than 0.51. A wider spread was found in the
observed velocity data at these locations which may be a reason why regression parameters
indicate poor model skill. Comparisons in the Ems and Jade estuary contrasted the poor agree-
ment with better skill although regression slopes below 0.77 were noted in So07]D0, LZ1, LZ4,
and KNO indicating a slight offset between flood and ebb.

Waves

I compared the wave model results (significant wave height H,,,o, mean wave period T}z, peak
period Tj, and mean wave direction ;) against wave measurements in the German Bight. It
should be noted that only few wave observations were available that suffered from outliers
and data gaps in contrast to, e.g., SSH gauges. Most wave observations were recorded in
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TABLE 3.3: The RMSE of the significant wave height (H,,0), mean wave period (Tu02), peak
wave period (Ty), and mean wave direction (6,,) with water depth and completeness of the
observed significant wave height at selected locations in the year 2007 (adapted from Hagen
etal., 2021b).

location completeness depth RMSE H;;0  RMSE T2 RMSE T, RMSE 6,

Hy0 in % in mNHN inm ins ins in degree
FINO1 70 29 0.61 1.4 2.7 47.7
Sylt 87 13 0.30 1.4 3.2 54.4
Elbe 89 25 0.40 1.3 1.8 50.2
NSB-IT 25 44 0.74 1.2 2.3 425

short-term measuring campaigns covering years at best. Hence, I decided to assess model per-
formance at a few locations only. The annual completeness of the measured significant wave
height was given in Table 3.3 to indicate data gaps. Completeness hereby refers to the number
of valid samples at model output times divided by the total number of model output times.
Swell wave events from the Northern Atlantic could not be captured by the model because no
open-boundary wave forcing along the ocean model boundary was prescribed. Therefore, an
underestimation of peak wave periods during calm-weather conditions was observed in the
study area.

Table 3.3 outlines wave validation results for a chosen year 2007 at the stations FINO1, Sylt,
Elbe, and NSB-II. All stations suffered from limited completeness between 25 % and 89 %.
Deep water measurements (FINO1, NSB-II) exhibited higher RMSEs while nearshore gauges

TABLE 3.4: RMSE of significant wave height (H,,0), mean wave period (T;,02), peak wave period
(Ty), and mean wave direction (8,) in the period of 2003 to 2015 at FINO1. Note that FINO1
started operating in July 2003 which is why no earlier validation was conducted (adapted
from Hagen et al., 2021b).

year completeness RMSE H;,,0 RMSE T;,o0 RMSE T, RMSE 6y,

Hy,0 in % inm ins ins in degree
2003 23 0.66 1.6 22 42.2
2004 52 0.55 1.6 22 40.4
2005 89 0.56 1.6 2.1 42.7
2006 63 0.54 1.4 2.6 46.7
2007 70 0.61 1.4 2.7 47.7
2008 79 0.60 1.6 2.8 45.5
2009 42 0.47 1.4 2.7 46.5
2010 63 0.58 1.5 22 45.1
2011 91 0.59 1.5 2.7 45.6
2012 40 0.62 1.4 2.5 41.9
2013 97 0.57 1.5 2.6 39.2
2014 69 0.54 1.5 3.0 422

2015 90 0.61 1.4 2.7 41.1
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(Sylt, Elbe) had lower errors. The model represented the significant wave height with a max-
imum RMSE of 0.74 m in NSB-II. The RMSE of T),,0; and T, remained lower than 3.2 s. The
RMSE of the mean wave direction varied between 37.9 and 54.4 degree although it should be
noted that mean wave directions from simulation results were compared with measured wave
directions at the peak frequency. These two values differ episodically which is a likely expla-
nation for poor model skill.

Table 3.4 shows an assessment of the simulated wave parameters against observations from
FINOL1 in the period of 2003 to 2015 (operational since July 2003). The annual RMSE of the sig-
nificant wave height near FINO1 varied between 0.47 m and 0.66 m. RMSE values were in the
same order for other locations in deeper water (included in supplement to Hagen et al., 2021b).
The annual RMSE of the mean wave period at FINO1 varied between 1.4 s and 1.6 s and of
the peak period at FINO1 between 2.1 s and 3.0 s. Peak wave period errors > 12 s could arise
from neglecting open boundary wave conditions at the North Atlantic in the model set up or
by differences between the observed and applied wind field. Moreover, the reliability of mea-
surements for peak periods > 12 s with a directional wave rider buoy such as FINO1 remains
questionable. For reasons explained above, the annual RMSE of the mean wave direction at
peak wave period was estimated between 39.2 and 47.7 degree.

3.3.4 Data Overview

The 20-year numerical modeling hindcast in the period of 1996 to 2015 contains the subsequent
data (Hagen et al., 2020a,b). I used these data for trend analysis of tidal and non-tidal forcing
on the unstructured computational grid and as input parameters for the subtidal and intertidal
zone classification:

¢ sea surface height (SSH) in 10-minute intervals

¢ depth-averaged current velocity in 10-minute intervals
* wave parameters in 10-minute intervals

¢ annual tidal characteristics

¢ annual SSH tidal constituents

3.4 Tidal Analyses

Tides are waves which are exerted by the periodic gravitational forces of the earth, sun, and
moon. Their high predictability and periodicity enables the extraction of reoccurring param-
eters for e.g., SSH or current velocity. The synthesis of extensive periodical data from obser-
vations or numerical models to meaningful parameters is defined as tidal analyses. Common
analyses methodologies are the harmonic (see Section 3.4.1) or tidal characteristic methods (see
Section 3.4.2). Parts of this section were adapted from Hagen et al. (2021a).

3.4.1 Harmonic Analysis

The harmonic analysis (also referred to as satellite method) follows the development of tidal
potential theory (Doodson, 1921, 1928) and is well documented with its modern formulations
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(Foreman et al., 2009; Pugh, 1987). State-of-the-art harmonic tidal analysis software estimate
the amplitude and phase of a harmonic function for tidal constituents from astronomically
predefined frequencies. Tidal constituent designation follows the reoccurrence interval and
gravitational origin. The semidiurnal moon tide, for example, is defined as Mp.

Tidal constituents underlie seasonal, annual, and perennial cycles and fluctuation. Seasonal
variations were related to thermal stratification changes and sea ice melt (Grawe et al., 2014;
Miiller, 2012; Miiller et al., 2014) while annual variability was linked to meteorological fluctua-
tions (Pugh, 1987) such as storminess. Longer tidal cycles (for overview see Haigh et al., 2011)
are most prominently represented by the gravitational nodal tide (18.61 years), lunar perigee
(8.85 years), or solar perigee (20,392 years).

A trend estimation of tidal constituents must consider the interannual and perennial variability
of tidal constituents. I developed a nonlinear multiple regression approach for the long-term
trend assessment and an estimation of the nodal modulation of annual tidal constituents (Ha-
gen et al., 2021a, Equation 3.1) following the work of Peng et al. (2019).

H(t) = ag + art + ax(t — ¢1)* + az sin(wt — ¢3) (3.1)
w— 27
18,61

In Equation 3.1, ap represents the initial SSH, a4; a linear, and a, an accelerated trend with
a possible time lag ¢1. The nodal amplitude of each tidal constituent is given by a3 and w
represents the nodal frequency of 18.61 years with a possible phase lag ¢, and f represents the
time in Julian years.

3.4.2 Tidal Characteristics

Tidal characteristic values describe physical coastal processes that have distinct flood and ebb
properties. Figure 3.7 (a) gives an example of the basic tidal characteristic values based on a
flood dominant M, and My (Ms/M,= 0.2) SSH signal. A tidal cycle consists of two low water
(LW) and one high water (HW) event. The flood duration (T_F) is limited by the first LW and
the subsequent HW and the ebb duration (T_E) describes the duration from the HW to the
second LW. Tidal range is estimated from the mean difference of the low water events and the
corresponding high water in the tide duration (T_T).

A current velocity signal (e.g., Figure 3.7, b and c¢) is described by the peak flood u e and
peak ebb 1, ., current velocity magnitude as well as their slack durations sy and s,. The flood
current duration (T_f) endures from ebb to flood and ebb current duration (T_e) from flood
to ebb slack. A full tidal cycle is described by tide current duration (T_t). It should be noted
that T_f and T_e occur after T_F and T_E in reality because of water body inertia. Whenever
multiple tides are described, the mean, quantile, minimum, or maximum parameters may be
estimated.

3.5 Eulerian Tidal Asymmetry Descriptors

The Eulerian tidal asymmetry framework (see Section 2.1.4) describes the flood and ebb char-
acteristics of SSH and current velocity with the tidal duration asymmetry (TDA), flow velocity
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FIGURE 3.7: Reconstructed tidal signal from the M, and M, tidal constituents at maximum
flood dominance including a definition of relevant harmonic and tidal characteristic values
for tidal asymmetry. The tidal duration asymmetry (TDA) of a SSH signal is given in (a), the
flow velocity asymmetry (FVA) in (b), and the flow duration asymmetry (FDA) in (c) of a
current velocity magnitude signal are illustrated below. The critical velocity u..;; was chosen
at 0.2 m s~ in this figure.

asymmetry (FVA), and flow duration asymmetry (FDA) following the definitions of Song et
al. (2011) and Gong et al. (2016). A common TDA descriptor is the amplitude ratio between
shallow water and main tidal constituents (e.g., the M4 to M, amplitude ratio) for asymmetry
strength in combination with a phase lag 0 (e.g., the 0(2M;-M,) phase lag; Figure 3.7, a). Alter-
natively, tidal characteristic value ratios such as the flood to ebb duration ratio provide another
insight into TDA by describing asymmetry strength and dominance of every tide.

If the phase offset ¢ of a current velocity signal is in quadrature to SSH (i.e., standing wave,
Figure 3.7, b), the peak and mean flood current velocity magnitudes are larger than their ebb
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TABLE 3.5: Overview of applied Eulerian tidal asymmetry descriptors (modified from Hagen

et al., 2022).
tidal asymmetry parameter category flood dom. symmetry ebb dom.
6(2M;,-M,) phase lag (sea surface) TDA  0-180deg 180,360deg 180 -360 deg
flood (T_F) to tide (T_T) duration TDA < 0.5 0.5 > 0.5
flood (T_f) to tide (T_t) current duration TDA < 0.5 0.5 > 0.5
mean flood (V¢ inean) t0 €bb (Ve,mean) ratio FVA >1 1 <1
peak flood (v, ean) to ebb (Ve,mean) ratio FVA >1 1 <1
flood slack duration s¢ FDA — — —
ebb slack duration s, FDA — — —

counterparts. Another tidal asymmetry perspective is expressed by the slack water asymmetry
FDA (Figure 3.7, c) with u,,;; defined at 0.2 m s~1. I chose to regard the absolute flood and ebb
slack durations in this thesis because the absolute duration is more relevant to coastal siltation
than a ratio.

A variety of Eulerian duration and velocity asymmetry descriptors were selected in this thesis
(Table 3.5) mainly following the ideas of Dronkers (1986) who stated that the residual transport
of fine sediments is slack duration dominated while the movement of coarse sediment corre-
lates with peak current asymmetry. Although this is a fairly simple definition, van Maren and
Winterwerp (2013) demonstrated in a numerical model that sand and mud transport on tidal
flats were in fact dominated by flow duration and peak current asymmetry.

I exchanged flood to ebb ratios for flood to tide durations to avoid a nonlinear amplification of
flood dominance in flood to ebb ratios for practical reasons: If, for example, a flood duration
decreases from 400 to 300 minutes along a tidal cycle of 700 minutes, the flood to ebb duration
ratio changes nonlinearly from 1.33 to 0.75 while the flood to tide duration linearly from 0.57
to 0.43.

3.6 Stability Criteria

The evaluation of the bathymetry and tidal properties of estuaries or tidal basins may be used
to predict its barotropic tidal asymmetry. The ratio of the mean tidal amplitude a to mean
channel depth & (i.e., a/h), or the intertidal storage V; to subtidal channel volume V. ratio
(Friedrichs and Aubrey, 1988) exist to estimate Eulerian tidal asymmetry of short shallow es-
tuaries (Friedrichs, 2010, definition in Figure 3.8). It should be noted that observed tidal asym-
metry may differ from stability criteria estimation notwithstanding inertia, runoff, reflection,
or baroclinity.

For short and shallow estuaries (e.g., tidal channels), steep SSH gradients during a tidal cycle
(large a/h) enhance flood dominance while width variations (large Ab/b) enhance ebb domi-
nance (Pethick, 1980). Therefore, depth-change dominated systems (e.g., tidal channels with-
out intertidal flats) tend to be flood dominant while the presence of intertidal flats facilitates
ebb dominance. The intertidal storage volume V; cannot overcome the depth-dependence if
2a/h > 0.5 is present (Friedrichs, 2010). This balance of depth changes and width variations
in a tidal system was summed up in the tidal asymmetry parameter v = a/h — 0.5 Ab/b with
v > 0 indicating flood and v < 0 ebb dominance (Friedrichs and Madsen, 1992).
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FIGURE 3.8: Schematic transverse trajectory of a channel-flat system. The intertidal storage
volume V; is marked by a cyan shade and the subtidal channel volume V. by a dark blue
shade. The intertidal width change during a tidal cycle Ab consists of the inundated width
by, at tidal HW and by, at tidal LW.

The German Wadden Sea consists of complex branched channel systems (see Figure 1.5) which
is why the important Ab/b ratio could not be calculated consistently. Therefore, I deployed the
Vs / V¢ ratio instead (definition following Friedrichs and Aubrey, 1988) to estimate the influence
of intertidal storage volume on tidal asymmetry. In any case, a/h > 0.3 indicate that the ef-
fect of intertidal storage volume V;, and therefore intertidal width changes Ab, enhance flood
dominance (Friedrichs, 2010). A numerical solution for in an idealized 1D channel showed that
Vs/ Ve > 0.1 with a/h < 0.3 always facilitated ebb dominance (Friedrichs and Aubrey, 1988).

3.7 Morphological Unit Averaging

Several tidal characteristics are a function of bathymetry gradients, channel convergence, tidal
range, and intertidal width changes (Section 3.6). This section was reprinted and modified in
wording and figure design from Hagen et al. (2022).

In coastal environments with complex bathymetry, shifts of flood vs. ebb dominance can hap-
pen within hundreds of meters. For this reason, I encountered the resulting high spatial vari-
ability of tidal characteristic values with a spatial averaging approach in small subsystems (i.e.,
morphological units from here on). Hereby, the spatial mean of a tidal characteristic value was
taken as representative of a morphological unit instead of individual tide gauge locations. The
validity of this approach for SSH was demonstrated in Hagen et al. (2022).

I defined morphological units for each tidal basin, via estuarine geometry, or near the location
of a tide gauge. A morphological unit had to cover the tidal channels of interest within the en-
tire analysis period. Therefore, some supratidal and intertidal areas close to the coastline were
excluded as well as areas with artificial morphological changes, e.g., by port construction or
by dredging. Shoreface polygons were limited seawards roughly by the —15 mNHN isobath,
and inlet polygons include a small portion of the channel delta up to the —20 mNHN isobath.
Additionally, the outer estuaries of the rivers Ems, Jade, Weser, and Elbe were divided into
multiple units which mainly depended on the location of tide gauges.

Figure 3.9 (b) demonstrates the spatial variability for the annually averaged peak flood to peak
ebb current velocity magnitude ratio in the Jade channel. First, data with invalid tidal events
were discarded (c) and clipped to a chosen morphological unit (d) before averaging the param-
eter within the morphological unit (e). If underlying data were distributed on unstructured
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FIGURE 3.9: Calculation of the morphologically averaged mean peak flood to peak ebb current
velocity ratio (b) in the Jade channel. Panel (a) shows the topography (black lines) with height
isobaths (gray lines). First, data points with invalid tidal events were discarded from the
analyzed data (c). Second, data outside of the morphological unit were clipped (d). Third,
every data point in the morphological unit is averaged (e).

grids, the average was weighted by the respective elements area. I defined this procedure as
the morphological unit averaging approach (MUA).

MUA considers intertidal wetting and drying by discarding parameters with invalid tidal
events (see Section 3.4.2) before computing a morphological average. A current velocity tidal
characteristic value furthermore requires one distinct flow direction to distinguish between
flood and ebb current reliably. Hence, tidal events in a multidirectional flow situation, e.g.,
near amphidromes with a low tidal range or close to strong wave-current interaction, were
excluded as well. All excluded tidal values are referred to as invalid in the following. MUA
information can therefore only represent tidal characteristics in permanently inundated areas
with bidirectional flow, i.e., tidal channels.

3.8 Bathymetry Analysis

Oceanography and marine biology distinguish coastal bathymetry into a sublittoral (also sub-
tidal), eulittoral (also intertidal), and supralittoral (also supratidal) zone. The supratidal de-
scribes the rarely inundated area above the spring tide high water (SpHW), e.g., a salt marsh.
The intertidal area extends in between the SpHW and the spring tide low water (SpLW), e.g.,
intertidal flats. The subtidal is situated below the SpLW and is almost permanently covered
by water which would correspond to navigational channels or the coastal sea. I chose to limit
the subtidal zone to the —15 mNHN seaward depth isobath because this considered most areas
with a high bed elevation range in the period of 1996 to 2015.

The littoral classification methodology of Benninghoff and Winter (2018, 2019) was refined with
annually varying tidal characteristic data from the numerical modeling hindcast (Section 3.3),
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FIGURE 3.10: Morphological units for the bathymetry analysis (represented by black, solid lines
and a letter-ID). The background shows the EasyGSH-DB topography in the German Bight in
the year 2015.

a novel aggregation approach (Section 3.7), and with higher-resolution bathymetry data (i.e.,
10 m instead of 50 m, Section 3.2).

The classification of bathymetry into a subtidal, intertidal, and supratidal zone required in-
formation on the SpHW and SpLW from the hindcast simulations (Section 3.3) at each bathy-
metric data point. The modeling data, however, was much coarser than the corresponding
bathymetry (unstructured 200 m to 500 m cells vs. a regular 10 m grid) which is why I chose to
average annual SpHW and SpLW in the morphological units from Figure 3.10 with the MUA
method (Section 3.7). Morphological unit definition was modified for this purpose: I defined
a morphological units extent by the approximate location of watersheds, by the tidal high and
low water gradient in tidal channels, and the seaward —15 mNHN boundary to include the
ebb-tidal delta in sediment volume calculations. This method makes a watershed separation
or fixed channel-flat separation (Benninghoff and Winter, 2019; Elias et al., 2019) redundant
as any bathymetric data point was classified dynamically based on the SpHW and SpLW of
its unit within each year. However, this procedure is vulnerable against the annual variability
of the SpHW and SpLW as marginal changes of SpHW, SpLW may overlay geomorphologi-
cal adaptation. This uncertainty was quantified to 6 to +10 cm for the SpHW and to +6 to
+12 cm for the SpLW using the average standard deviation of the SpHW and SpLW of each
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FIGURE 3.11: An exemplary tidal zone classification in the unit WAV in the year 2013 (see
Figure 3.10) based on a 10 m grid of its bathymetry (a). The SpHW (b), and SpLW (c) were
filtered for outliers and invalid tidal events and averaged in each unit (d, e). Averaged tidal
SpHW and SpLW were then used for classification (f). Gray contours in (a) and (f) represent
the —30, —20, —10, -5, 0, and 5 mNHN height isobaths.

year (Appendix C.1).

The SpHW was represented by the 95 % high water (HW) percentile and the SpLW by the
5 % low water (LW) percentile of the respective year. Outliers (with MATLABs isoutlier()
function, last access 22.10.2022), invalid tidal events (see Section 3.4.2), and implausible data
were removed before averaging the SpHW and SpLW in morphological units (Figure 3.11) with
MUA. From here, bathymetry data points d; were categorized as follows:

1. Subtidal zone: d; < SpLW
2. Intertidal zone: SpLW < d; <SpHW
3. Supratidal zone: SpHW < d; < +4 mNHN

The ceiling of the supratidal was defined at +-4 mNHN and the subtidal zone had no lower
boundary.

3.9 Geological Tidal Flat Classification

Grain sizes in Germany are defined by the grain diameter in mm (DIN 18196, 2011) while inter-
national sources often apply the dimensionless Krumbein-¢ scale (¢ = —log> %). Both scales
distinguish soil by their metric diameter d or by the dimensionless ¢ into sediment classes. A
grain size distribution describes a soil sample by the cumulative percentage below or above
predefined sieve. Cohesive sediments have a diameter d < 0.063 mm or ¢ > 4.

A Krumbein-¢ distribution may be classified by distribution skewness (after Folk and Ward,
1957, Equation 3.2). Skewness indicates if a grain size distribution of a soil sample is skewed
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towards fine (Sk < —0,1), or coarse (Sk > —0, 1) sediment fractions. A grain size distribution
may be considered symmetric if —0,1 < Sk <0, 1.

s — 916 + @84 — 2¢50 L 95 + @95 — 2¢50 (3.2)

2(¢pss — ¢16) 2(p9s5 — @s)

Tidal flat classifications in Germany differ either by the cohesive sediment content (Ragutzki,
1980; Sindowski, 1973) or by predominant median grain sizes (Reineck and Behre, 1978) in
a tidal flat sediment sample. Other classifications divided tidal flats into sandy-, mixed-, or
muddy which are further split into light, dark (Ragutzki, 1980) or rather muddy / sandy (Figge
et al., 1980). I follow the simple definition of Ragutzki (1980) with sandy (fines < 12 %), mixed
(fines between 12 % and 50 %), and mudflats (fines > 50 %) corresponding with Meyer and
Ragutzki (1997).

Field data samples of sandy tidal flats had a median diameter dsy of 128 um to 140 pum, mixed
flats 100 um, and mudflats 71 um. Contrary to mixed or sandy flats, mudflats had an increased
chalk and water content (6 % to 40 %) and more organics (approx. 5 %). Moreover, grain size
distributions of sandy- and mixed flats were well-sorted whereas mudflats were skewed to-
wards fines (Meyer and Ragutzki, 1997). Therefore, a non-cohesive median grain size diameter
(i.e., dso > 0.063 mm) can still be part of a mudflat which means that the dsy alone does not
describe the tidal flat type distinctively.

Based on these considerations, I defined classification criteria based on the d5y and the grain
size distribution skewness Sk as an extrapolator for muddy and mixed tidal flats (data-driven
approach in the following). The following parameter choices were based on the qualitative
and quantitative agreement to validated remote sensing surveys in East Frisia and the Jade
and Weser estuary in Section 4.3.1. The symbol A represents a logical «and» and V stands for a
logical «or» condition.

e sandy: dsg > 0.08 mm A Sk < 0.15V dsy > 0.10 mm A Sk > 0.15
e mixed: 0.06 mm < dsg < 0.08 mm A Sk < 0.15V 0.07 mm < dsg < 0.10 mm A Sk > 0.15
e muddy: dso < 0.06 mm A Sk < 0.15V dsg < 0.07 mm A Sk > 0.15
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4.1 Chapter Structure

I consider the term «coastal siltation» as the accommodation of fine sediments in the coastal
zone (i.e., the subtidal and intertidal zone) in the following. Section 4.2 describes the observed
bathymetry adaptation: First, the presence of significant bathymetry evolution is established
(Section 4.2.1) before evaluating the development of subtidal and intertidal bulk bathymetric
parameters and sediment volumina in the coastal zone (Sections 4.2.2 to 4.2.5). Section 4.3
starts by validating a data-driven tidal flat classification based on surface sediment data (Sec-
tion 4.3.1) and presents the decadal development for multiple regions in the German Bight
(Section 4.3.2).

4.2 Coastal Bathymetry in Transition

KEYPOINTS:
- Intertidal flats expanded laterally into the subtidal zone.

- The average subtidal depth decreased, while intertidal flats accreted by a multitude of
current SLR.

- The subtidal channel water volume V, decreased.

- Sediment budgets indicated sediment redistribution from the subtidal to the intertidal
zone. Their sum, however, indicated only minor accretion.

This section assesses changes in bathymetry, water volume, and sediment volume in the pe-
riod of 1996 to 2016 using EasyGSH-DB bathymetries (Section 3.2), hydrodynamic data from
Section 3.3, morphological units from Figure 3.10, and the methodology from Section 3.8.

I distinguished the coastal bathymetry into the subtidal, intertidal, and supratidal zone and

computed the sediment volume below a chosen reference depth d,,; = —50 mNHN that was
intertidal storage volume V, spring-tide
high water

tidal mean water

subtidal channel volume V, tidal amplitude

spring-tide Y
low water

intertidal sediment
volume

subtidal sediment
volume

dret subtidal zone intertidal zone supratidal zone

FIGURE 4.1: Schematic graphic representation of the intertidal and subtidal bathymetry param-
eters with a tidal zone definition (bottom), the respective sediment volume below a reference
depth d,, fr the subtidal channel volume V,, and the intertidal storage volume V;.



4.2. Coastal Bathymetry in Transition 49

lower than all bathymetric data points in my morphological units. The water volume was di-
vided into the intertidal storage V; and subtidal channel volume V. (following Friedrichs, 2010,
definition). I chose to exclude supratidal descriptors because their absolute area was negligible
small, they were surveyed less frequently, and bathymetry accuracy on supratidal flats may be
compromised by vegetation. All relevant parameters were summed up in Figure 4.1.

4.2.1 Can We Observe Trends in Bathymetry Parameters?

Let us look at the trend analysis of the normalized intertidal area (Figure 4.2, normalization by
the maximum sum of subtidal and intertidal unit’s area) and focus on sample distribution and
goodness-of-fit. Ordinary linear regression was applied to estimate the development over time.
Regression significance was expressed by an F-test of the linear regression slope (« = 0.05) and
the 95 % confidence intervals were considered (statistics described in Appendix B). An outlier
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FIGURE 4.2: Exemplary trend evaluation of the normalized intertidal area in the period of 1996
to 2016. Gray squares indicate valid and red squares outlier samples. Significant trends and
their 95 % confidence intervals are represented by solid and dashed blue lines and insignif-
icant regression is indicated by gray lines. The p-value (p < 0.05 equals significance) of an
F—test indicates statistical significance.
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FIGURE 4.3: Representation of the intertidal zone in the years 1997 (a) and 2015 (b) in the eastern
outer Weser with gray patches indicating subtidal and brown patches intertidal topography.
Changes in lateral intertidal extent (c) and mean intertidal / subtidal height (d) between the
two years are indicated by red and blue patches. Thin black lines indicate the respective
morphological units.

filter was implemented to exclude implausible data such as height jumps on intertidal flats
before airborne laser scanning (ALS) technology was available.

Most regression slopes in Figure 4.2 were statistically significant and obvious outliers were ex-
cluded reasonably. I noticed that most outliers were evident in the period of 1996 to 2000 which
was expected because of the absence of ALS data. The annual spring tide high water (SpHW)
and spring tide low water (SpLW) of the year 1996 were also responsible for local outliers as
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an unusually long eastward wind period biased annual averages.

The evolution of the intertidal topography (Figure 4.3, a to b) confirmed expanding intertidal
flats at the cost of a retreating subtidal visually which was in line with the observations of Ben-
ninghoff and Winter (2019, BW19 in the following). I noticed that small branched tidal chan-
nels narrowed or disappeared in the year 2015 and that the intertidal zone expanded seawards.
The difference plot of the intertidal topographies (Figure 4.3, c) confirmed this impression (Fig-
ure 4.2, unit 12 to 16) as accretion was evident at tidal channel slopes and at the seaward bor-
der of the intertidal. In addition, all intertidal flat heights increased in height by more than
1 cm yr~! (Figure 4.3, d) while the subtidal zones deepened at even higher rates. The confor-
mity of my trends with the work of BW19 and the reasonable visual agreement between trend
and intertidal topography data led me to presume with a trend analysis of additional bathy-
metric parameters in the German Bight. All trend lines were documented in Appendices C.2
to C.5.

4.2.2 The Intertidal Zone Expands

Figure 4.4 displays changes in the normalized lateral expansion of the subtidal and intertidal
zone in morphological units in the period of 1996 to 2016 from linear regression. Nearly all
units revealed a statistically significant decline of their subtidal zone. The largest retreat was
observed in the Ems (BOS & DEL), in the eastern outer Weser estuary (NEUW_S to BKA), and
in North Frisia (LANG to LIST). The only significant subtidal expansion was noted in CUX
which was overlain by the natural formation of a second major ebb channel in the period of
2006 to 2010.

The lateral expansion of the intertidal zone followed observed subtidal retreat. Most morpho-
logical units exhibited intertidal expansion of less than 5 % which still corresponds to multiple
square kilometers. The smallest lateral expansion was found in EMD, SPI to MPL, MEL, HUS,
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FIGURE 4.4: Normalized expansion (positive) or retreat (negative) of the subtidal (shaded blue
bars) and intertidal (shaded brown bars) zones in the period of 1996 to 2016 from linear re-
gression. Gray bars represent insignificant regression slopes.
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and PELL. Again, retreating intertidal flats were found in CUX which I related to natural es-
tuarine morphodynamics (see above). Intertidal expansion and subtidal retreat were linearly
correlated (R = —0.94) which underlined that the intertidal expanded primarily into the subti-
dal rather than reclaiming supratidal areas. This was another indication that the development
of the supratidal was negligible in comparison to subtidal and intertidal morphodynamics.

4.2.3 Subtidal Deepening and Intertidal Accretion

The mean subtidal height decreased by 28 cm on average with a peak at 132 cm (DEL) in the
period of 1996 to 2016 (Figure 4.5). Most subtidal zones in the outer estuaries, East Frisia, and
North Frisia deepened by 25 cm to 50 cm. Again, the unit CUX was an outlier as the subtidal
mean height increased by approx. 60 cm.

Despite noteworthy lateral expansion, the mean intertidal height remained constant in the Ems
and in north North Frisia and increased by tens of centimeters elsewhere. Peak accretion by
33 cm was noted in BKA and the average increase was 11.6 cm. Hence, the observed vertical
accretion exceeded SLR in the same period twofold (SLR: 6.7 cm, see Section 2.2.2). Intertidal
accretion was most prominent in morphological units in the southeastern German Bight (NOY
to BRUN) as changes in North Frisia varied between growth of 14 cm in PELL to losses of 8 cm
in LIST.

A comparison of my mean height changes vs. BW19's results was compromised because my
morphological units covered a different spatial extent and included a larger portion of the sub-
tidal channel deltas. Nonetheless, qualitative agreement of subtidal height changes was found

100 t Ems i East Frisia i Jade & Weser i Elbe | North Frisia
75 \ \ \ \
\ \ \ \
§ 50 | | o e |
c \ \ ° ol lo
c 25 | ° of : ° | 0 | o o
S o \ (I \ [ 9 ° .
I 0 ek Hi H i !l I ol II 4 I r.| am i T Y T T S
O O
: FUR TR NNyt W
R 25 \ ! \ \ \
Z \ \ \ \ 1
g, -50 | o ° | ° | | o
S \ \ \ \ °
5 i | | o | o
< \ o \ \ \
2 -100 | | | |
2
c 125 \ \ \ \
@ \ [ subtidal [Cintertidal [linsignificant trend
€ -150 \ I 95 % confidence e BW19 subtidal e BWA19 intertidal
| \ \ \
O PP LN O v @0 L2 >0 LRSS
P FL ¥ Zve/@/éz@ A @V\W@/ *3\’@ S EE TS
e

FIGURE 4.5: Mean subtidal (shaded blue bars) and intertidal (shaded brown bars) height
changes in the period of 1996 to 2016 from linear regression. Gray bars represent insignif-
icant regression slopes. Data of a similar morphological unit from Benninghoff and Winter
(2019) is given by blue (subtidal) and brown (intertidal) dots.
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in the outer Ems, in the outer Weser, and in North Frisia. The discrepancy was highest in East
Frisia with higher mean subtidal depth decreases in BW19’s approach. Estimated intertidal
height changes also agreed qualitatively although the quantitative results differed locally. For
example: Even though both trend assessments depicted no vertical accretion in the Ems estu-
ary, my data indicated twice as much vertical accretion in east East Frisia and half as much
in the Jade and Weser estuary. Further differences were found in North Frisia where BW19
extrapolated high accretion while my trends indicated rather stable conditions. This could be
related to height jumps in BW19’s topography data (i.e., the outdated AufMod data base).

4.2.4 Water Volume Changes

The lateral and vertical evolution of the subtidal and intertidal zone (Sections 4.2.2 to 4.2.3) im-
plies consequences on the subtidal channel volume V, and intertidal storage volume V; (defini-
tion: Figure 4.1). I normalized each V; and V, by the maximum subtidal (V;) and intertidal (V5)
area of the a morphological unit within the covered period to ensure comparability (in m>/m?,
ie., m).

Most morphological units lost subtidal channel volume despite increasing subtidal depths and
SLR (Figure 4.6). Few units revealed locally isolated increasing (e.g., EMD, MPL, & BRUN) or
stable V.. Noteworthy V. decreases were noted in East Frisia (LAN & SPI), in the eastern outer
Weser (NEUW_S to BKA), and north of the Elbe estuary (MEL to PELL). Interestingly, increases
or constant V. clustered in the inner estuarine units (e.g., EMD, WAV, BAL, and BRUN) of the
study area.

Changes in intertidal storage volume V; followed a similar pattern. Vs increased most in the
mouth of the Ems estuary which likely resulted from the considerable lateral intertidal expan-
sion noted in Section 4.2.2. Several other small V; increases of less than 0.25 m in North Frisia
(LANG to LIST) coincided with lateral intertidal expansion as well. Areas with high lateral
intertidal expansion and accretion (e.g., NEUW_S & BKA) demonstrated near constant V;. In
fact, the majority of units from NOY to PELL revealed constant or decreasing V;. The water
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intertidal storage volume V; (shaded brown bars) in the period of 1996 to 2016 from linear
regression. Gray bars represent insignificant regression slopes.
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volume assessment showed an overall significant decrease of V; at constant or also decreasing
Vs in most units in the period of 1996 to 2016 despite SLR.

4.2.5 Implications on the Sediment Budget

Sediment volume changes were estimated by multiplying the difference between a depth sam-
ple and a chosen reference level which was lower than all depth samples (d,.y = —50 mNHN)
with the raster cell’s area. The subtidal sediment volume was normalized by the maximum
subtidal, the intertidal sediment volume by the maximum intertidal, and total sediment vol-
ume by the maximum sum of the inter- and subtidal area in the period of 1996 to 2016 in
analogy to Section 4.2.4 (in m3/m?, i.e., m). The total sediment volume denotes the sum of the
sub- and intertidal sediment volume.

Peak subtidal sediment volume losses of up to —8.5 m were noted in the Ems (DEL) and Weser
estuary (NEUW_S & NEUW_N, Figure 4.7, a) with an average loss of —2.2 m across all units.
In contrast, the intertidal sediment volume increased in most units with high accretion of 6.5 m
(BOS), 8.4 m (DEL) in the Ems or 5.5 m (ALW) to 5.9 m (NEUW_S), or 5.3 m (BKA) in the outer
Weser. The intertidal sediment volume increased on average by 2.4 m across all units in the
observed period. Changes in subtidal sediment loss and intertidal volume gain were linearly

correlated (R = —0.84) despite the resulting total sediment volume not being entirely closed
(Figure 4.7, b).
10 } Ems . East Frisia - Jade & Weser ; Elbe - North Frisia (a)

o (63}

]
()]

N
o

norm. sediment vol. change
1996 to 2016 in m

||:Isubt|da| [Cintertidal |:I|n3|gn|f|cant trend I 95 % confidence |

\ \
| | |
20 | | | (b)
9 | | |
c _10 | H | |
Se :L é
EEOOT = EIZEE i;,}qj B }E } I - %%+
O
g o-1.0 | | |
S ©
$3 20 | } }
c (| subtldal & intertidal [—TJinsignificant trend
S T 95 % confidence ‘ ‘
< -3.0 ! | | ‘
Q20 O N Q O . 92 F SO0 ORXAN
X FNE P 1§1§” FF @‘Zo@ oy & P FF IR F L
AN
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brown bars in a), and total (shaded red bars in b) sediment volume in the period of 1996 to
2016 from linear regression. Gray bars represent insignificant regression slopes.
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The total sediment volume was balanced across most units within the study area with peak
significant gains of 1.4 m (WAV), 0.8 m (BAL), 0.5 m (NEUW_S), and 0.2 m (NEUW_N) in the
Jade and Weser estuaries. Significant losses of sediment by —0.5 m (CUX) or —0.4 m (MEL)
were observed within and north of the Elbe estuary. Many minor insignificant gains and losses
in total sediment volume by less than 0.2 m were present in Ems estuary, in East Frisia, and
in North Frisia which, again, indicated that the subtidal sediment loss was compensated by
intertidal accretion. The overall average confirmed this impression with a gain of 0.05 m. Units
in the Weser and Jade presented with an overall significant sediment gain which points to-
wards enhanced sediment deposition. It should be noted that the increases in total sediment
volume are small in comparison to the sediment volume shifts in the subtidal and intertidal
zone (Figure 4.7, a).

4.3 Changes in Intertidal Surface Sediments

KEYPOINTS:

- Surface sediment data indicated more mixed and mudflats at the cost of sandy tidal flats
in the southern German Bight.

- 2/3 of the retreating sandy tidal flats transformed into mixed and 1/3 into mudflats.

In this section, the mud content of intertidal flats and its development was extrapolated (for
methodology see Section 3.9) using decadal surface sediment data (Section 3.2). Intertidal sur-
face sediments were distinguished by their cohesive content into muddy, mixed, and sandy
tidal flats (following the classification of Ragutzki, 1980). Mark that surface sediment obser-
vations underlay a vast amount of processing and interpolation steps to compensate a limited
amount of observational samples. Additionally, the seasonal variability of the mud content
cannot be captured by annual surface sediment data due to poor field data availability. There-
fore, the results in this section can only be used as indicators as they possibly do not represent
surface sediments at the respective time.

4.3.1 Review of the Data-Driven Tidal Flat Classification

First, the results of the calibrated data-driven tidal flat classification were compared to the ver-
ified remote sensing results of the year 1993 in the eastern outer Weser and East Frisia (Meyer

TABLE 4.1: Comparison of a remote-sensing vs. a data-driven tidal flat classification in the Jade
and Weser estuary in the year 1996.

flat type MR97 (abs.) MRY7 (rel.) data-driven (abs.) data-driven (rel.)

in km? in % in km? in %
all 1,400 100 1,105 100
sandy 1,130 80.1 826 74.7
mixed 169 12.0 171 15.5

muddy 89 6.3 (+2.3) 107 9.7
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FIGURE 4.8: Visual comparison of remote-sensing tidal flat classification from MR97 (left) and
a data-driven approach (right) with white patches representing the subtidal zone, yellow
patches sandy, light-brown patches mixed, and dark-brown patches mudflats.

and Ragutzki, 1997, MR97 in the following).

The visual comparison (Figure 4.8) showed good qualitative agreement. Muddy and mixed
patches were evident in the eastern outer Weser in the data-driven and in the remote-sensing
approach alike and outer tidal flats were predominantly sandy. The visual agreement was
poor at the sheltered flats behind the barrier island Wangerooge because remote sensing sug-
gested mixed flats while the data-driven representation computed sandy flats. Furthermore,
the lateral intertidal extent differed between both scenes which could be related to the time
of the evaluated remote-sensing image or to inaccurate bathymetry data. In addition, MR97
included mussel banks (approx. 2.3 % of tidal flats in East Frisia in the year 1993) in their clas-
sification which cannot be captured by the median grain size and the grain size distribution
skewness.

Another comparison of absolute and relative tidal flat type area in East Frisia (Table 4.1) so-
lidified the good visual impression by showing reasonable relative agreement +6%. The total
area disagreed by approx. 400 km? between both approaches which was likely related to the
remote sensing scene of MR97: Even though MR97s scene was recorded at low water, the data-
driven approach uses one of the lowest annual low waters (i.e., the SpLW, definition given in
Section 3.8) of the year 1996.

4.3.2 Surface Sediment Data Suggest Intertidal Siltation

The data-driven classification method was subsequently applied in six subregions in the Ger-
man Bight for closer examination: the entire German Bight, the Ems estuary, East Frisia, the
Jade & Weser estuary, the Elbe & Eider estuary, and North Frisia. The classification revealed
marginal changes for all tidal flat types in North Frisia which is why this region was not men-
tioned subsequently.

The data-driven surface sediment classification (Figure 4.9) showed an overall retreat of sandy
tlats by 4 % in the German Bight in the period of 1996 to 2016. Retreat rates were highest in the
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FIGURE 4.9: Changes of the geological intertidal flat type (after Ragutzki, 1980) in the years of
1996, 2006, and 2016.

Ems and East Frisia (approx. 10 %) and the difference between the years 1996 and 2006 was
larger than 2006 to 2016 which was surprising given the linear lateral and vertical intertidal
expansion noted in Sections 4.2.2 to 4.2.3. The data showed a similar decline of sandy flats in
the Jade & Weser and in the Elbe & Eider area even though it should be noted that differences
between 2006 vs. 2016 were marginal.

Retreating sandy flats coincided with expanding mixed and mudflats. Again, larger differences
were seen in the period of 1996 to 2006 for mixed tidal flats as most mixed flat areas languished
between the years 2006 and 2016. Conversely, muddy areas expanded linearly at lower rates
(approx. 2.5 % per year). Slow siltation is reasonable considering the depositional properties
and low sinking velocities of fines.

In summary, sandy flats declined while mixed and muddy areas expanded in the period of
1996 to 2016 despite lateral intertidal expansion. Since the newly expanded, often shoreface,
parts of tidal flats are likely exposed to waves (i.e., high energy), I assume that they should
be sandy. An increase of mixed and mudflats, despite new sandy shoals, therefore suggests
enhanced coastal siltation — always considering the uncertainty of the input surface sediment
data.
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5.1 Chapter Structure

This section evaluates recent changes in tidal and non-tidal forcing with a particular focus on
changes in Lagrangian and Eulerian tidal asymmetry as indicators for an offset in the dynam-
ical equilibrium in the German Wadden Sea. I chose to investigate the anomaly of the median
SSH, peak SSH (Section 5.2), and waves (Section 5.3) with modeling data (Section 3.2) over the
nodal cycle of 1997 to 2015 to estimate possible changes in Lagrangian asymmetry from exter-
nal forcing. Then, I direct my attention to the development of tidal constituents (Section 5.4)
and Eulerian tidal asymmetry descriptors (Section 5.5) as an estimate for changes in local sed-
iment transport properties.

5.2 Sea Surface Variability

KEYPOINTS:

- Perennial mean sea level (MSL) fluctuation is higher than SLR in the nodal cycle of 1997
to 2015.

- No significant or noteworthy changes were found in peak SSH. A linear trend indicated
a statistically insignificant increase of 10 mm yr~! to 15 mm yr—".

The following section is an assessment of the modeled SSH (see Section 3.2) with the quan-
tile method (Woodworth and Blackman, 2004). The quantile method assumes the median SSH
to be a good approximation for MSL and the 99.9"" SSH quantile to represent peak SSH. The
99.9%" quantile corresponds to annual 8.5 highest hourly samples of 10-minute equidistant data.
Woodworth and Blackman (2004) furthermore suggested to subtract the median from the 99.9%
quantile to remove relative MSL fluctuation.

I used model data intentionally in this section as these data were continuous and did not un-
derlie measurement error or data gaps. This section was aimed to translate established MSL
trends into a local setting. It is recognized that the study period is too short for robust trend
estimation; hence, the following data were intended primarily as a system description during
the period of enhanced coastal siltation. The global MSL development is thoroughly docu-
mented in the most recent IPCC reports (currently: Oppenheimer et al., 2019) and summed up
in Section 2.2.2. All data in this section were expressed by their anomaly, i.e., the study period’s
mean was subtracted from the respective annual data.

5.2.1 Mean Sea Level

The development of the modeled median SSH anomaly (median SSH — average median SSH,
Figure 5.1, top) varied in the low centimeter range in the nodal cycle of 1997 to 2015. The low-
est median SSH anomalies were evident in the late 1990s to the mid 2000s. The data varied by
few centimeters each year at the modeled tidal gauges. Peaks were observed in the years 2007,
2008, and 2015 and minima in the years 1997, 2010, and 2013.

An ordinary linear regression of the median SSH anomaly (slope in Figure 5.1, bottom) re-
flected current SLR rates with spatially varying increases between 0.5 mm yr~! to more than
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FIGURE 5.1: The development of the modeled median SSH anomaly at selected gauges in the
nodal cycle of 1997 to 2015 (top) and a linear trend analysis (bottom) with red bars indicating
the slope of the linear regression (left axis) and the gray dots the regressions index of agree-
ment R? (right axis).

4 mm yr—!. Tt must be noted that the indices of agreement R? indicated statistically insignifi-
cant linear regression notwithstanding which is why this information must be interpreted with
care. The highest increase rates were observed in North Frisia (SSL), in the inner Ems (KNO,
EMD), Jade (WAV), and Weser estuary (DWG). Contrary, the lowest rates were evident at the
offshore gauges (HUI_NL, HEL, BKA), in the Elbe (CUX, GLUE), and Eider (EISP) estuaries.
Although the linear regression slopes indicated similar annual increase rates as the IPCC re-
port, perennial MSL fluctuation often outweighed the effect of SLR in the regarded time period.
The median SSH anomaly in the period of 2010 to 2015 reflects this observation well with a span
of more than 20 cm in relative MSL at several gauges.
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5.2.2 DPeak Sea Surface Heights

The previous MSL anomaly analysis was extended to peak SSH, as represented by the anomaly
of the 99" SSH quantile minus its median, in this section. I noticed SSH anomaly peaks in the
years 1999 (storm Anatol), 2007 (storm Kyrill), and 2013 (storm Xaver). Within these peaks,
only Xaver affected the entire German Bight while Anatol and Kyrill surpassed North Frisia.
Minor peaks were evident in the years 2011 and 2015 and an ordinary linear regression of the
peak SSH anomaly data revealed no statistically significant trends.
Insignificant regression results indicated an overall increase of peak SSH anomaly in the entire
study area which is in line with literature (Dangendorf et al., 2013) and current climate projec-
tions (Ganske et al., 2016; Oppenheimer et al., 2019). All offshore stations (e.g., HUI_NL, HEL,
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FIGURE 5.2: The development of the modeled peak SSH anomaly (expressed by the 99.9"* SSH
quantile minus the median SSH) at selected gauges in the nodal cycle of 1997 to 2015 (top)
and a linear trend analysis (bottom) with red bars indicating the slope of the linear regression
(left axis) and the gray dots the regressions index of agreement R? (right axis).
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ALW, BKA) exhibited a similar increase rate in peak SSH anomaly. Still, there was no evidence
of noteworthy perennial fluctuation. More frequent or intense peak SSH were also not found
in these data.

5.3 Wind-Waves

KEYPOINTS:
- No trends could be identified within the significant wave height’s anomaly.

- The mean wave direction anomaly indicated more seaward-directed waves in the second
half of the nodal cycle from 1997 to 2015.

This section presents the development of the modeled median and peak (i.e., the 99.9" quan-
tile) significant wave height anomalies at wave gauges in the German Bight over the nodal
cycle of 1997 to 2015 (see Appendix D.1, Figures D.1 to D.2) and of the mean wave direction.
Again, modeled wave data were chosen over observations because of poor gauge coverage and
data quality.

5.3.1 Significant Wave Heights

The modeled median significant wave height anomaly remained nearly constant in the covered
time with annual variation of less than 15 cm. A linear trend analysis (not included) indicated
a statistically insignificant increase by less than 0.25 cm yr—! at all gauges. Only the gauge
DB-WR demonstrated higher increase rates while the significant wave height at the sheltered
Jade-I stations decreased marginally by 0.1 cm yr—!. As most of these rates were below model
accuracy (see Section 3.3), I assumed that the median significant wave heights at gauges re-
mained unchanged in the study period.

Peak significant wave heights also did not reveal any noteworthy information. Peak significant
wave height anomalies were noticed in the years 1999, 2007, and 2013 and minimum values in
the years 2001, 2003, 2009, 2010, and 2014. A trend analysis (not included) confirmed that no
significant trend was present.

5.3.2 Mean Wave Direction

The high RMSE of the modeled wave direction led me to split the wave direction at peak fre-
quency into two categories: landwards (northwest to southwest), and seawards (southwest to
northwest). Furthermore, I discarded all direction samples with small significant wave heights
(i.e., hyo < 0.5 m) before estimating the landwards and seawards duration anomaly in days
(Figure 5.3).

The duration anomaly of landward-oriented waves showed a high amount of annual and lo-
cal variability. Offshore gauges (i.e., FINO-III, NSB-1II, DB-WR) all exhibited a similar behavior
with less landwards-oriented waves in the period of 2000 to 2003, followed by more landwards
wave attack (2004 to 2006), and another less active period in the period of 2009 to 2014. Peaks
of landwards-oriented wave duration anomaly were observed in the years 1998, 2004, 2007,
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FIGURE 5.3: The development of the anomaly of the landward (top) and seaward (bottom)
directed waves at selected gauges in the nodal cycle of 1997 to 2015.

2008, and 2015. Conversely, anomaly of the duration of seaward-oriented waves was lower in
the first half of the evaluation period (1997 to 2004) and was slightly elevated by several days in
the second half of the time period (2005 to 2014). Peaks of the seaward-oriented wave duration
anomaly were observed in the years 2000, 2009, and 2014.

5.4 Recent Shifts of Tidal Constituents

KEYPOINTS:

- Diurnal and semidiurnal tidal constituent amplitudes adapted by £2 % while quarter
and sixth-diurnal constituents changed by 130 % in the nodal cycle of 1997 to 2015.

- The phase of semidiurnal tidal constituents was delayed by approx. 4 degrees. Quarter-
and sixth diurnal constituent phases delayed by 5 to 10 degree in the same period.

Eulerian asymmetry arises from the amount of frictional resistance a tide needs to overcome
when entering and departing a tidal system. In other words, tidal distortion appears when-
ever tides enter shallow water. Harmonic analysis describes tidal asymmetry through the gen-
eration of higher frequency (i.e., quarter-, sixth-, to n-th diurnal) shallow water constituents
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TABLE 5.1: Tidal constituent amplitudes in Cuxhaven Steubenhoft (CUX) from observations in
the year 2015. The table shows all constituents with an amplitude > 4 cm.

no. tidal constituent amplitude inm | no. tidal constituent amplitude in m

1 M, 1.36 9 NU, 0.07
2 S 0.33 10 Oq 0.07
3 N, 0.22 11 MSy 0.07
4 MU, 0.13 12 Ky 0.07
5 L, 0.13 13 2MSe¢ 0.07
6 My 0.11 14 K> 0.07
7 SSA 0.11 15 Ao 0.05
8 Mg 0.07 16 2MNg 0.04

which drain energy from their parent constituents. The previously identified significant mor-
phological changes in the German Wadden Sea (Chapter 4) make changes in Eulerian tidal
asymmetry probable as indicated by the theoretical work of Friedrichs (2010, see Section 3.6).
Spatial changes of the amplitude and phase of relevant tidal constituents were investigated
with observations and model data to identify if, where, and to what extent changes in tidal
constituents occurred.

However, tidal constituents underlie interannual, annual and perennial variability, and multi-
decadal trends (e.g., Miiller, 2011). With respect to my research goals, interannual tidal con-
stituent modulation was omitted by using annual time frames (following Hagen et al., 2021a).
I recognize that seasonal tidal constituent modulation may be subject to change.

A review of tidal constituents at the estuarine gauge Cuxhaven Steubenhoft (CUX) in the Elbe
estuary (Table 5.1) illustrates the dominance of semidiurnal tides (F = A(%Zf%) = 0.08) in
the German Bight. Even though the shallow water constituent M4 was among the largest am-
plitudes, the My / M, ratio was only at 8 %. The presence of multiple quarter and sixth-diurnal
shallow water tides indicates tidal distortion.

5.4.1 Spatial Amplitude and Phase Changes

Let us review the spatial changes of the semidiurnal M, constituent and its first overtide My
(Figure 5.4). A harmonic analysis was conducted on modeled SSH at the nodal modulation
maxima of the M, constituent in the years 1997 and 2015. Differences in tidal constituent prop-
erties can therefore only result from meteorological bias, thermohaline stratification changes,
global or regional trends in tidal constituents, or bathymetry changes.

Figure 5.4 (a) shows changes of the M, amplitude in the order of centimeters in the reviewed
period. The Ems and Elbe estuaries exhibited decreasing M, amplitude by 1 cm to 3 cm while
slight increases were present in East Frisian inlets, in the Jade and Weser estuary, and in North
Frisian inlets. The basins near Sylt indicated a noteworthy local increase in M, amplitude by
more than 3 cm while the M, amplitude in the neighboring North Frisian basins increased by
1 cm to 2 cm. Changes in My amplitude (Figure 5.4, c) remained local: Increases by several cm
were observed in the Juist basin, in the Jade, Weser, and outer Elbe estuary as well as North
Frisia. Contrary, East Frisian tidal inlets exhibited locally isolated decreases by 2 cm to 3 cm.
Despite locally varying amplitude changes, the phase of the M, constituent remained nearly
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constant with a slight overall decrease of less than 5 degree (Figure 5.4, b). The M, phase (Fig-
ure 5.4, d) demonstrated more pronounced phase shifts with decreases of more than 10 degree
in the Ems, Jade, and Weser estuary, and in East Frisian and North Frisian inlets. The My
amphidrome north of the Ems estuary moved northwestward which corresponds well with
increased amplitudes in the German Bight. All tidal inlet systems exhibited M, phase changes
of 10 degree except for the Sylt basins which remained constant. The observed amplitude
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FIGURE 5.4: Spatial differences of the modeled M, (a, b) and My (c, d) amplitude (a, c) and
phase (b, d) at the diurnal nodal minimum in the years 1997 and 2015 (A = 2015 — 1997).
White patches indicate land and gray patches intertidal flats.
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and phase development were remarkable considering the short time frame of one nodal cycle.

5.4.2 Observational Data Trend Assessment

The changes in amplitude and phase of M, and its first overtide My (Figure 5.4) indicated
changes in tidal properties. Moving forward, relevant constituents (i.e., Table 5.1) were ex-
amined with multiple nonlinear regression (see Section 3.4.1) to extract information on their
long-term development. This method requires long SSH time series (At > 18.6 a) which is
why I switched from modeled to observational gauge data in this section only. I used the same
data mentioned in Hagen et al. (2021a) at their maximum survey length (data availability: Sec-
tion 3.2). An exemplary trend analysis of the M, amplitude in CUX in the period of 1918 to
2018 illustrates a near-linear amplitude increase with a slight acceleration in the 1990s and the
nodal amplitude modulation (Figure 5.5). Numerous observed M, samples deviated from the
nonlinear regression line which I related to estuarine engineering in combination with natural
morphodynamics in the mouth of the Elbe estuary over the course of the 20" and 21 century.
The nonlinear multiple regression (including nodal modulation) failed to meet the criterion for
statistical significance (i.e., R> > 0.5 after Hagen et al., 2021a; Peng et al., 2019) for the am-
plitude of the SSA, uy, NUy, Ay, and L, tidal constituents. The nonlinear dependence of tidal
constituents on the development of related constituents, MSL variability, and local bathymetry
evolution are likely explanations that also reflect in the locally varying statistical significance
of the shallow water constituents. Remaining significant data were evaluated for the nonlinear
regression parameters agp, a1, and a; (from Equation 3.1) at the diurnal nodal modulation mini-
mum in the years 1997 and 2015. I calculated amplitude changes by AA =1 — %, and phase
shifts by Ag = £2015 — 1997 (Figure 56)

Most diurnal and semidiurnal amplitudes varied by £2% with few examples. Despite the small
relative deviation of Mj, absolute changes resulted in the largest absolute variations (maxi-
mum: 5 cm). Other diurnal and semidiurnal constituent amplitudes decreased in the Dutch
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FIGURE 5.5: Exemplary multiple nonlinear regression analysis with the blue dashed line repre-
senting the multi-decadal development and the gray solid line the nodal modulation for the
amplitude of the semidiurnal M, tidal constituent (gray squares) in Cuxhaven Steubenhoft
(CUX) in the period of 1918 to 2015.
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Wadden Sea (IJB NL to SMG NL) and increased in the German Bight (BOS to WYK) by few
percent. The quarter- and sixth-diurnal shallow water tides amplitudes in the Dutch Wadden
Sea (HAR NL to SMG NL) and in the Ems estuary (EEM NL to DEL NL) increased from 2 %
to more than 20 %. The gauges HEL and ALW exhibited only marginal changes in the shallow
water domain which was expected because of their deep water setting. Shallow water tide
shifts in BUS could be related to ongoing morphodynamic adaptation after a land reclamation
campaign in the 1970s. Summarizing, an overall increase of the diurnal and semidiurnal tidal
amplitudes by few percent in combination with locally varying significant changes of the quar-
terdiurnal and sixthdiurnal shallow water amplitudes in the German Bight was noticed.
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FIGURE 5.6: Observed tidal constituent amplitude (top) and phase (bottom) changes in the pe-
riod of 1997 to 2015 from nonlinear multiple regression (excluding nodal modulation). Brown
patches indicate increases and cyan patches decreases in amplitude and phase over time. All
values with R? < 0.5 were considered statistically insignificant (white patches).
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Phase differences revealed that nearly all gauges and constituents were delayed by several de-
gree in the year 2015 with few local exceptions (e.g., VLH NL, TSW NL, and WAV). Diurnal
constituents remained mostly unchanged while semidiurnals delayed between 2 to 4 degree
(5 degree correspond to approx. 10 minutes for the Mj). As most phase shifts were regionally
consistent, a tidal constituent phase shift or amphidrome movement in the entire Wadden Sea
could be possible (as also indicated in Figure 5.4). Again, changes in the quarterdiurnal and
sixthdiurnal constituents were more pronounced with most gauges being delayed by up to 16
degree (5 degree are ~ 20 minutes for the My). It was a reoccurring pattern that nearshore
gauges demonstrated strong shifts in the shallow water domain.

5.5 Changes in Eulerian Tidal Asymmetry

KEYPOINTS:

- Tidal basins and estuaries in the German Bight became less flood dominant or more ebb
dominant (TDA, FVA) in the period of 1996 to 2016.

- Competing local and regional phenomena were found: North Frisia, e.g., was affected by
a large-scale increase and by a local decrease in flood duration.

- The mean flood velocity decreased more than its ebb counterpart.

- Increasing flood and ebb slack duration was found. Flood slack usually increased more
than ebb slack (i.e., increasing FDA).

Bathymetry evolution (Section 4.2) and shifts in tidal constituent amplitude and phase (Sec-
tion 5.4) suggest changes in tidal dynamics and asymmetry. As distinct flood and ebb proper-
ties are also established estimators for the residual sediment transport in coastal waters (Sec-
tion 2.1), this section focuses on the development of Eulerian tidal asymmetry (i.e., TDA, FDA,
and FVA, see Table 3.5) at the study site with the morphological averaging method (see Sec-
tion 3.7) in the period of 1996 to 2016. The results, methodology, tables, and figures in this
section were visually modified and reworded from Hagen et al. (2022). It should be noted that
all analyses from this section focus on tidal channels as the main pathways of sediments on
long time scales.

5.5.1 Morphological Unit Definition

Morphological units were defined in each tidal basin, via estuarine geometry, or near the loca-
tion of a tide gauge (Figure 5.7). A morphological unit must cover the tidal channels of interest
within the entire analysis period. Therefore, some supratidal and intertidal areas close to the
coastline were excluded as well as areas with artificial morphological changes e.g., by port con-
struction or dredging. Shoreface polygons (e.g., 11, 15, 20) were limited seawards roughly by
the -15 mNHN isobath, and inlet polygons (e.g., 5 to 9) included a small portion of the channel
delta up to the —20 mNHN isobath. The outer estuaries of the rivers Ems (1 to 4), Jade (11 to
14), Weser (15 to 19) and Elbe (20 to 25) were divided into multiple units which mainly depend
on the location of tide gauges (e.g., green triangles in Figure 5.7).
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FIGURE 5.7: Morphological units (represented by black and white, solid lines with a number-
ID) for subsequent analyses. The background shows the EasyGSH-DB topography (2015) in
the German Bight (adapted from Hagen et al., 2022).

5.5.2 Local and Regional Changes in Flood Duration

To obtain an overall impression of changes in tidal asymmetry, the difference between the
annually averaged flood duration in the years 1997 and 2015 was calculated (Figure 5.8). Both
years represent the diurnal minimum of the nodal tide to minimize astronomical bias. It should
be noted that baroclinic bias may be present. However, these processes are unlikely to offset
annual averages as, e.g., storm surges are highly episodic and occur only a few times each year.
In the following, the term regional was used for large-scale (e.g., the German Bight) and local
for processes in the morphological units (e.g., a tidal basin).

A first observation was that flood duration increased by few minutes in the southwestern and
decreased by up to 20 minutes in the northeastern German Bight. Regional changes were ei-
ther enhanced (southwest) or counteracted (northeast) within local tidal channels. A second
observation was that regional changes did not carry over to all tidal systems. In fact, several
northeastern tidal channels showed increasing flood duration despite a different regional ten-
dency. Similar phenomena were evident in the southeastern German Bight with flood duration
increases of more than 10 minutes in local tidal channels and slight decreases seawards. For
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permanently inundated samples of both years are displayed. Land is represented with white
patches, the intertidal zone by gray shades, and the morphological units are indicated by
black and white solid contours (visually modified from Hagen et al., 2022).

this reason, I presumed that regional tidal dynamics may compete with local processes for
flood duration changes.

Inspired by this observation, morphologically averaged trends for the flood to tide duration ra-
tio were estimated in the period of 1996 to 2016 (Figure 5.9). Note that morphological units with
insignificant linear trends were also displayed as the consistent temporal evolution of adjacent
morphological units may also be of interest (e.g., units 23 to 26). Statistically significant trends
were achieved in 24 of 32 morphological units and the local increase in flood duration (i.e., in-
creasing flood to tide duration) from units 1 to 18 confirmed the findings from Figure 5.8. The
signal in North Frisia (units 26 to 32) became locally both more and less flood dominant; hence
it was likely influenced locally and regionally. Trends in units 27, 31, and 32 exhibited increas-
ing flood dominance that matched with the evident decrease in flood duration. Conversely,
adjacent units 28 and 30 indicated decreasing flood dominance in accordance with increasing
flood duration in Figure 5.8.
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FIGURE 5.9: Linear regression of flood to tide duration ratio for morphological units from Fig-
ure 5.7 with ratios < 0.5 representing flood dominance. Solid blue lines indicate significant
(p < 0.05) trends with their 95 % confidence intervals (dashed). Solid gray lines represent
insignificant fitting with their 95 % confidence intervals (dashed). Valid samples within the
95 % confidence intervals are represented by gray and outliers by red squares. Outliers were
not considered in trend estimation (adapted from Hagen et al., 2022).

5.5.3 Driving Processes

In idealized systems, tidal asymmetry can be explained based on morphological constraints
such as the relative tidal amplitude (i.e., tidal amplitude to mean channel depth ratio a/h) or
the intertidal storage volume V; to subtidal channel storage V. ratio V;/V; (see Section 3.6). In
the following section, the development of the (1) tidal range, (2) a/h, and (3) Vs/V, was in-
vestigated using the EasyGSH-DB bathymetries (Section 3.2) and the numerical hindcast (Sec-
tion 3.3).

Annual changes in mean tidal range exhibited regionally varying increases between 3 mm yr !
to 5 mm yr~! in North Frisia to less than 2 mm yr~! in the Ems estuary and in East Frisia (Fig-
ure 5.10). My increase rates were lower than the recently reported 3.3 mm yr~! (Janicke et al.,
2020) with a mean increase rate of 1.1 mm yr~! which was attributed to slowing increases of
tidal range in the past 20 years (Leon Jdnicke, personal communication) compared to the period
of 1958 to 2014. Local decreases in unit 26 and 27 (near the tidal gauge BUS) were previously
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FIGURE 5.10: Morphologically averaged trends of the tidal range in the period of 1996 to 2016
with 3.3 mm yr~! indicating averaged annual tidal range increase at tide gauges from Janicke
et al. (2020). Error bars represent the 95 % confidence of the linear regression and blue bars
represent the annual trend of the mean tidal range across the morphological units on the x-
axis (adapted from Hagen et al., 2022).

related to land reclamation and dredging in the Meldorfer Bight (Janicke et al., 2020). There-
fore, locally varying increases in tidal range across the study site can be confirmed with few
local exceptions.

Despite the overall increasing tidal range, a/h ratios decreased across the entire study area
except for units 1 and 24 to 27 which implied that local subtidal deepening exceeded tidal am-
plitude increase (Figure 5.11, a). The largest decreases in a/h were found in the river Ems (3, 4)
and in the adjacent East Frisian units (5 to 8) as well as the inner Jade (13, 14). The predominant
increase in flood duration, e.g., in morphological units 2 to 18 (Figure 5.10), was in line with
theoretical expectation that lower a/h ratios enable decreasing flood dominance (Friedrichs
and Aubrey, 1988).

As most a/h values from Figure 5.11 (a) were small, the storage to channel volume ratio Vs /V,
could determine flood or ebb dominance. Vs/V; in Figure 5.11 (b) varied between 0 in purely
subtidal units in the mouth of the Elbe estuary and 1.8 in East and North Frisia. V;/ V. increased
in most units (3 to 7, 19, and 25 to 32) with unit 27 showing the largest increase. Units 8 to 10
in East Frisia exhibited noteworthy V;/V, decreases which may account for lower increases
in flood duration compared to the Ems estuary despite high a/h. Figure 5.11 (c) illustrates
the relationship between both parameters. For reference, the numerical solution for friction-
dominated short shallow estuaries (Friedrichs, 2010; Friedrichs and Aubrey, 1988) was added
to estimate flood or ebb dominance depending on the stability parameters a/h and Vi/V,. 1
observed that most points advanced further towards the ebb dominant side of the numerical
solution which was facilitated by the predominant increase in V;/ V. at decreasing a/h.

In contrast to theoretical expectation, Figure 5.8 demonstrated decreasing flood duration in
units 31 and 32 (i.e., increasing flood dominance) despite marginally increasing Vs / V. at con-
stant a/h. Here, local changes in tidal amplitude, inter- or subtidal volume were likely counter-
acted by the regional changes in flood duration. Units 28 to 30, however, exhibited increasing
flood duration which corresponded well to increasing Vs / V..
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FIGURE 5.11: Changes in the geometrical asymmetry parameters a/h (a), Vs/ V. (b), and a com-
bined view of a/h and V;/V, (c) with the numerical solution for flood and ebb dominance
(dotted gray line) of Friedrichs and Aubrey (1988). White squares in (c) represent the year
1996 and the respective connected to colored squares indicates the year 2016. Colored mark-
ers determine the morphological unit index. No-data or small V;/ V. values (e.g., unit 20 in b)
can occur in (nearly) purely subtidal units. All values are based on linear regression estimates
(adapted from Hagen et al., 2022).

5.5.4 Tidal Duration Asymmetry

The morphological unit averaging approach (MUA) was subsequently applied in the period of
1996 and 2016 for tidal duration asymmetry (TDA) descriptors (see Table 3.5). The full trend
analyses (analogous to Figure 5.9) was published in the supplemental material to Hagen et al.
(2022).

Statistically significant trends were derived for the SSH 6(2M; — M,) phase lag, the flood to
tide duration ratio, and the flood to tide current duration ratio (see Figure 5.12). Results ex-
hibited different regional characteristics with decreasing flood dominance or increasing ebb
dominance. The 6(2M; — M,) phase lag and the flood to tide ratio in Figure 5.12 (a, b) showed
decreasing flood dominance in most units in East Frisia and the rivers Ems, Weser, and Jade Bay
as well as increasing flood dominance in the river Elbe in unit 27. The 6(2M; — My) phase lag,
however, indicated increasing flood dominance in East Frisia while the flood to tide duration
ratio decreased strongly. Trends of adjacent morphological units generally demonstrated a con-
sistent signal within broader regional units, i.e., for East Frisia and the rivers Ems, Weser, and
Elbe. North Frisia imposed an exception as both increasing and decreasing flood dominance
were present. This observation was consistent with the spatial differences of flood duration in
Figure 5.8 which showed a similar regional distribution of trends. In addition, I observed local
signals such as increasing flood dominance in the mouth of the Elbe estuary (20 to 25). This
local signal was likely related to the development of a second tidal channel in the outer Elbe
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FIGURE 5.12: Development of the tidal duration asymmetry (TDA) parameters: 6(2M, — My)
phase lag (a), the flood to tide duration ratio (b), and the flood to tide current duration ratio
(c) in the period in the period of 1996 to 2016 from linear regression. Gray bars indicate
insignificant and colored bars significant trends. The green color represents flood dominance,
white symmetry, and red ebb dominance. Triangles mark the starting point in the year 1996
and the end of the bar represents the year 2016. The x-axis enumerates the morphological

units defined in Figure 5.7 (modified visually from Hagen et al., 2022).
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to tide duration was coherent apart from East Frisia where the 6(2M; — My) phase lag falsely
indicated increasing flood dominance in some parts. A possible explanation could be the very
small M4 amplitudes in East Frisia.
Flood to tide current duration ratios (Figure 5.12, c) strengthened previous findings about the
tlood to tide duration ratio (Figure 5.12, b) with more pronounced changes. Increasing ebb
dominance (4, 5, 11 to 13) or decreasing flood dominance (6 to 10) was observed in East Frisia.
Units in the Weser and Elbe estuary (15 to 25) demonstrated less variability with few local ex-
ceptions. In some cases, trends in TDA descriptors indicated opposing dominance (e.g., unit 3,
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11, or 31).

Unexpectedly, changes in North Frisia were less pronounced than East Frisia with slight de-
creases in ebb dominance (26, 27, 29) and decreasing flood dominance (30, 31) considering
comparable changes in tidal amplitude, a/h, or Vs/V.. A comparison of the regional changes
(Figure 5.8) in TDA in the context of the morphological development of individual units (Chap-
ter 4) confirmed competing local and regional adaptation. The development of the geometrical
tidal asymmetry indicators (Section 5.5.3) therefore suggested that regionally increasing flood
duration (i.e., decreasing flood dominance) in North Frisian tidal channels was counteracted by
the morphological development as the tidal amplitude was also dominated by depth changes.
Hence, local tidal asymmetry changes mismatched the morphological asymmetry descriptors
because they were superimposed by regional changes in tidal dynamics. As these trends were
absent in the southern German Bight (units 1-18), the morphological development reflected
decreasing flood duration well.

5.5.5 Flow Velocity Asymmetry

A linear regression of the morphologically averaged mean flood flow velocity indicated a sta-
tistically significant decrease between units 5 and 19 although the increasing tidal range may
suggest otherwise (see Figure 5.10). The mean flood flow velocity also decreased more strongly
(up to 20 %) than the mean ebb flow velocity (less than 10 %) in East Frisia (Figure 5.13). This
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FIGURE 5.13: Changes in annually averaged mean flood (a) and mean ebb (b) flow velocity
magnitude in the period from 1996 to 2016 from linear regression with blue increments indi-
cating decreasing and red increments indicating increasing flow velocity magnitude. Light
gray bars represent insignificant and dark gray bars represent significant regression (adapted
from Hagen et al., 2022).
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reflects previously noted decreasing TDA flood dominance either by enhanced mean ebb veloc-
ity (e.g., units 3, 4) or by declining flood velocity (e.g., units 5 to 19). Contrary to predominantly
decreasing velocities, higher flood and ebb flow velocity were noted in the Elbe and slightly
increased ebb velocity in the Ems estuary which may be related to local morphodynamics such
as the loss of intertidal storage or the formation of new tidal channels.

Uneven changes in mean flood and ebb current velocity magnitude must provoke a response in
FVA (Figure 5.14). Note that flood to ebb ratios < 1 were scaled visually to consider nonlinear-
ity. Several morphological units in Figure 5.14 (a) switched from flood to ebb dominance (e.g.,
5, 6) or from strong flood dominance to near-symmetry (e.g., 7, 8). Ebb dominance increased
in Jade Bay and the outer Weser estuary (12 to 19). The Elbe estuary and North Frisia exhibited
both decreasing and increasing flood dominance. Although many units decreased in flood or
increased in ebb dominance, most mean flood to mean ebb flow velocity ratios remained flood
dominant.

Peak flood to peak ebb flow velocity ratios followed the trend of the mean flood to mean ebb
flow velocity ratio. Small differences between the ratios of mean and peak flood current ve-
locity occurred with different dominance (e.g., units 3 and 17) or differing decreases in flood
dominance (e.g., units 3, 10). Similar to the mean flood to mean ebb current velocity ratio,
decreasing flood dominance in East Frisia and increasing ebb dominance in Jade Bay and the
Weser estuary was evident. Almost no changes were observed for the mouth of the Elbe with
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FIGURE 5.14: Trend of the annually averaged mean flood to mean ebb flow velocity magnitude
ratio (a) and the annually averaged mean peak flood to peak ebb flow velocity magnitude
ratio (b) in the period from 1996 to 2016 from linear regression. Green bars represent flood
dominance, white bars represent symmetry, red bars represent ebb dominance. Triangles
mark the starting point in 1996 and the end of the bar represents 2016. The x-axis represents
the morphological unit index defined in Figure 5.7 (adapted from Hagen et al., 2022).
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slightly increasing flood dominance in the inner units. North Frisian units mostly showed de-
clining flood dominance except for unit 32 which may be attributed to increasing mean ebb
velocity at decreasing flood current velocity (see Figure 5.13).

5.5.6 Slack Duration and Flow Duration Asymmetry

Several studies emphasized the importance of FDA for the accretion of fines in coastal envi-
ronments through settling and scour lag mechanisms (see overview in Winterwerp et al., 2021,
and Section 2.1.3). Decreasing flood and ebb flow velocity magnitudes and less flood domi-
nant TDA and FVA likely also affected the absolute slack water duration and its asymmetry
(i.e., FDA). The slack water duration (i.e., flow duration below 0.2 m s~!) after flood current
sy and ebb current s, was estimated from modeled data for each tide and averaged over the
respective year. Similar to previous sections, I conducted MUA to estimate morphologically
averaged trends. All trend lines were displayed in Appendix D.2.

The flood slack duration s¢ increased by 10 to 20 minutes. Peak increases in sy were observed
in East Frisia (units 7 to 10), followed by local increases in the outer Ems (units 1 & 2), and east-
ern outer Weser (units 17 & 18). Another locally isolated insignificant increase in flood slack
was observed in North Frisia (unit 29). Significant decreases of s¢ of less than 10 minutes were

90 90

Ems East Frisia éJade éWeser Elbe North Frisia
80 N : : il : : 80
: : : : : c
70 S 70 E
n | - im I <
c 60 : : : : : 60 ©
e @* g C om = : = ®
£ 50 : D ng : 0 -, = H - {50 3
. . . . (| . <
40 - D : ] m |:| : 140 %
. . . . = . e]
30 : : : : : 130 8
(a) : : : : v starting value =
90 : o : : : : o 90
Ems : East Frisia ‘Jade :Weser :Elbe North Frisia
80 E E E : : 80
: : : : : c
70 : : : : E 70 €
. . . . . [
£ : : D : : 60 &
S : : : : E ©
g5} — w D HED = D - 150 5
: : F— : =: S
wf [ HF‘ 0 i | ]« &
: . . — . . = n
30 : : : = 1 D : O {30 &
(b) 5 5 T eTm 8
: : E E E — =
20 — 20
TANMO TN OO T AN MT OMNNWOWMOODO T~ ANMTLWL ONSNOWOOO «— o
rrrrrrrrrr N N AN AN AN NN ANANNOOOM

FIGURE 5.15: Development of the flood (a) and ebb slack duration (i.e., estimators for FDA)
in the period of 1996 and 2016 from linear regression. Gray bars indicate insignificant and
blue bars significant regression. Dark blue patches indicate high and white patches low slack
duration with triangles marking the starting point in 1996 and the end of the bar representing
2016. The x-axis enumerates morphological units defined in Figure 5.7. Unit 32 was omitted
due to insignificance and negligible low slack duration.
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only present in the inner Ems (unit 4), and in Jade Bay (unit 14). Other units exhibited either
small increases, insignificant trends, or marginal changes in flood slack.

The mean ebb slack duration s, increased remarkably by more than 20 minutes in East Frisia
(units 6 to 10) and by less than ten minutes in outer Weser estuary (units 15 & 19). Ebb slack
duration s, remained constant in the Jade (units 11 to 14) and Weser estuary (units 16 to 18) as
well as North Frisia (units 26 to 32). Decreases of up to 15 minutes were found in the inner Ems
(units 3 & 4) and in the entire Elbe (units 20 to 24) estuaries.
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6.1 Revisiting the Thesis Objectives

This section discusses the presented research results (Chapters 4 to 5) in context to my thesis’
objectives (Section 1.2).

6.1.1 Research Question 1: Coastal Siltation

Is there evidence of enhanced coastal siltation in the period of 1996 to 2016?

Enhanced coastal siltation seems probable for the following reasons: (1) My bathymetry data
analysis found increasing sediment volumes in the intertidal zone of the German Bight in the
period of 1996 to 2016 which resulted from lateral expansion and vertical accretion. (2) Decadal
surface sediment data also indicated siltation in the intertidal zone as sandy flats retreated
while mixed and mudflats prevailed. These statements are subject to considerable data uncer-
tainty (see Section 6.3).

Discussion

Benninghoff and Winter (2019, in the following referred to as BW19) analyzed the digital el-
evation models from the AufMod and EasyGSH-DB data collections in the period of 1996 to
2016 and discovered lateral expansion and vertical accretion of intertidal flats combined with
subtidal deepening in the German Wadden Sea. Their results therefore already suggested that
recent sediment deposition has been unusually high. However, there was no information about
the accreting sediment types; they used constant tidal high and low water boundaries for sub-
tidal and intertidal classification; and their bathymetry data base suffered from height jumps
and outliers that could not be mitigated completely. I decided to refine their methodology by
using more recent, higher resolution bathymetry data and estimated annually varying tidal
high and low water boundaries using a numerical model to consider MSL variability and tidal
amplification.

My bathymetry analysis confirmed the lateral expansion and vertical accretion of the intertidal
zone in the German Bight at a declining and deepening subtidal in the period of 1996 to 2016.
Linear regression was statistically significant and the development was well within the 95 %
confidence interval. Height jumps or other outlier data, e.g., resulting from the availability of
airborne laser scanning (ALS) bathymetry in the 2000s, were successfully mitigated with an
outlier filter although this in turn further diminished the already small sample pool. It must
be emphasized that the applied bathymetry data are subject to uncertainty of approximately
+20 cm at best (as discussed in Section 6.3). The annually varying tidal high and low water
data from the numerical model also had a RMSE in the low decimeter range. I therefore agree
with BW19 that trends from bathymetry analysis can be and will remain indicators as long as
bathymetry cannot be captured more accurately. Nonetheless, I would argue that a similar
conclusion reached in mine and BW19’s bathymetry data analyses in a comparable period en-
hances the credibility of the presented trends. A limitation of my method was that annually
variable tidal high and low water impose bias on the estimated size and mean height of the sub-
tidal and intertidal zones. The observed lateral expansion may partially result from changes in
MSL, tidal high, and low water which are probable given increasing tidal range (Figure 5.10).
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Despite all limitations, similar lateral expansion was noticed in several (predominantly east-
ern) tidal basins in the Dutch Wadden Sea (Nederhoff et al., 2017), although morphodynamics
in the Dutch Wadden Sea are still overlain by the closure dams of the Zuidersee and Lauwer-
soog in the mid 20t" century (Alonso et al., 2021; Elias et al., 2012; Wang et al., 2018). Intertidal
accretion without lateral expansion by approximately 1 cm yr~! has also been observed in the
Dutch Western Scheldt estuary since 2001 (de Vet et al., 2017). This is in agreement with the
tindings of BW19 and my own results. An opposing trend in mean intertidal height was doc-
umented in the diked Dutch Eastern Scheldt estuary with annual decreases of 0.7 cm yr~! (de
Vet et al., 2017) which emphasizes the importance of morphological unit definition and local
features especially at managed coastlines.

A difference between BW19 and my analysis, which may be a matter of discussion, relates to
the sediment volume: BW19 found a net sediment import into the coastal zone while my find-
ings suggested a redistribution from the subtidal into the intertidal zone. Still, some basins
also demonstrated considerable local net import, e.g., in Jade Bay or in the outer Weser estuary.
A high correlation between subtidal and intertidal sediment volume changes (R = —0.84), on
the one hand, and nearly balanced overall subtidal and intertidal sediment volumes, on the
other hand, supported the redistribution argument. I relate this discrepancy to the different
spatial extent of morphological units in both analyses. BW19 excluded large portions of the
ebb tidal deltas which is why their analysis cannot show redistribution from the shoreface sub-
tidal delta as was also suggested in the Dutch Wadden Sea. There, intertidal accretion was
related to noteworthy delta erosion (Elias et al., 2012). Besides, I found decreasing subtidal
channel volume at near constant and slightly decreasing intertidal storage. This also implies
a sediment transfer considering lateral intertidal expansion and SLR. Morphodynamic SLR
impact modeling also suggested an increased transfer of channel and ebb delta sediments onto
intertidal flats (Becherer et al., 2018; Hofstede et al., 2018) although these studies also indicated
gradual drowning of the intertidal zone on multi-decadal time scales. Another conceptual
morphodynamic modeling study confirmed that tidal flats accrete under SLR especially near
the predominant sediment source (i.e., the seaward boundary, Elmilady et al., 2022) which
corresponds well with my observations. It must be noted that sediment supply is limited in
nature and that the considerable sand volume required for sustainable intertidal accretion and
lateral expansion in the German Wadden Sea will diminish soon at this rate. This is a worry-
ing thought because the eventual drowning of tidal flats under SLR is then probable. Future
research is therefore recommended to gain more knowledge about pathways and quantities of
mud and sand in the entire Wadden Sea as a part of an efficient trilateral sediment manage-
ment strategy.

In view of coastal siltation, decadal surface sediment data in the German Bight were analyzed
to corroborate reports of enhanced siltation with scientific evidence. The surface sediment
data indicated a near-linear increase of mudflats. This corresponds to a study conducted in the
Dutch Wadden Sea which found that tidal basins had primarily imported mud in the past 20
years (Alonso et al., 2021). Hence, it could be argued that the lateral expansion and vertical
accretion of the intertidal resulted from the subtidal supply of sandy material while enhanced
siltation results from the import of marine fines. Nevertheless, more frequent surface sediment
surveys are needed to confirm this hypothesis as the underlying sediment data quality remains
questionable.
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6.1.2 Research Question 2: Recent Changes

What are the forcing change(s) that facilitated enhanced coastal siltation?

No noteworthy changes in non-tidal forcing were detected aside from slightly longer seaward-
tacing wave spells and minor SLR. Forcing-induced changes thus appeared improbable at first
glance. However, the observed intertidal expansion and increasing tidal flat elevation should
cause energy levels on the flat to cease which would promote coastal siltation. Observed local
changes in Eulerian tidal asymmetry, as indicators for residual sediment import, seemed to
contradict this hypothesis with decreasing tidal duration (TDA) and flow velocity (FVA) flood
dominance in tidal channels. Diminishing flood dominance should decrease the net import of
sediments into the coastal zone per tidal cycle. Longer flood and ebb slack durations along with
decreased flood flow velocity were also found which increases the accommodation of fines. All
changes combined, a less flood dominant tide with lower flood flow velocity, a longer slack
duration, and less energy on the intertidal flat could have enhanced siltation in the German
Wadden Sea despite decreasing net sediment import.

Discussion

The recently enhanced coastal sediment accretion in the period of 1996 to 2016 (see Chapter 4)
indicates a morphological disequilibrium in the German coastal zone. I focused on identifying
changes in the barotropic drivers within the dynamical equilibrium (i.e., tides, mean sea level,
and waves) using the Lagrangian and Eulerian tidal asymmetry framework (following the re-
view of Friedrichs, 2011). Changes in forcing were regarded with modeled mean and peak sea
surface height (SSH) and wind-wave height as well as wind-wave direction. Tidal dynamics
were assessed using the flood and ebb slack duration and Eulerian tidal asymmetry descriptors
with the tidal duration asymmetry (TDA), flow velocity asymmetry (FVA), and flow duration
asymmetry (FDA) frames of reference (following Gong et al., 2016; Song et al., 2011). Some
drivers of Lagrangian asymmetry were already investigated in other studies. Several studies
found evidence of below-average storminess since the 1990s (Section 2.2.2), of mean sea level
rise (SLR) by multiple mm yr~—!, and of increasing tidal range (Section 2.2.3). Therefore, I fo-
cused my work on transferring their findings to a local context in the recent past. A novel
data aggregation approach was used to conduct in-depth trend evaluations of recent changes
in SSH, wind-wave conditions, tidal constituents, and tidal asymmetry.

This discussion is structures as follows: First, changes in Lagrangian tidal asymmetry are dis-
cussed from a non-tidal forcing and a basin-wide perspective. The focus lies on changes in slack
duration (i.e., FDA) and in energy. Second, the development of Eulerian asymmetry descrip-
tors is described by examining the changes in TDA and FVA in the light of recent bathymetry
evolution and SLR.

Hindcast modeling data at tidal gauges initially suggested constant Lagrangian asymmetry
drivers: I found annually varying mean and peak SSH and waves with weak insignificant
positive trends. Steady wind-wave conditions and peak SSH elevations were to be expected
in view of the near-constant geostrophic wind magnitude and storminess in the past 30 years
over the North Sea (Feser et al., 2015; Krieger et al., 2021; Quante and Colijn, 2016). It seemed
unlikely that regional changes in wind-waves were a dominant mechanism. A noteworthy
observation was that modeling data indicated shorter spells of landward directed waves with
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significant wave heights > 0.5 m which could have decreased the erosion of fines (see Sec-
tion 2.1.5).

Although wind-wave forcing and peak SSH remained near-constant at coastal tide gauges, I ar-
gue that Lagrangian asymmetry changes in the coastal zone are still probable. Tidal energy on
the intertidal flats must have decreased given the previously established lateral expansion and
vertical accretion of intertidal flats in the study area. Lower water depths during inundation
(considering both vertical accretion and SLR) diminish tidal and wave-related shear stress. If
energy levels in the channels are assumed to be constant, the energy gradient between channel
and flat must grow which in turn increases the net landward sediment transport (Friedrichs,
2011). Another observation was the significant increase in flood and in ebb slack duration in
the tidal channels and a more flood dominant or less ebb dominant FDA. Flood dominant
FDA strengthens net landwards transport. It should be noted that longer slack durations al-
ways enhance sediment deposition as settling and scour lag are dependent on the duration of
low energy rather than flood and ebb water level (Gatto et al., 2017; Postma, 1961). In other
words, increased FDA flood dominance, longer slack durations, and a higher energy gradient
between channel and shoal should enhance coastal siltation under conditions of infinite sedi-
ment availability without river runoff (Dronkers, 1986; Friedrichs, 2011).

More coastal siltation seemingly contradicts the fact that longer flood duration in the coastal
zone led to diminishing TDA and FVA flood dominance in tidal channels. Less flood domi-
nance should reduce the net sediment import to the coast. I relate the changes in TDA and
FVA to competing local and regional phenomena: On the one hand, a regional change in tidal
composition (Section 5.4.2) occurred and, on the other hand, significant intertidal expansion
and vertical accretion along with subtidal deepening altered local tides. The increasing relative
intertidal storage V;/ V. and the decreasing relative tidal amplitude a/h resulted in locally di-
minishing flood dominance (following the numerical solution of Friedrichs and Aubrey, 1988).
Coastal morphology changes increased the resistance for incoming floods which slowed local
flood rise (Friedrichs, 2010; Friedrichs and Madsen, 1992). Surprisingly, a/h subsided despite
increasing tidal range; hence, recent subtidal deepening overcompensated rising tidal ampli-
tude. The development of the geometrical stability criteria is reflected in the decreasing mean
tflood flow velocity at near constant mean ebb flow velocity in the channels.

Let us use Dronkers (1986) ideas to distinguish the implications of changes in tidal asymme-
try on the sand and mud import. The weakening TDA and FVA flood dominance suggests
that the sand import into the coastal zone is declining. The dependency of the residual sand
transport on FVA was also demonstrated by van Maren and Winterwerp (2013). A lower mean
flood flow velocity magnitude furthermore reduces the erosive energy which in turn enhances
the deposition of sediments through settling and scour lags (Gatto et al., 2017). Moreover, a
longer slack duration and a more flood dominant FDA amplify the import of fines. Follow-
ing this line of thoughts, enhanced coastal siltation could result from the hampered import of
sand and from the improved settling conditions for fines. An increasing mud import along
with a diminishing sand import was already observed in the Dutch Wadden Sea (Alonso et al.,
2021). Future research should quantify these phenomena: The evolution of energy levels and
tidal asymmetry, as indicators for the residual sediment transport of sand and fines, should be
investigated in conceptual modeling of a channel-shoal environment using different V;/ V. to
understand and identify feedback mechanisms between morphodynamics and SLR.

Another future research question relates to the separation of drivers and effects concerning
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the observed bathymetry evolution. This would aid in resolving a chicken-and-egg dilemma:
One could either argue that bathymetry evolution triggered local and remote hydrodynamic
changes (as shown by Jacob and Stanev, 2021; Jacob et al., 2016; Jordan et al., 2021) or one could
show that the evolution of the coastal morphology was dependent on shifts in tidal amplitude
(Janicke et al., 2020), tidal characteristics (Janicke, 2021), tidal asymmetry (Hagen et al., 2022),
or SLR (e.g., Becherer et al., 2018; Hofstede et al., 2018, among others). In other words, it re-
mains unclear if changes in forcing provoked the observed bathymetry evolution or vice versa.
The role of SLR in this matter also remains uncertain.

I follow the hypothesis that observed coastal morphodynamics were driven by SLR which led
to nonlinear local and regional feedback because of the dynamical equilibrium concept. If
the mean height of intertidal flats does follow MSL, intertidal accretion is a consequence of
SLR (Elmilady et al., 2022; Guo et al., 2021). For now, the bathymetry data confirmed the latter
as natural unrestricted tidal flats with available accommodation space (e.g., in the eastern outer
Weser estuary) accreted by roughly 1 cm yr~! and expanded seaward. A puzzling observation
was that vertical accretion overcompensated current SLR which also contradicts morphody-
namic predictions. Becherer et al. (2018), for instance, predicted an increase in mean intertidal
tlat height by only 6 cm for the Lister Tief basin (North Frisia) until the year 2100. Furthermore,
the intertidal flat area should decline under SLR which contrasts the observed development.
Hence, it appears probable that nonlinear feedback, e.g., locally increasing tidal amplitude or
changes in tidal asymmetry, amplifies sediment accretion in the intertidal zone.

6.2 Relevance

Unusually high sediment deposition was found in the intertidal zone in the German Bight in
the period of 1996 to 2016. Therefore, I assumed that the German Wadden Sea is currently in a
morphological disequilibrium. Intertidal sediment accretion correlated with a sediment loss in
the local or adjacent subtidal zone, i.e., tidal channels or ebb tidal deltas. External barotropic
forcing (storms, waves, regional tides) remained constant at coastal tidal gauges in the evalua-
tion period which indicated to me that the morphological equilibrium was disturbed by mean
sea level rise (SLR), by local feedback mechanisms, or both. In any case, the observed coastal
bathymetry evolution likely enhanced coastal siltation because larger, higher-lying flats are less
exposed to erosive energy. Longer flood and ebb slack add to this effect.

The implications on coastal sediment transport are ambiguous: On the one hand, I found local
and regional changes in tides and flow velocity (i.e., asymmetry and amplitude) which should
decrease the import of sediments into the coastal zone. On the other hand, slack duration in-
creased and tidal energy likely ceased which should increase the net landwards transport of
tines. If we assume that the changes in tidal asymmetry hamper the import of sands and that
increases in slack duration and lower energy in the coastal zone facilitate the deposition of
fines, more siltation becomes the logical consequence.

As the driver behind the observed bathymetry evolution remains uncertain, no recommen-
dation can be made to revert the demonstrated changes in the sediment transport regime. If
we want to reduce coastal siltation, methods are well-known: Conventional efforts such as in-
creasing accommodation space, intentional sediment trapping, decreasing navigational chan-
nel depths, sediment removal on land, or offshore dumping must be utilized. MSL will rise
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faster in the future which is why it remains questionable how long conventional strategies re-
main viable. New strategies must be explored and the valuable resource sand must be retained
at the coast to maintain sediment availability for tidal flat adaptation.

6.3 Limitations and Uncertainty

6.3.1 Bathymetry and Surface Sediment Data

The annual bathymetric and decadal surface sediment data from the EasyGSH-DB data col-
lection (Sievers et al., 2020a,b) are subject to the same uncertainty as all merged bathymetry
data sets. The data were collected in a number of different measuring campaigns with varying
accuracy before being merged to annual bathymetry data via interpolation in time and space
(Milbradt et al., 2015). Bathymetric data quality depended on the accuracy of the measuring
instruments with a range of 5 cm to 1 m at higher water depths and on the interpolation er-
ror that has not yet been quantified as different surveying frequency (i.e., high frequency in
navigational channels, low frequency on intertidal flats) and surveying technique (ALS, multi-
beam, single-beam, etc.) complicate a confidence assessment significantly. Benninghoff and
Winter (2019) and the AufMod documentation suggested a mean bathymetry data accuracy of
+20 cm which I considered reasonable for the bathymetry data used in this thesis as well.

The observational surface sediment sampling frequency and sample density were considerably
lower and had unsatisfying time coverage. Roughly 90 % of all sediment samples within the
EasyGSH-DB sediment data were older than the year 2000. Poor data availability was compen-
sated with an anisotropic interpolation method (Sievers et al., 2021) in which the valid area of
a sediment sample was estimated with modeled bed shear stress. Although bed shear stress is
a fair metric to assess the valid area of a sandy sediment sample, it is dependent on model im-
plementation, model validity, horizontal, and vertical grid resolution. The dependence of the
estimated surface sediments on modeled data will lead to different results for different shear
stress magnitude and direction even if the underlying in-situ sediment samples remained iden-
tical.

Sediment samples themselves also impose uncertainty. The interpolation of an outdated sam-
ple on a newer bathymetry leads to implausible results as changes in water depth alter the
grain size distribution. From a practical standpoint, most of the available sediment samples
were sieved so that diameters below 0.063 mm were only captured as sieve remainder (DIN
18196, 2011). Therefore, cohesive fractions may be underrepresented in the EasyGSH-DB sur-
face sediment data and different cohesive fractions can rarely be distinguished.

6.3.2 Numerical Modeling Data

The solution of all numerical models is only an approximation of physical processes described
by principle differential equations on computational grids. The inaccuracy and uncertainty of
the initial and boundary data transfers to a numerical simulation which is why modelers rely
on numerous tuning parameters to fit their models against observational data. It must also be
noted that all 3D hydrodynamic, numerical models (HN-models) are sophisticated software
frameworks which require elegant and efficient implementation. To this day, numerous HN-
models are still under development and are steadily improved (see overview in Fringer et al.,
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2019); hence, implementation errors can never be ruled out, more efficient numerical solutions
will be found, or novel equations may improve the approximation of natural physical pro-
cesses.

A thorough model calibration and validation were therefore imperative to my research as most
identified trends and changes would otherwise lie within model confidence (BAW Technische
Berichte et al., 2020; Hagen et al., 2021b). Physical processes that are nonlinearly dependent
(e.g., salinity and temperature) were included in the model because they were considered rel-
evant for describing the study site in a model. This could either be interpreted as a thorough
interpretation or as too complex for practical use. The multitude of physical processes was
also computationally expensive which is why a more detailed horizontal and vertical grid res-
olution was infeasible at the time. I mitigated parts of this issue by using the well-established
subgrid approach (Casulli, 2009) in UnTRIM? (Sehili et al., 2014) to refine the computational
grid at reasonable computational cost. The resulting net simulation time of one year was be-
tween 8 and 12 days.

6.3.3 Tidal Analyses

The harmonic, quantile, and tidal characteristic analysis of semidiurnal tidal data are well-
established methods with low uncertainty. An estimation of tidal constituents using harmonic
analysis, for example, yielded confidence intervals of less than 1 cm or 1 degree for the dom-
inant tidal constituents. Tidal characteristic data in the entire computational domain were
related to each other in a Lagrange-like approach to track tidal waves along the path of tidal
propagation. The tidal characteristic approach is invalid in the following scenarios:

* Mixed diurnal-semidiurnal tides hamper the separation of flood and ebb properties,
¢ small tidal range is overlain by short and long period waves,
¢ data points are dry during a tidal cycle, or

* non-bidirectional flow (e.g., at low tidal range or at wave-tide interaction) impedes the
analysis of flood and ebb current velocity parameters.

All analysis data on tidal flats had to be omitted as wetting and drying reduced the number of
valid samples within each tidal cycle. Observed changes, e.g., in Eulerian tidal asymmetry, can
therefore only apply to permanently inundated samples with bidirectional flow.

6.3.4 Trend Estimation and Sample Pool

I used nonlinear and linear regression approaches frequently to quantify changes in morphol-
ogy and forcing. The short evaluation period of 1996 to 2016 limited the sample pool to a
maximum of only 21 years which is why each derived trend must be interpreted carefully. Fur-
ther expansion of the numerical model and bathymetry data was impractical because of poor
bathymetry accuracy before 1996. This can be seen in the bathymetry analysis with a number
of outliers before the availability of ALS in the 2000s.

I chose to estimate statistical significance with an F-test over a double t-test because the re-
gression model was used to predict sample variance over sample mean. However, the F-test
procedure has its shortcomings: The p-value of an F-test may indicate insignificance if a trend
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is absent as an equal distribution of test samples prohibits variance. Moreover, the F-test (and
double t-test) were developed for large data sets which contrasts my sample pool. To mitigate
this limitation, I always included a full visual representation of all valid and excluded samples,
the trend line, and the 95 % confidence intervals for all linear regressions.

The significance of the multiple nonlinear regression had a larger sample pool with observa-
tional time series of several decades at tidal gauges. Applicability and validity of the approach
its statistical significance were discussed in Hagen et al. (2021a, section 2.3).

6.4 QOutlook and Future Research

The Wadden Sea has always been a sediment sink. Despite this well-established fact, I ob-
served an unusual sediment redistribution from the subtidal to the intertidal zone in the period
of 1996 to 2016 in recent bathymetry data. This sediment transfer led to intertidal lateral expan-
sion and vertical accretion by a multitude of current mean sea level rise (SLR) which in turn
weakened local flood dominance in tidal channels at near constant external forcing. Although
there were several indications, drivers and effects underlying the bathymetry evolution could
not be distinguished because the observed developments are a chicken-and-egg dilemma: Was
bathymetry evolution and siltation triggered by SLR, did the intertidal morphology changes
facilitate changes in local tidal asymmetry to enhance siltation, or both? I hypothesized that
bathymetry evolution is likely driven by changes in large-scale forcing and MSL which is why
I suggested future research to systematically investigate the sensitivity of coastal bathymetry
changes to SLR and to tidal dynamics.

I furthermore recommend to investigate the extraordinary intertidal accretion. It was a puz-
zling observation that height growth exceeded increases in tidal amplitude (i.e., 1.1 mm yr—!)
and SLR (i.e., more than 3 mm yr~!). This contradicted predictions about the correlation of in-
tertidal accretion in the order, or lower than increases in tidal amplitude or MSL. Recreating the
recent development in a detailed morphodynamic model would be a first step in understand-
ing the underlying mechanisms at play. Conceptual modeling of tidal basins and estuaries
with a particular focus on sediment fluxes and energy levels with varying V;/V, could also be
a way forward.

In conclusion, I consider the recently enhanced coastal siltation as a consequence of the ob-
served bathymetric development under SLR. However, the observed intertidal accretion and
lateral expansion does not indicate a future in which the Wadden Sea is resistant against
drowning under SLR. We cannot interpret my results as a sign of relief. Once the limited
availability of sand in tidal channels and ebb tidal deltas eventually diminishes, sediment ac-
cretion in the intertidal will cease because suspended fines from the North Sea can only de-
posit in low-energy areas such as high-lying flats or wave sheltered areas such as harbors.
Maintaining our intertidal flats in the Wadden Sea is imperative, as it is an important carbon
sink, provides irreplaceable coastal protection, and inherits numerous unique biological habi-
tats. For this reason, I emphasize that future sediment management should direct significantly
more attention towards increasing the sediment availability of sandy material in the coastal
zone to enable a favorable morphodynamic development under SLR. My results suggested
that sediment is redistributed well from the subtidal channels and ebb deltas to their adjacent
intertidal flats. It is important to remember that maintaining the extent and functionality of
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today’s Wadden Sea requires tremendous amounts of sediment: Raising the intertidal zone
of the German Wadden Sea in the year 2016 by just 1 cm without intertidal expansion would
require 3,800 km? x 1 cm = 3.8 107 m® of sediment which corresponds to roughly 6.1 107 t of
sand or 1.9 107 t of mud given a bulk density of 1,600 kg m > or 500 kg m 3.
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Appendix A. Observational Gauge Locations
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FIGURE A.1: Gauge map showing measurement locations in the southern North Sea. Red dots
represent hydrographic and blue dots sea state measurement locations. Gauge names are
indicated in the table in Appendix A.
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TABLE A.1: Gauge names in Figure A.1.

ID Short name Long name ID Short name Long name ID Short name Long name
1 UK WTB_UK Whitby 61 JUl Juist 121 OVER Over

2 UK IMM_UK Immingham 62 D NOY Norderney Riffgat 122 ZOLL Zollenspieker
3 UK CRO_UK Cromer 63 D LAN Langeoog 123 GEH Geesthacht UP
4 UK LOW_UK Lowestoft 64 D BEN Bensersiel 130 ROC Rochelsteert
5 GB HAW_UK Harwich 65 D SPI Spiekeroog 131 D BUS Buesum

6 UK DOV_UK Dover 66 D HARS Harlesiel 132 D EISP Eidersperrwerk
10 FR DIE_FR Dieppe 67 D HEL Helgoland BH 133 D HUS Husum

11 FR BOU_FR Boulogne 70 WAO Wangerooge Ost 134 PEL Pellworm

12 F CAL_FR Calais 71 D WAN Wangerooge Nord 135 D SSL Schluettsiel
13 FR DUN_FR Dunkerque 72 WAW Wangerooge Wesr 136 D WIT Wittduen

14 NL WEK_NL Westkapelle 73 D MPL Mellumplate 137 D WYK Wyk_Foehr
15 NL VLS_NL Vlissingen 74 D HOO Hooksielplate 138 D DAG Dagebuell

16 NL HVL_NL Haringvliet 75 D VLP Voslapp 139 D HOH Hoernum_Hafen
17 NL HVH_NL Hoek van Holland 76 D WAV Wilhelmshaven 140 D LIH List

18 NL EUP_NL Euro Platform 80 D ALW LT Alte Weser 141 D FIN3 FINO-III

19 NL SVN_NL Scheveningen 81 D DWG Dwarsgat 145 DK ESB_DK Esbjerk

20 NL IB_NL ljmuiden 82 D RSS Robbensuedsteert 146 DK HVI_DK Hvidesande
25 NL DEH_NL Den Helder 83 D BAL Bremerhaven Alter LT 147 FER_DK Ferring

26 NL OUD_NL Oudeschild 84 D NUF Nordenham UF 148 DK THY_DK Thyboron

27 NL DOE_NL Den Oever 85 D RFL Rechtenfleth

28 NL TXN_NL Texel 86 D BRA Brake ID Short name Long name
29 NL VLH_NL Vlieland Haven 87 D EFL Elsfleth A D NSB-I Nordseeboje-lIl
30 NL KOR_NL Kornwerderzand 88 VEG Vegesack B D DB Deutsche Bucht
31 NL HAR_NL Harlingen 89 D WBR Weserbruecke C D BAN Bantsbalje

32 NL TSW_NL Terschelling West 95 D BKA Bake A D D OTZ Otzum-I

33 NL TSN_NL Terschelling 96 D LZ5 Elbe_LZ5 E D ELBE Elbe

34 NL NES_NL Nes 97 D VOG G. Vogelsand F D JAD-I1 Jade-1

35 NL WRG_NL Wierumergronden 98 MGR Mittelgrund G D JAD-I Jade-Il

36 NL SMK_NL Schiermonnikoog 99 D ZEH Zehnerloch H D BUE Buesum-|

37 NL HUI_NL Hubertgat 101 D Lz4 Elbe_LZ4 | D SUP Suederpiep

38 D FIN1 FINO-I 102 D LZ4b Elbe_LZ4b J D SUH Suederhever
40 D BOS Borkum Suedstrand 103 D LZ4a Elbe_LZ4a K D RUE Ruetgerat

41 D BOF Borkum Fischerbalje 104 D CUX Cuxhaven L D AMR Amrum-1

42 D EMS Emshoern 105 D LZ3a Elbe_LZ3a M D SUA Suederaue

43 NL EEM Eemshaven 106 D LZ3 Elbe_LZ3 N D NOH Norderhever
44 D DUK Dukegat 107 oTT Otterndorf 01 D HOR4 Hoernum-I

45 NL DEL Delfzijl 108 D Lz2 Elbe_LZ2 02 D HOR3 Hoernum Loch-I
46 D KNO Knock 109 D BRUN Brunsbuettel 03 D HOR1 Hoernum Tief-1
47 D EMD Emden 10 D LZ1 Elbe_LZ1 04 D HOR2 Hoernum Tief-II
48 D POG Pogum 11 D D4 Elbe_D4 P D BUN Bunkerhill

49 D GAN Gandersum 112 D GLUE Glueckstadt D SYLT Sylt

50 D TER Terborg 13 D D3 Elbe_D3 R1 D WES Westerland

51 D LEEO Leer Ort 114 D GRAU Grauerort R2 D WES-I Westerland-II
52 DE LEL Leer Leda 115 SLAU Schula S D LST List-1

53 WEE Weener 116 D BLAN Blankenese UF

54 D PAP Papenburg 117 D SEEM Seemannshoeft

55 DE REH Rhede 118 D STP St. Pauli

56 DE HER Herbrum 119 D HAR Harburg

60 LEY Leybucht 120 D BUNT Bunthaus

61 JUl Juist 121 OVER Over
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VI Appendix B. Error Metrics, Statistics, and Regression

An error e (see Equation B.1) at a time ¢ is defined as the difference between a reference (i.e., ob-
servation 0) and a variant scenario (i.e., prediction p). Observations (often field measurements)
represent the reference and modeling data the variant state. A comparison of variant and refer-
ence results in a number of errors which can be expressed as error metrics. Error metrics may
either describe a time series of errors or errors along a number of gauges.

I used the widely accepted mean error (ME) u and the root mean square error (RMSE) in my
dissertation (Equations B.2 to B.4). The index of agreement R? (in Equation B.5) and its square
root were applied to estimate the statistical significance of nonlinear multiple regression.

et = 0t — Pt (B.1)
1 n

= =Y e (B.2)
i3

1 n
o= \/n_lglet—m (B.3)

n
RMSE = |~ Y (er)? (B.4)
=}
2 J Lyt (0 —0)(pt — ) 55
0p0o

n number of samples
et error at the time t
0t observed sample at the time t
0 mean of all observed samples
pt predicted sample at the time t
4 mean of all predicted samples
U mean error (ME)
o standard deviation

MAE mean absolute error (MAE)
RMSE root mean square error (RMSE)

R? index of agreement
0o standard deviation of observation
0p standard deviation of prediction

A mix of positive and negative error residuals may lead to a ME close to 0 which is why the
ME was always interpreted with the standard deviation ¢ (Equation B.3). The RMSE weights
error samples towards larger error residuals through error squaring (Willmott and Matsuura,
2005; Willmott, 1984).

In trend analysis, different regression measures were applied (following Hagen et al., 2022).
Trend analyses includeded simple linear regression (MATLABs fit1m(), last access 13.12.2021),
second order polynomials, or multiple, non-linear curve fitting (MATLABS fit, last access
14.03.2022). All results were evaluated for statistical significance with an F-test at a 5 % signif-
icance level or by evaluating the index of agreement R? > 0.5. An F-Test results in either the
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acceptance (insignificance) or the decline of a /g hypothesis (significance). The hg hypothesis
was rejected if samples of two data sets came from normal distributions with unequal variance
consequently indicating a dissimilar sample distribution between analysis and regression. It
must be noted that statistical testing procedures assume normally distributed samples.

Some analyses deployed a simple outlier check (MATLABSs isoutlier(), lastaccess 13.12.2021)
which I established to improve regression robustness, e.g., for morphologically averaged tidal
asymmetry descriptors or bathymetry parameters. Samples which departed more than three
scaled, median, absolute deviations from the sample median were then rejected in trend anal-
ysis.
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X Appendix C. Supplement: The Quantification of Recent Coastal Siltation

C.1 The Variability of the Tidal High and Low Water

Observed annual tidal characteristic values and MSL vary by several centimeters (Table C.1).

TABLE C.1: Mean of the annual 95" quantile of the morphologically averaged tidal high wa-
ter (upper intertidal boundary) and the 5" quantile of the tidal low water (lower intertidal
boundary) in the period of 1996 and 2016 in all morphological subunits from Figure 3.10 and
their standard deviation over time .

# unitID 95th qg- HW £oinm 5th q- LW £rinm
1 HUI 1.69 + 0.08 —1.63 £0.06
2  BOS 1.73 £0.08 —1.71 £ 0.07
3 DEL 1.97 +0.09 —1.99 +£0.08
4 EMD 2.15+0.10 —2.10£0.08
5 NOY 1.75 4+ 0.07 —1.67 £0.07
6 LAN 1.84 + 0.06 —1.73 £0.07
7 SPI 1.90 + 0.07 —1.79 £ 0.07
8§ WAN_W 1.964+0.07 —1.86 £0.07
9 WAN_O 1.99 + 0.07 —1.97 £0.08
10 MPL 217 £0.07 —2.23+0.08
11 WAV 2.54 +£0.07 —2.50 £0.07
12 ALW 2.09 £0.07 —2.06 £ 0.08
13 DWG 2.34 +0.07 —2.24 4+ 0.08
14 BAL 2.53 £0.08 —2.33 +£0.07
15 NEUW_S 2.08+0.07 —2.04 £0.08
16 NEUW_N 2.09 +0.07 —1.98 £0.10
17 BKA 2.07 £0.08 —1.99 £0.09
18 CUX 2.21 +0.08 —1.95+0.11
19 BRUN 2.24 +0.09 —1.85+0.12
20 MEL 2.07 £0.08 —2.00 £0.09
21 EISP 2.01 £0.08 —1.99 £0.09
22 HUS 2.00 £0.09 —2.09 £0.09
23 PELL 1.82 £0.09 —1.88 +£0.09
24 LANG 1.89 + 0.09 —1.94 £+ 0.09
25 DAG 1.80 + 0.09 —1.86 =0.09
26 HOH 1.64 +0.09 —1.58 £0.10

27 LIST 1.45£0.09 —1.41+£0.10
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C.2 Subtidal Area
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FIGURE C.1: Linear regression of the normalized subtidal area for morphological units from
Figure 3.10. Blue lines indicate significant (p < 0.05) trends and their 95 % confidence inter-
vals (dashed). Gray lines represent insignificant fitting with their 95 % confidence intervals
(dashed). Valid samples are represented by gray squares and outliers by red squares. Outliers
are not considered in trend estimation and significance testing.
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C.3 Mean Subtidal and Intertidal Height
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FIGURE C.2: Linear regression of subtidal mean height for morphological units from Fig-
ure 3.10. Blue lines indicate significant (p < 0.05) trends and their 95 % confidence inter-
vals (dashed). Gray lines represent insignificant fitting with their 95 % confidence intervals
(dashed). Valid samples are represented by gray squares and outliers by red squares. Outliers
are not considered in trend estimation and significance testing.
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FIGURE C.3: Linear regression of the mean intertidal height for morphological units from Fig-
ure 3.10. Blue lines indicate significant (p < 0.05) trends and their 95 % confidence inter-
vals (dashed). Gray lines represent insignificant fitting with their 95 % confidence intervals
(dashed). Valid samples are represented by gray squares and outliers by red squares. Outliers
are not considered in trend estimation and significance testing.
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C.4 Intertidal Storage and Subtidal Channel Volume
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FIGURE C.4: Linear regression of the normalized subtidal channel volume V; for morpholog-
ical units from Figure 3.10. Blue lines indicate significant (p < 0.05) trends and their 95 %
confidence intervals (dashed). Gray lines represent insignificant fitting with their 95 % confi-
dence intervals (dashed). Valid samples are represented by gray squares and outliers by red
squares. Outliers are not considered in trend estimation and significance testing.
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FIGURE C.5: Linear regression of the normalized intertidal storage volume V; for morpholog-
ical units from Figure 3.10. Blue lines indicate significant (p < 0.05) trends and their 95 %
confidence intervals (dashed). Gray lines represent insignificant fitting with their 95 % confi-
dence intervals (dashed). Valid samples are represented by gray squares and outliers by red
squares. Outliers are not considered in trend estimation and significance testing.
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C.5 Subtidal, Intertidal, and Total Sediment Budget

HUI (p: 0.64 BOS (p: 0.00 DEL (p: 0.00
ép ) . (P ) oo (g )
41 <
40 40
39
38
37 35
1996 2006 2016 1996 2006 2016 1996 2006 2016
NOY (p: 0.00) LAN (p: 0.00) SPI é‘p: 0.26)
42). B : .
44 | (%, 0
41 Uj .......
I Al A = R o B
0 42 , “ N Y-
=
1996 2006 2016 1996 2006 2016 1996 2006 2016
WAN_O (p: 0.14) o MPL (p: 0.00) WAV (p: 0.62)
39.5 38.5 'm;'-.n o 36
Y SRl 34
39 o
3754 32
385 === =
1996 2006 2016 1996 2006 2016 1996 2006 2016
DWG (p: 0.00) BAL (p: 0.00) NEUW_S (p: 0.00)
42 o 44
, 38
...... 57 42
40 40
@. 36 38 i
3
1996 2006 2016 1996 2006 2016 1996 2006 2016
BKA (p: 0.00 CUX (p: 0.02 BRUN (p: 0.00
(P ) (P |:|:|) . EFD (P )
o T ons [HGg
................ i:i:DU 38
o 375
o
1996 2006 2016 2006 2016 1996 2006 2016
EISP (p: 0.00) HUS (p: 0.00) PELL (p: 0.06)
44 | 41 o 435), B
N B 4o R ==
‘. ;
1996 2006 2016 1996 2006 2016 1996 2006 2016
DAGD(p: 0.00) HOHD(p: 0.01) LISTD(p: 0.03)
42 " 44
® i J |-V~ TR
ol TN P o LTI qof o o
0 [ o - e, .0
Y 40 = =)
1996 2006 2016 1996 2006 2016 1996 2006 2016
o valid sample a outlier

trend (significant)
trend (insignificant)

95 % conf. interval
95 % conf. interval

445

43.5

EMD (p: 0.00)
s o

44
42
1996 2006 2016
WAN_W (p: 0.86)
45 o
44
1996 2006 2016
ALW (p: 0.00)

1996 2006 2016

NEUW_N (p: 0.00)

42
40
38
1996 2006 2016
MEL (p: 0.00)

43 o

1996 2006 2016
LLANG (p: 0.00)
0.
Bp o
42
40
1996 2006 2016

FIGURE C.6: Linear regression of the normalized subtidal sediment volume for morphological
units from Figure 3.10. Blue lines indicate significant (p < 0.05) trends and their 95 % confi-
dence intervals (dashed). Gray lines represent insignificant fitting with their 95 % confidence
intervals (dashed). Valid samples are represented by gray squares and outliers by red squares.

Outliers are not considered in trend estimation and significance testing.



C.5. Subtidal, Intertidal, and Total Sediment Budget XVII
HUI (p: 0.42) BOS (p: 0.00) DEL (p: 0.00) EMD (p: 0.01
48 0 48 = SN
P s8] o g | B e
46 a4 ool
44 42 o
1996 2006 2016 1996 2006 2016 2006 2016
LAN (p: 0.00) SPI (p: 0.04) WAN_W (p: 0.78)
495 o o
49
48
47 47519 o -
1996 2006 2016 1996 2006 2016 1996 2006 2016 1996 2006 2016
WAN_O (p: 0.10) MPL (p: 0.01) WAV (p: 0.06) ALW (p: 0.00)
4959 R q: 49
B 48
1) L T IR S gyl P
. 46
485 : p
1996 2006 2016 1996 2006 2016 1996 2006 2016 1996 2006 2016
BAL (p: 0.00) NEUW_S (p: 0.00)

49.5

48.5

1996

2006

BKA (p: 0.00)
o B

2016 2016

48
46

44
1996

2006 2016

BRUN (p: 0.64
o (P )

50
48 i’ - ., Du o
46}
44 b
1996 2006 2016 1996 2006 2016
EISP (p: 0.00)

Q. .-
= =
1996 2006 2016 1996 2006 2016
DAG (p: 0.00 HOH (p: 0.01)
o h 48 ’

48 Q.0 46

o 44

42 B =
1996 2006 2016 1996 2006 2016
=] valid sample -] outlier

95 % conf. interval
95 % conf. interval

trend (significant)
trend (insignificant)

2006 2016

LIST (p: 0.05
ST (p:0.05)

42
1996

=
2006 2016

NEUW_N (p: 0.00)

48

>
e

46
1996

2006 2016

MEL (p: 0.02)

4950 e

2016

2006 2016

FIGURE C.7: Linear regression of the normalized intertidal sediment volume for morpholog-
ical units from Figure 3.10. Blue lines indicate significant (p < 0.05) trends and their 95 %
confidence intervals (dashed). Gray lines represent insignificant fitting with their 95 % confi-
dence intervals (dashed). Valid samples are represented by gray squares and outliers by red
squares. Outliers are not considered in trend estimation and significance testing.
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FIGURE C.8: Linear regression of the normalized total sediment volume for morphological units
from Figure 3.10. Blue lines indicate significant (p < 0.05) trends and their 95 % confidence
intervals (dashed). Gray lines represent insignificant fitting with their 95 % confidence in-
tervals (dashed). Valid samples are represented by gray squares and outliers by red squares.

Outliers are not considered in trend estimation and significance testing.
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D.1 Changes in Significant Wave Height
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FIGURE D.1: Median modeled significant wave height anomaly at selected gauges in the Ger-
man Bight in the period of 1996 to 2018.
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FIGURE D.2: 99.9"" quantile of modeled significant wave heights at selected gauges in the Ger-
man Bight in the period of 1996 to 2018.
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D.2 Flood and Ebb Slack Duration
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FIGURE D.3: Linear regression of the mean flood slack duration for morphological units from
Figure 5.7. Blue lines indicate significant (p < 0.05) trends and their 95 % confidence inter-
vals (dashed). Gray lines represent insignificant fitting with their 95 % confidence intervals
(dashed). Valid samples are represented by gray squares and outliers by red squares. Outliers
are not considered in trend estimation and significance testing.
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FIGURE D.4: Linear regression of the mean ebb slack duration for morphological units from
Figure 5.7. Blue lines indicate significant (p < 0.05) trends and their 95 % confidence inter-
vals (dashed). Gray lines represent insignificant fitting with their 95 % confidence intervals
(dashed). Valid samples are represented by gray squares and outliers by red squares. Outliers
are not considered in trend estimation and significance testing.
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