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The hydrodynamic response to morphodynamic variability in the coastal areas of

the German Bight was analyzed via numerical experiments using time-referenced

bathymetric data for the period 1982–2012. Time-slice experiments were conducted

for each year with the Semi-implicit Cross-scale Hydroscience Integrated System Model

(SCHISM). This unstructured-grid model resolves small-scale bathymetric features in the

coastal zone, which are well-resolved in the high-resolution time-referenced bathymetric

data (50m resolution). Their analysis reveals the continuous migration of tidal channels,

as well as rather complex change of the depths of tidal flats in different periods. The

almost linear relationship between the cross-sectional inlet areas and the tidal prisms of

the intertidal basins in the East Frisian Wadden Sea demonstrates that these bathymetric

data describe a consistent morphodynamic evolutionary trend. The numerical experiment

results are streamlined to explain the hydrodynamic evolution from 1982 to 2012.

Although the bathymetric changes were mostly located in a relatively small part of the

model area, they resulted in substantial changes in the M2 tidal amplitudes, i.e., larger

than 5 cm in some areas. The hydrodynamic response to bathymetric changes largely

exceeded the response to sea level rise. The tidal asymmetry estimated from the model

appeared very sensitive to bathymetric evolution, particularly between the southern tip of

Sylt Island and the Eider Estuary along the eastern coast. The peak current asymmetry

weakened from 1982 to 1995 and even reversed within some tidal basins to become

flood-dominant. This would suggest that the flushing trend in the 1980s was reduced

or reversed in the second half of the studied period. Salinity also appeared sensitive to

bathymetric changes; the deviations in the individual years reached ∼22 psu in the tidal

channels and tidal flats. One practical conclusion from the present numerical simulations

is that wherever possible, the numerical modeling of near-coastal zones must employ

time-referenced bathymetry data. The second, perhaps evenmore important conclusion,

is that the progress of morphodynamic modeling in realistic ocean settings with multiple

scales and varying bottom forms is strongly dependent on the availability of bathymetric

data with appropriate temporal and spatial resolution.

Keywords: German Bight, bathymetry, morphological evolution, tidal asymmetry, sensitivity study, unstructured

grid modeling, East Frisian Wadden Sea
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1. INTRODUCTION

The spatial and temporal asymmetries in the hydrodynamic
energy (Friedrichs, 2011) due to tides and wind waves contribute
to landward and seaward sediment transport. The transport
direction depends on differences in the magnitude and duration
between the ebb and flood tidal currents (Dronkers, 1986).
These ebb-flood differences (“tidal asymmetry”) are produced
by the distortion of the tidal wave propagating on the shelf
and in the estuaries. This is the case in the Wadden Sea
(Stanev et al., 2006), as in similar coastal areas (Robins and
Davies, 2010). As shown in these studies, switches from ebb-
dominant to flood-dominant transport are sensitive to the
local water depth, which can change because of sea level rise
(SLR), changes in the magnitude of wind waves, and river
runoff. Deposition and erosion of sediment results in continuous
bathymetry changes, minimizing the spatial asymmetries in the
hydrodynamic energy. Bed evolution is explained by a large
number of coupled adjustment processes under three types
of dynamics: hydrodynamics (currents and waves), sediment
dynamics and morphodynamics (de Swart and Zimmerman,
2009; Wang et al., 2012). Human interventions, such as the
construction of dikes, dredging and land nourishment, also play
an important role in guiding the development of the coastal
bathymetry (Flemming, 2002).

Observations and numerical modeling in the coastal zone and
in particular in estuaries provide strong evidence for changing
bathymetry with largely varying temporal and spatial scales. To
the best of the authors’ knowledge, most morphodynamic studies
have addressed small areas. However, the morphodynamic
evolution is not only a limited area problem. It is associated
with large-scale atmospheric forcing and tidal oscillations, and
the latter are also global. The two-way interaction between
coastal ocean water and the open ocean (see, for the upscaling
hydrodynamic problem, Schulz-Stellenfleth and Stanev, 2016)
needs to be studied in the context of morphodynamic modeling.

Most of coastal, regional, and larger-scale circulation models
use fixed bathymetries, although it is known that bathymetry
is not static. Therefore, the main motivations in the present
study are to (1) describe the morphodynamic evolution of
coastal systems at large scales using time-referenced bathymetric
observations, (2) compare the magnitudes of hydrodynamic
responses to SLR to those caused by the morphodynamic
evolution, and (3) address an area larger than an intertidal
basin or tidal delta and describe the differences between the
hydrodynamics under different and realistic bathymetries. One
such area where bathymetry changes have been well sampled in
recent decades, is the German Bight.

The German Bight located in the southeastern North Sea
(Figure 1) has a maximum depth of ∼50m. A world-renowned
intertidal area known as the Wadden Sea composes the coastal
zone of this region and stretches along the coastline of the
Netherlands, Germany and Denmark. Most of the Wadden Sea
is a mesotidal environment (with a tidal range of ∼2–4m),
which allows the formation of barrier islands. The area shown
in Figure 1 features two major tidal basin systems, the East
Frisian Wadden Sea (EFWS) along the southern coast and the

FIGURE 1 | (A) Mean bathymetry for the period from 1982 to 2012 in the

German Bight. The inset shows the position of the German Bight in the North

Sea. The thick red line delineates the area where time-referenced bathymetry

is available. The space between the red dashed and full lines identifies the area

where the time intervals between individual samplings is longer than 2 years on

average. Numbers show the distance in kilometers along different rivers and

their estuaries. Black boxes denote areas of interest shown in later analyses.

(B) Magnified view of the area of the EFWS. Individual basins are separated by

colored dashed lines and labeled after the names of the barrier islands behind

which they are situated: BJ, Borkum Juist; JN, Juist Norderney; NB,

Norderney Baltrum; BL, Baltrum Langeoog; LS, Langeoog Spiekeroog; SW,

Spiekeroog Wangerooge; WM, Wangerooge Minsener Oog. The black crosses

indicate the locations of tide gauge stations in the region. The red box shows

the position of the magnified area. The brown dashed line to the north of the

barrier islands identifies the open ocean area (to the north of this line), which is

subject to a separate analysis.

North Frisian Wadden Sea (NFWS) along the eastern coast.
In the EFWS, multiple deep tidal channels separate individual
barrier islands connecting the tidal flats to the open ocean.
The southeastern zone is a macrotidal area (with a tidal range
exceeding 4m) with various bathymetric features of different
scales, including a number of shoals separated by tidal channels.
This part of the Wadden Sea includes the estuaries of the Weser
and Elbe Rivers, which are among themajor sources of freshwater
emptying into the North Sea. Another important estuary, the
Ems River, is situated in the western part of the EFWS.
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In the region of this study, tidal asymmetries are caused by
the nonlinear deformation of tidal waves in the transition area
between the interior German Bight and the shallow Wadden
Sea (Stanev et al., 2014). The nonlinear relationship between
the transport through inlets and the sea level within the basins
of the EFWS (hypsometric control) results in the generation
of higher harmonics, creating differences between the flood
and ebb tidal flows therein (Maas, 1997; Stanev et al., 2003).
Furthermore, gravitational overturning in estuaries creates a
pronounced difference between the asymmetries of tidal currents
at the bottom and at the surface (Stanev et al., 2015), emphasizing
the effect of baroclinicity and its potential impacts on the
sediment and morphodynamic balances in the Wadden Sea. In
particular, within the southern North Sea, the role of the bed
shear stress due to tidal currents in some areas is as important
in shaping suspended sediment dynamics as that of the bed
shear stress due to wind waves in shaping suspended sediment
dynamics (Stanev et al., 2009). These are the shallow areas (e.g.,
Wadden Sea) where the level of wave-induced turbulence is low
as wave heights are limited by the small water depths.

The influence of the water-level elevation and tidal range on
sedimentation in the Wadden Sea is explained by Dieckmann
et al. (1987). He demonstrated that the area prone to
sedimentation displaces with the change of the tidal range,
and that this process is controlled by the hypsometry. Long-
term bathymetric data for the German Bight (Aufmod, Aufbau
von integrierten Modellsystemen zur Analyse der langfristigen
Morphodynamik in der Deutschen Bucht Schrottke and Heyer,
2013; Milbradt et al., 2015) document the morphological
evolution of the Wadden Sea over a period spanning more than
30 years. The majority of morphological activity (with the largest
range of the bed elevation) is observed in the deep channels of
the outer estuaries, namely, the EFWS andNorth FrisianWadden
Sea (NFWS).

Changes in bathymetry exceeding 10m reveal an active
migration of underwater channels. The outer Elbe shows the
highest morphological variability. The tidal currents and, in case
of the West coast (NFWS), the wind waves are considered the
major morphological drivers of these changes (Winter, 2011).

The sediment budget analysis performed by Benninghoff and
Winter (2019) for the period between 1998 and 2016 showed that
the tidal flats in this region accumulate sediments at a rate higher
than the observed mean rate of SLR, which ranges from 2.2 to
6.6 mm/yr for the German Bight (Wahl et al., 2013). Indeed, the
SLR scenario of Wachler et al. (2020) demonstrated that elevated
tidal flats and deepened tidal channels tend to counteract the pure
effects of SLR on tidal current velocities. In the following, we will
refer to the change in the local depth as a function of time as a
“bathymetric change.”

Numerical experiments conducted by Jacob et al. (2016) in
the southern North Sea revealed the response of tidal dynamics
to observed (AufMod data) bathymetric changes. The sensitivity
of the M4 tide in the Wadden Sea was particularly strong.
Although the largest change in the tidal wave caused by the
change in the bathymetry was located off the North Frisian
Wadden Sea, traces of changes were also found far away from the
regions of their origin because the tidal waves in the North Sea

propagate the local disturbances basin-wide. The substantial tidal
distortion resulting from the relatively small bathymetric changes
gave a manifestation of the nonlinear tidal transformation in
shallow oceans, which is crucial for sediment transport and
morphodynamic feedback.

The present work can be considered a continuation of the
study Jacob et al. (2016), who used a model for larger ocean
areas and provided an illustration of only two individual years
of how much the hydrodynamic characteristics are sensitive to
using different bathymetries. The focus there was on the large-
scale response patterns. In the present study, we address the
entire period from 1982 to 2012, and we seek to estimate the
continuity of hydrodynamic states corresponding to individual
yearly bathymetries. While our previous study lacked sufficient
resolution in the tidal basins of the Wadden Sea, the German
Bight model (Stanev et al., 2019), which we use here, features
a higher resolution between the mainland and the back barrier
islands. This enables an accurate depiction of the hypsometric
changes in the tidal basins, underwater channels, and estuarine
dynamics. Thus, the present study puts stronger focus on the
processes in the coastal zone. Another novelty of this study is the
detailed analysis of a unique data set over a relatively large area
and period.

The bathymetry in the estuarine and coastal zones is known
to act as the 1st-order forcing for underlying processes; therefore,
we present a diagnostic analysis of the hydrodynamic states
corresponding to different bathymetries. This is important,
particularly because the bottom in the Wadden Sea changes
temporally. This diagnostic approach reminds us of the
diagnostic modeling of ocean circulation performed by Sarkisyan
(1977) during the infancy of numerical ocean modeling, where
the three-dimensional velocity field was computed using a
prescribed distribution of the seawater density. Here, during the
infancy of realistic coastal ocean morphodynamic modeling, we
perform numerical time slice experiments in the area of the
German Bight, whose bathymetry is fixed but is different in
each experiment.

In this study, we address the changes in coastal
hydrodynamics caused by decadal bathymetric variability.
One important goal is to localize the regions that are most
sensitive to morphodynamic changes. The numerical model uses
an unstructured grid, which allows us to increase the horizontal
resolution in estuaries and tidal inlets. This feature makes it
possible to adequately address the land-ocean continuum by
resolving the tidal rivers almost up to the weirs, that is, to study
the upstream responses to bathymetric changes.

Changes in bathymetry affect the tidal prism, which tends
to amplify or reduce currents in tidal channels. Changed
currents affect the bed shear stress and deposition and erosion
regimes of sediment. This influence could lead to sediment
export or import and the redistribution of sedimentation, which
would affect the morphodynamic balance, causing the system
to establish a new equilibrium state. To address this complex
chain of processes and feedbacks, models are needed that can
adequately simulate hydrodynamics, sediment dynamics, and
morphodynamics. Among the 3D morphodynamic models are
DELFT3D (Lesser et al., 2004), ROMS (Warner et al., 2008),
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SEDTRANS05 (Ferrarin et al., 2010), and MORSELFE (Pinto
et al., 2012). In these models, the feedback between bathymetry,
fluid dynamics, and sediment transport is the most essential
process (Roelvink and Reniers, 2011). Although some promising
results already exist when simulating the evolution of tidal deltas
using an idealistic 3D model (Ridderinkhof et al., 2016) or for
estuarine settings based on 2D century-long integration (Dam
et al., 2016), the feedback between hydrodynamic responses and
morphodynamic changes in realistic coastal environments, which
include tidal rivers, intertidal basins and parts of the open ocean,
is not easy to address with the present modeling capabilities.
Therefore, we will perform only response analyses illustrating
the dynamic states established under different bathymetric
conditions in the period 1982–2012. During this relatively short
period, the change in the bathymetry of the Wadden Sea far
exceeded the deepening caused by SLR. Therefore, one could
expect that the differences between our individual time slice
experiments are stronger than the potential effects of SLR
(however, we refrain from asserting that global SLR does not
drive these bathymetric changes).

The remainder of this paper is structured as follows. Section
2 describes the data and the model used in the present study.
Section 3 analyses the consistency of bathymetric data and
describes the results of the numerical experiment. This is
followed by a short discussion and our conclusions.

2. MATERIALS AND METHODS

2.1. Bathymetric Data
The bathymetric data originate from the set of digital elevation
models (DEMs) known as the AufMod dataset (Schrottke and
Heyer, 2013; Milbradt et al., 2015), which includes 31 yearly
maps of the coastal bathymetry in the German Bight between
the dikes and the 20m isobath from 1982 to 2012. This dataset is
based on observational data from multiple measuring campaigns
using shipborne echo sounding and light detection and ranging
(LIDAR). The data were merged and interpolated using spatial
and temporal interpolation schemes and mapped onto a 50
×50m grid. The reported error is∼20 cm (Schrottke and Heyer,
2013). The bathymetry data are available together with the
documentation via the Federal Maritime and Hydrographic
Agency (Bundesamt für Seeschifffahrt und Hydrography, BSH,
ftp://ftp.bsh.de/outgoing/AufMod-Data/CSV_XYZ_files/, last
visited on June, 24, 2020). The area covered by these data is
shown in Figure 1 (thick red line). At the outer boundary of this
area, the yearly changes in bathymetry are relatively small, which
allows the time-referenced bathymetry to be easily merged with
the temporally constant bathymetric data in the open ocean (the
latter are provided by BSH).

2.2. Numerical Model and Experiments
2.2.1. Model Setup
Hydrodynamic simulations were performed using the semi-
implicit cross-scale hydroscience integrated system (SCHISM)
model (Zhang et al., 2016), a product derived from the semi-
implicit Eulerian-Lagrangian finite element (SELFE) model
(Zhang and Baptista, 2008). The SCHISM model solves the

Reynolds-averaged Navier-Stokes equations under hydrostatic
and Boussinesq approximations on an unstructured grid. The
use of semi-implicit time stepping makes the model numerically
stable and efficient. The advection of momentum is treated by a
higher-order Eulerian-Lagrangian method (ELM). The transport
equations for temperature and salinity are solved with a 2nd-
order total variation diminishing (TVD) scheme. A turbulence
closure scheme is used that follows the generic length scale
(GLS) formulation of Umlauf and Burchard (2003). The natural
treatment of wetting and drying makes the model suitable for
applications involving coastal intertidal zones.

The German Bight model area (Figure 1) coincides with
the model area presented by Stanev et al. (2019). In this
study, the authors developed a numerical hydrodynamic model
for the German Bight and its estuaries, which was coupled
with a 3D sediment model. The model area was discretized
using 476 k nodes and 932 k triangular and quadrangular
elements. Quadrangles were used in the rivers and their estuaries.
Because the model has been described by Stanev et al. (2019),
its presentation will be kept short. In the vertical direction,
the water column is resolved using 21 terrain-following sigma
coordinates. The horizontal resolution ranges from ∼1.5 km at
the open boundary to 50m in the estuaries. The model was
initialized frommonthly climatological data (Janssen et al., 1999).
The atmospheric forcing consisting of atmospheric pressure,
10m wind, 2m air temperature, specific humidity and solar
radiation is derived from the hourly outputs of the COSMO-
EU model of the German Weather Service (DWD). The open
boundary conditions originate from the 7 km Atlantic Margin
Model (AMM7) Copernicus product (O’Dea et al., 2017) and
include hourly data of the surface elevation, horizontal velocity,
salinity, and temperature. The discharge data for the Ems, Weser,
and Elbe Rivers are based on daily observations provided by
the German Waterways and Navigation Administration (WSV).
Yearly mean discharge data were used for the relatively small
Eider River.

SCHISM can be coupled to a wind wave model (Schloen
et al., 2017) and a sediment transport model (Stanev et al.,
2019). Although waves are important for sediment dynamics
and morphodynamics and sediment dynamics provides one
of the most important links between hydrodynamics and
morphodynamics, we disabled the wave and sediment modules
in our simulations due to the focus of this study, which is
the diagnostics of hydrodynamic states corresponding to 31-
year bathymetry observations. Such simplification would not be
appropriate if we wanted to provide realistic simulations with
active morphodynamics. Realistic morphodynamic simulations
would necessitate realistic forcing and boundary conditions for
waves (e.g., spectra) and bottom sediment characteristics, which
are not available for each individual year. Furthermore, the
impact of waves on the bottom evolution is event-specific. This
specificity would make a comparison between individual time-
slice experiments subjective because extreme events can occur
under different astronomic and oceanographic situations.

A detailed validation of the model results against tidal gauge
data, fixed station data, and FerryBox data, which was presented
by Stanev et al. (2019), demonstrated that the model was
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skillful in representing the observed tidal dynamics in the entire
area. The simulated salinity fronts, suspended particulate matter
dynamics and position of the estuarine turbidity maxima were
also in agreement with the observations. A short illustration
of model consistency is given in Supplementary Figures 1, 2.
The comparison between the simulated sea surface elevation in
2012 and observations from 11 tide gauge stations along the
German Bight yields an average correlation of 0.96. As seen in
Supplementary Figure 2, the model slightly overestimates the
tidal range.

2.2.2. Experiments
We performed two types of experiments. One set of
experiments aimed at evaluating the hydrodynamical
responses to bathymetric changes, and the other addressed
the hydrodynamical responses to SLR. Regarding the modeling
strategy of the first set of experiments, one difference from our
earlier study (Jacob et al., 2016) is that in the present study,
we used 31 different yearly bathymetric maps to carry out a
time slice experiment for each of the 31 years. The simulations
for each experiment were conducted for a period of 18 days
starting in June 2012. All experiments used the same set of
parameters, initialization, and forcing to isolate the pure effect
of morphological changes on hydrodynamics. The alternative
approach would require reliable forcing at all times, including
at the open boundary, as well as models that can reliably
resolve the multiple processes governing the establishment of
morphodynamic equilibrium states.

When addressing the dependence of hydrodynamics
on bathymetric changes, it is important to investigate the
dependence of hydrodynamics on other drivers. This would
enable a comparison of the magnitude of the responses to
different drivers. The first consideration is the role of SLR. The
resulting increases in water depth may alter bottom friction,
which could affect wave propagation, overtides and tidal
asymmetry. Moreover, changes in stratification could affect eddy
viscosity and bottom drag, thus modifying barotropic transport
(Müller, 2012). Tidal responses to SLR could also be due to
shifts in the resonance properties of the basins (Müller et al.,
2011; Pickering et al., 2012). The second set of experiments
aimed at estimating the possible dynamic effects of SLR in the
study area and compare them with the responses caused by
bathymetric changes seen in the different bathymetric maps.
We will first present the results of the three experiments with
uniformly deepened bathymetry, which mimic SLR. Then, we
will analyze the results of the 31 experiments with different
observed bathymetries.

3. RESULTS

3.1. Bathymetric Evolution
During 1982–1995, the mean bathymetric depth of the data-
covered area increased by 56 cm; this rate is∼20 times faster than
the ∼ 2mm yr−1 SLR rate of the global ocean. However, from
1995 to 2006, the coastal area slowly shallowed by∼15 cm (from
1995 to 2006), and the bed elevation remained almost constant
during the last 8 years of observations (Figure 2A). We will

analyze in the following the large-scale change of depth because
it bears most of the bathymetric variance. Special attention
will be given to the temporal bathymetry evolution (continuity
of morphodynamic evolution), its statistical characteristics and
some dominant morphometric relationships in the region.

The deepening observed north of the barrier islands occurred
faster than that in the tidal flats and tidal basins (compare the
solid and dashed black lines in Figure 2A). These changes did not
occur in phase over different depth ranges or in the individual
tidal basins (see the colored lines in Figure 2A). This finding
could illustrate (1) a total export of sediment from the region or
(2) the redistribution of sediment between the deep and shallow
regions and/or between the individual tidal basins. The second
phase of the observation period was characterized by sediment
accumulation in most of the intertidal basins of the EFWS (see
also Benninghoff and Winter, 2019); however, their mean depth
did not change much (red dashed curve). Unlike the depth of
the shallow area, the open ocean bathymetry deepened after
2005. The bathymetric measurements reveal that the coupled
hydrodynamic-morphodynamic system reached an extreme state
in 1995, after which the overall trend reversed.

There is a reasonable question of how certain the trends
presented in Figure 2A are provided that these data show
averages of a very large number of locations. Only for the back
barrier basin behind the islands of Langeoog and Spiekeroog do
we have 4,500 locations on a map with a resolution of 50m. To
present the morphodynamic changes in a statistically meaningful
way, we show in the right-hand-side panel of Figure 2 the
number of observations in the LS area in the bin-size grid rather
than the individual data. This presentation is a good substitute
for presenting individual depths with small dots; in a later
presentation, dots would overlap because of the large amount
of data. The color bar provides the number of observations
in the individual depth-time bins. At each time, the sum of
the number of observations over the whole depth range (all
bins) equals the total number of observations mapped with
a resolution of 50m. The probability distribution would look
the same; however, we prefer to show the number of data
points per bin to demonstrate the size of the observations. This
presentation is considered a compromise aiming to elucidate
the basic characteristics of the depth evolution (dashed line)
and the spread of data in the respective ranges of depth.
The distribution of the individual observations around the
mean is not Gaussian, and the skewness illustrates the fact
that areas of relatively larger depths occupy only a very small
part of this tidal basin. Notably, the distribution has a diffuse
secondary maximum at∼12m depth. As seen by the comparison
of Figure 2A (LS curve) and Figure 2E, the mean curve in
Figure 2E is representative of the overall evolution of the
LS area. The same conclusions hold for the remaining tidal
basins (not shown).

Figure 2B illustrates an example of the bathymetric
development in an individual tidal basin (namely, the intertidal
basin behind the islands of Langeoog and Spiekeroog), the
temporal evolution of the tidal prism (the tidal range was taken
as 2.4 m, which is approximately the mean value in front of the
NFWS), and the inlet cross-sectional area (orthogonal to the
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FIGURE 2 | (A) Mean depth (left y-axis) in the area covered by the AufMod data (thick black line) and in the open ocean (thick black dashed line; see Figure 1B for

the definition of “open ocean”). The mean depths of individual tidal basins (right y-axis) are shown with colors (see legend and Figure 1B for their definition). The tidal

basin mean (TBM) is shown with the thick red dashed line (right y-axis). (B) Tidal prism (blue), cross-sectional area of the Otzumer Balje (red), and tidal range (green;

see Figure 1B for the positions of the tidal gauges). The tidal range used to compute the tidal prism is taken as 2.4 m, which is approximately the mean value in front

of the NFWS. (C) Scatter plots showing the cross-sectional areas of the individual tidal basins vs. the corresponding tidal prisms. The colors for the individual tidal

basins are the same as in (A). Triangular symbols are used for the period 1982–1993. After 1993, circular symbols are used. The + symbols show the changes in

1993 if a uniform deepening of 0.56 m is specified after 1982. (D) Is the same as (C), however the cross-sectional areas and tidal prisms are computed from the

numerical model. (E) Shows the vertical distribution of depths (log scale) in the LS area presented as a function of the number of samples per individual depth-time

bins. Bins are 0.5 m times 1 year big. The black dashed line shows the mean depth and the white lines show ranges of 1–3 standard deviations. This presentation is

stretched in order that the curve of the mean value approximately corresponds to the respective curve of LS area in (A).

direction of the tidal channel and computed at zero sea level).
The relationship between the tidal prism and the inset cross-
sectional area is explained by de Swart and Zimmerman (2009).
As seen in Figure 2B, there is a clear correlation between these

two parameters in the period 1986–1993 (correlation coefficient
c= 0.98), after which both of them remained rather constant.

The tidal range could affect the tidal storage (tidal prism) in
intertidal basins, and tidal storage can be affected by bathymetric
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TABLE 1 | Correlation between tidal prism and cross sectional area in individual

basins.

Period Basin

BJ JN NB BL LS SW WM

1982–2012 0.8568 0.733 0.89 0.962 0.9624 0.791 0.9497

(0.7613) (0.7624) (0.5293) (0.9548) (0.9348) (0.6186) (0.6027)

1982–1993 0.9117 0.9492 0.8896 0.984 0.9787 0.9774 0.9498

(0.8963) (0.8728) (0.8602) (0.9681) (0.9492) (0.8032) (0.3499)

1994–2012 0.4989 −0.3606 0.6366 −0.1481 −0.5701 −0.6572 0.5454

(−0.1945) (0.5397) (0.1650) (0.1785) (−0.2773) (−0.5363) (0.7476)

The numbers in brackets are derived from numerical experiments.

changes. To identify the possible relationships between changes
in sea level and bathymetry, we analyzed data from tide
gauge stations (see the locations in Figure 1B). The tidal range
estimated from these tide gauges in the period 1987–1993 (no
data are available before 1987) showed an increase of 4.4–14.6 cm
in different intertidal basins. Notably, the results of Wahl et al.
(2013) showed an overall positive trend in the mean sea level of
the North Sea, which can be indirectly linked to the trend in the
tidal range observed in the early 1990s.

The evolution of tidal flats is coupled with the evolution of
tidal channels. An increase in the tidal prism would increase
the amount of water transported within the inlet. This would
tend to increase the speed of currents and promote stronger
erosion of the bed, which would increase the cross-sectional
area of the inlet. To confirm whether this is the case in our
study area, we computed the correlation between the tidal
prisms of the individual areas of the tidal basins (Figure 1B)
and the corresponding cross-sectional inlet areas (Table 1). The
correlation is always higher than 0.7 (minimum of 0.73 for the
inlet between Juist and Norderney and maximum of 0.96 for the
inlet between the islands of Langeoog and Spiekeroog).

The positive correlation between the cross-sectional inlet
area and tidal prism for all the intertidal basins of the EFWS
(Figure 2C) demonstrates similar morphodynamic responses
among all the basins. The different ranges are explained by
the different sizes of the individual tidal basins. The increasing
trend during 1986–1993 (triangular symbols are used for the
years before 1994) is consistent with the parallel evolution of
the deep and shallow areas shown in Figure 2A. After 1995
(circular symbols), the changes in the areas of the tidal basins
and their corresponding cross-sectional areas remained relatively
small. The results in Figure 2C were computed by imposing a
uniform tidal range of 2.4m for all tidal basins. Practically, this
figure presents tidal prisms and cross-sections in the inlets as
computed from bathymetric data. One can ask whether using a
uniform tidal range for all tidal basins is a reasonable assumption.
An alternative analysis is presented in Figure 2D, in which sea
level is taken from the model as a function of time and space.
Obviously, Figures 2C,D are not identical; however, the overall
analysis based on the simplified approach used to plot Figure 2C
holds. Finally, to estimate possible errors when presenting the
results in Figures 2C,D, we compared the transport in the inlets
against the time rate of change of the volume of water in the tidal

basins, both estimated from the model. The differences between
the respective transports are small compared to the magnitudes
of their temporal changes.

The slopes of the correlation curves in Figures 2C,D are
different in individual tidal basins. Furthermore, the nearly
linear correlation during the period 1982–1993 subsequently
transforms into a complex relationship between the two
characteristics. The first result demonstrates that the cross-
sectional area between the islands is most sensitive to the change
in the tidal prism of the respective tidal basin. The largest
slopes in Figures 2C,D occur in the Juist Norderney (orange)
and Wangerooge Minsener Oog (red) areas. In contrast, the
inlet between Baltrum and Langeoog (the most horizontal curve,
plotted in purple) is less sensitive to the change in the tidal prism.
In addition, the change in the type of correlation after 1993 could
indicate a rapid transition of the morphodynamic state during
the first period (akin to an adjustment to a new state), followed
by natural evolution during the second phase, during which the
migration of channels was more pronounced than the overall
deepening (see Table 1). The individual estimates of the linear
relationship between the tidal prism and the cross-sectional
area in the cases shown in Figures 2C,D are summarized in
Table 1, where the numbers in brackets show the results in the
case when the minimum and maximum volumes of intertidal
basins and the respective cross-sections are computed from
the model.

The above estimates could be affected by observation errors.
To (at least partially) exclude this possibility, we estimated the
hypsometric relationships corresponding to a uniform deepening
of 0.56m in the bathymetry of the entire area; that is, we
prescribed a mean deepening of 0.56m for the entire area during
the period 1981–1993. The depth of the hypothetical 1993 state
is shown by the “+” symbols on the phase diagram. Obviously,
a uniform change in bathymetry is in most cases far from the
observed change. Only for the intertidal basins of Norderney
Baltrum and Baltrum Langeoog do the “+” symbols overlap the
main observed trend. This result can serve as partial proof that
a constant error in bathymetric data cannot explain the results
discussed above. It is more plausible that the data describe real
(consistent) morphodynamic changes.

Another source of errors could originate from the sampling
strategy. Notably, measurements were not carried out every year
over the entire area bordered by the red line in Figure 1A. The
area between the red dashed and red full lines in this figure
is where the time interval between individual observations is
longer than 2 years on average. These are mostly the areas in
front of the eastern coast, which are close to the open ocean. In
most of the Wadden Sea, measurements are carried out every
year. With respect to possible deficiencies in the interpretation
of the modeling results, we want to point out that for the times
when data were not available from observations, the DEM was
interpolated. To illustrate the high quality of the data, we show
in Figure 3 a zoomed bathymetry in the area of the mouth of
the Elbe Estuary. Obviously, the major bathymetric changes there
are associated with the migration of small tidal channels, as well
as with their branching or disappearance and formation of new
channels (Figure 4).
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FIGURE 3 | Temporal-spatial evolution of the bathymetry west of the Elbe Estuary illustrated as consequent bathymetric maps plotted for every second year (A–P).

Black lines in (A) show locations of meridional and zonal transects, for which the bathymetric development is shows as time vs. distance diagrams in Figure 4.

3.2. Hydrodynamic Responses
3.2.1. Sea Level Rise Experiments
As shown by previous numerical experiments (for references, see
Schindelegger et al., 2018), the regional responses to SLR vary
considerably among different areas of the global ocean. This is
explained by the fact that a reduction in frictional damping at
higher water levels (deeper bathymetry) would signify weaker
currents and reduced bed shear stresses, thereby explaining the
M2 increases in the Irish and Celtic Seas, as well as in the German
Bight. As shown by Pickering et al. (2012), in the southeastern
German Bight and Dutch Wadden Sea, the amplitude of the M2
constituent increases with SLR.

To evaluate the plausibility of our simulations and their
agreement with similar previous simulations addressing the
changes due to SLR of 2m, we first used the model presented
by Jacob et al. (2016) and performed two runs. The first run is
called NS-1982 (NS-1982 denotes North Sea, 1982 bathymetry);
the second run is called NS-SLR-2 (NS-SLR-2 denotes North Sea,
sea level rise of twometers). For the nomenclature of experiments
(see Table 2). These two experiments were carried out as
barotropic experiments (temperature and salinity were kept at
constant values of 4 degrees Celsius and 0 psu, respectively). The
bottom topography in NS-SLR-2 was deepened by 2m compared
to the bathymetry of NS-1982; this deepening can be considered
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FIGURE 4 | Time vs. distance diagrams of bathymetry west of the Elbe Estuary along meridional (A) and zonal (B) sections shown in Figure 3A.

TABLE 2 | Nomenclature of barotropic experiments analyzing the effects of SLR.

Experiment name Experiment description

NS-1982 North Sea 1982 bathymetry

NS-SLR-2 North Sea 1982 bathymetry and 2 m sea level rise

GB-1982 German Bight 1982 bathymetry

GB-SLR-2 German Bight 1982 bathymetry and 2 m sea level rise

GB-SLR-0.06 German Bight 1982 bathymetry and 6 cm sea level rise

GB-2012 German Bight 2012 bathymetry

the equivalent of an SLR of 2m. The difference between the sea
level amplitudes in the two experiments (Figure 5A) agrees with
the results presented by Pickering et al. (2012). The coastal zone
of the German Bight is among the areas where the response of the
sea surface height (SSH) to SLR is strongest.

Figure 5B is the same as Figure 5A but presents the difference
between the SSH for experiments GB-SLR-2 and GB-1982, which
are the same experiments as NS-SLR-2 and NS-1982 but with
“NS” replaced by “GB” (representing the German Bight). These
GB experiments were performed to study the response of the
SSH in the German Bight to an SLR of 2 m and to compare the
results with the NS experiments to ensure that the open boundary
condition does not excessively affect the results. A comparison
between Figures 5A,B shows that this is approximately the case.

As stated above, the SLR within the studied period of 31 years
reached only ∼6 cm. Therefore, we repeated GB-SLR-2 as GB-
SLR-0.06; that is, we deepened the topography in the entire basin
by only 6 cm. The difference pattern is almost the same as in
Figure 5B, but the amplitudes in Figure 5C are much lower (note
the different contour intervals in Figure 5C). This finding agrees
with the earlier conclusions of Pickering et al. (2012) and Idier
et al. (2017), who reported that the increases in the high tide
levels on the European Shelf are generally proportional to the
magnitude of SLR (as long as the SLR is below 2m).

Finally, we performed an additional barotropic experiment
(GB-2012) with the topography taken from the AufMod
observations in 2012. One important conclusion is that the
bathymetric changes in a relatively small part of the model area
(see Figure 1) resulted in a response comparable to that caused by

SLR of 2m (compare Figures 5B,D). However, the bathymetric
changes happened at a rate of 44.8mm/yr, which is ∼20 times
larger than SLR of the World Ocean (2mm/yr). This finding
provides important justification to more thoroughly analyze the
response of the model to time-referenced bathymetry.

3.2.2. Dynamic Responses to Bathymetric Changes

3.2.2.1. Open Ocean
The patterns of theM2 andM4 tidal constituents computed from
the tidal analysis of SSH in all simulations with time-referenced
bathymetry are qualitatively similar and follow the patterns
presented by Stanev et al. (2014) (shown in their Figures 4A,B
and therefore not reproduced here). The differences between
the individual simulations identify the responses of tides to
bathymetric changes in the AufMod area. These differences are
presented in Figures 6A,B by the standard deviations of the M2
(a) and M4 (b) tidal amplitudes in the individual experiments.
The largest tidal response to the varied bathymetry occurs along
the eastern boundary, which is the region of tidal reflection
and refraction (Stanev et al., 2014). The magnitudes of these
responses largely exceed the magnitudes of responses to SLR
(compare to Figure 5). Secondary response maxima appear in
the area between the Weser and Elbe Estuaries (for the M2 tide)
and north of the Ems Estuary for the M4 tide. The ratio between
the amplitudes of the M4 and M2 tides is known to reveal tidal
asymmetry. In our 31 response experiments, the ratios between
the patterns in Figures 6A,B, which are shown in Figure 6C,
identify the areas where tidal asymmetry is most sensitive to
bathymetric changes, namely, between the southern tip of the
island of Sylt and the Eider Estuary, along the eastern coast, and
north of the Ems Estuary in the EFWS.

A principal difference is observed between the responses
of salinity to the bathymetric changes within the EFWS and
NFWS (Figure 6D). This can be explained by the fact that
most fresh water enters the German Bight from the Weser
and Elbe Rivers and propagates northward along the eastern
coast. Therefore, the largest anomalies between the individual
experiments appear approximately in the same areas where the
maximum variations in the ratio between the M4 and M2 tidal
amplitudes are observed.
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FIGURE 5 | Differences in SSH between the NS-SLR-2 and NS-1982 experiments. Amplitudes are measured as the standard deviation of SSH in the individual

experiments during two neap/spring tidal cycles. (B) Is the same as (A) but for the German Bight; here, the comparison is between experiments GB-SLR-2 and

GB-1982. (C) Comparison of the amplitudes in GB-SLR-006 and GB-1982. (D) Difference between the amplitudes in GB-2012 and GB-1982.

Here, a fundamental question arises as to whether the
individual responses described above are local or extend over
larger areas. To answer this question, we show in Figure 6E

the ratio between the standard deviation of the high water level
and the standard deviation of the bathymetry. This ratio can
be understood as a measure of the response signal (high water)
against the input signal (bathymetry). Obviously, the patterns in
Figure 6E differ considerably from the smooth patterns shown in
Figures 6A,B. These normalized response patterns showminima
in the tidal channels, which is explained by their migration
(large bathymetric variability). In contrast, the maxima of the
relative (normalized) variability occur in tidal basins and tidal
flats surrounding the channels of the NFWS. Particularly strong
are the local responses in the Jade-Weser region and in Ems-
Dollart Bay.

3.2.2.2. Wadden Sea
The EFWS is known as a representative system comprising
multiple tidal basins with similar hypsometric features. The

transport properties in the inlets connecting the intertidal basins
and open ocean reflect the volumetric characteristics of basins
and the cross-sectional areas of the inlets. These transport
conditions were analyzed by Stanev et al. (2003, see their
Figure 7) and are reproduced in Figure 7A for 1982. The
good qualitative agreement between the previous and present
simulations is explained by the similar bathymetry used in both
studies. Although the magnitudes of transport vary largely from
inlet to inlet, once normalized by the corresponding maximal
transport curves, the magnitudes converge (Figure 7B). The
inflection point (marked by the arrow), which occurs at a low
water level, reflects the nonlinear behavior of the Helmholtz
oscillator (for more details, see Stanev et al., 2003). This is
explained by the change in the area of intertidal basins as a
function of SSH, which generates harmonics in the transport
with twice the M2 frequency. The asymmetry of the transport
curves (the sum of M2 tides and overtides) in the tidal basins
of the EFWS (Stanev et al., 2003) is such that the time of
transition from peak flood to peak ebb is shorter than the time
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FIGURE 6 | Standard deviations of the amplitudes of the M2 (A) and M4 (B) tides in the experiments with time-referenced bathymetry. (C) Shows the ratio between

(B) and (A). The average bathymetry in an area that fell dry in any of the simulations is shown in grayscale. (D) Standard deviation of the surface salinity range. The

range (rsalt ) is defined as the difference between the absolute minima and maxima of the surface salinity in an individual run. (E) Standard deviation of mean high water

normalized by the standard deviation of depth.
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FIGURE 7 | Transport (positive is flood-directed) through the inlets of the EFWS (A) and their corresponding normalized curves (B) for two M2 tidal cycles in 1982.

The dashed lines in (B) shows the normalized sea level curves. The arrow marks the inflection point during transition from peak ebb to peak flood velocity. (C)

Transport in the inlet between the islands of Langeoog and Spiekeroog for the different years (colors). (D) Estimates of the durations of peak flood to peak ebb vs.

peak ebb to peak flood asymmetry. The curve for the intertidal basin behind the islands of Borkum and Juist is not shown in (A) because of the much larger

amplitude. To better compare the individual curves in (A,B), the phases have been shifted.

it takes for the currents to change from peak ebb to peak flood
(Figure 7C).

Only the curve characterizing the transport between the
islands of Borkum and Juist diverges from the other curves,
suggesting that the nonlinear response is not dominant there.
This could be due to the different size of this basin and the large
exchange with the intertidal basin west of Borkum and Juist;
alternatively, this may be due to the rather arbitrary specification
of the basin shape or (most likely) to the double inlet system.

What has not been studied previously is the temporal
evolution of water transport in the inlets caused by bathymetric
changes. Figure 7C shows that the transport in the inlet between
the islands of Langeoog and Spiekeroog in individual years
deviates from year to year. The asymmetry (shorter peak flood
to peak ebb period) was more pronounced in the 1980s, and the
inflection point was clearer. This demonstrates that, at these
times, the nonlinear tidal response associated with flooding and
drying was more pronounced.

Transport asymmetry is known to affect sediment dynamics;
therefore, the role of this characteristic in morphodynamic
change is of utmost importance. A shorter peak flood to peak ebb

period promotes ebb dominance, which causes seaward sediment
flushing and sediment export from intertidal basins. Figure 7D
illustrates how much the shorter flood to ebb and longer ebb to
flood periods have changed. Their ratio halved during the times
considered in the present study, particularly before 1995, after
which the ratio varied between 1.5 and 2.

Tidal asymmetry can also be measured by the ratio of
maximum flood to maximum ebb velocities, called the peak
current asymmetry. The temporal evolution of the peak current
asymmetry in all inlets in the EFWS (Figure 8) presents the
temporal development of the maximum flood and ebb velocities,
as well as their ratio. At the beginning of the studied period,
the maximum ebb velocities exceeded the maximum flood
velocities for all inlets; that is, all intertidal basins were ebb-
dominant. With the exception of the Borkum and Juist areas,
the ebb-dominated asymmetry weakened until 1995. In some
of the tidal basins (Baltrum Langeoog, Langeoog Spiekeroog,
and Spiekeroog Wangerooge), the tidal asymmetry changed
to flood dominant. These changes illustrate the response of
individual basins to bathymetric changes (Figure 2A) and
suggest that the flushing trend noted in the 1980s was either
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FIGURE 8 | Maximum flood and ebb velocities in the tidal basins of the EFWS: (A) Borkum Juist (BJ), (B) Juist Norderney (JN), (C) Norderney Baltrum (NB), (D)

Baltrum Langeoog (BL), (E) Langeoog Spiekeroog (LS), and (F) Spiekeroog Wangerooge (SW).

reduced or inverted in the second half of the period of
bathymetric observations.

The peak current asymmetry shows pronounced spatial
differences (Figure 9A). The area of flood-dominated asymmetry
in the outer part of the model area is bisected by a zone
of ebb-dominated asymmetry starting from the Elbe Estuary
and approximately following the submerged Elbe Valley. The
differences between the spatial patterns in 1982 and 2012 are
not well pronounced in the large-scale map; therefore, magnified
views of the NFWS and EFWS are provided in Figures 9B,C,
respectively. A trend of the decreasing strength of ebb dominance
is well-pronounced in the EFWS and is very strong in the Baltrum

Langeoog zone, where the currents in the entire intertidal basin
became flood-dominated, implying that these changing dynamics
contributed to refilling this basin. The patterns in the intertidal
basins are patchy overall, demonstrating mixed asymmetry on
the tidal flats with a tendency toward flood dominance on the
shallows and ebb dominance approaching the main channels.
In conjunction with the reduction in ebb asymmetry in the
channels from 1982 to 2012, the flood dominance on the flats was
also weakened.

The relative change of the peak current asymmetry expressed
as the ratio between the peak current asymmetry during spring
tide and the peak current asymmetry during neap tide for

Frontiers in Marine Science | www.frontiersin.org 13 June 2021 | Volume 8 | Article 640214

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Jacob and Stanev Hydrodynamic Response to Morphodynamic Changes

FIGURE 9 | Ratio between the maximum flood and ebb velocities in the German Bight (A) and magnified views of the NFWS (B) and EFWS (C). The 1982 situation is

shown on the left; the 2012 situation is shown on the right.

1982 and 2012 (see Supplementary Figure 3) demonstrates a
tendency of an increased ebb dominance (respectively reduced
flood dominance) in the order of ∼10–20% for most of the
EFWS. However, at the seaward ends of the estuarine channels,
and over the watersheds of the tidal basins, the flood asymmetry
is enhanced. The observed reduction of the ebb asymmetry
within the two southern most tidal channels of the NFWS is
opposite to what is observed in the inlets of the EFWS. This
finding illustrates that the spring-neap variations of the peak
current asymmetries are regionally rather complex.

One very clear difference in the peak current asymmetry
between the EFWS and NFWS is the simpler oceanward
structure of the barrier islands. In the EFWS, the flood
asymmetry increases toward the islands; the individual zones
are separated by zones of ebb-dominant asymmetry coinciding
with the tidal channels. East of the NFWS, the tidal asymmetry
is predominantly ebb-dominated, which reduces slightly with
increasing distance from the coast. This can partially be explained
by the different morphologies. Notably, east of the island of
Sylt, which can be considered an analog to the barrier islands
in the EFWS, the asymmetry is ebb-dominant. Toward the
coast and around the individual islands, patches of flood or
ebb asymmetry are mixed, reflecting the complex patterns of
bathymetry and tidal flats. The NFWS region follows the overall
trend of asymmetry of either direction decreasing in strength
from 1982 to 2012; only for the Eider Estuary is the ebb
asymmetry partially enhanced. Ending this analysis, we remind
the reader that tidal current asymmetry only serves as a proxy for
trends in morphodynamic evolution. It can also have different

meanings for sediment dynamics depending on depth (whether
currents are meaningful for bed mobility) or proximity to an area
of resuspension.

3.2.2.3. Estuaries
Changes in tidal characteristics within the German Bight have
been recognized for many years (Jensen and Mudersbach,
2007). The reasons for these changes, however, are less well-
understood, particularly regarding natural changes. We have
already shown that the changes in the German Bight and
Wadden Sea are associated with bathymetric variations. Here,
we more closely investigate the situation in estuaries to diagnose
the responses to bathymetric changes in the Ems, Weser,
and Elbe Estuaries resulting from changes in bathymetry
(Figures 10A,D,G). Because the AufMod dataset does not extend
far up rivers, the deepening of estuaries as a result of human
interventions in these areas is not (fully) accounted for.

The changes in the M2 tide in the Ems Estuary (Figure 10B)
are relatively small. This contradicts the fact that in recent
decades, the tides in this estuary have changed considerably,
even changing the sediment dynamics and creating conditions
to form a persistent fluid mud layer. The absence of such
responses from our simulations implies that the observed
changes are due to modification of the riverbed upstream.
In contrast, bathymetric changes in the area of the river
mouth (the area of available time-referenced bathymetric
data) have relatively small impacts on the tides in the
Ems Estuary.
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FIGURE 10 | Bathymetric changes in the Ems (A), Weser (D), and Elbe (G) Estuaries. The corresponding amplitudes of the M2 tide are shown in the middle (B,E,H),

and the variability of the sea surface salinity is shown on the right. The individual colors represent individual years. Wherever, the bathymetry in the AufMod data does

not cover some areas, the color is red. The black lines in the figures in the middle and on the right show the mean of the standard deviations (M2 amplitudes in the

middle panels) for all experiments with time-referenced bathymetry. The colored lines in (C,F,I) depict the difference between the standard deviation in the individual

experiment and the mean standard deviation.

Changes in the M2 tide in the Weser and Elbe Estuaries
caused by bathymetric changes reach up to ∼20 cm, occurring
mostly in the period 1982–1995, after which the tidal amplitudes
changed only slightly. Notably, these changes propagate far
beyond the area where bathymetric changes are prescribed; that
is, the effects are not just local. These effects include not only
the variation in the M2 amplitude along the thalweg, which is
quite different among the three estuaries (Figures 10B,E,H) but
also the position of the maximum sensitivity to the bathymetric
changes. These changes are small in the Ems Estuary; in
contrast, the differences between the tidal ranges continuously
increase with increasing distance from the ocean in the Weser
Estuary, and the maxima are approximately in the middle of the
Elbe Estuary.

The variability in sea surface salinity (black curves in the
panels on the right in Figure 10) illustrates the position of
the salinity front. The amplitudes reach 8 psu in the Ems
Estuary and ∼5 psu in the Elbe Estuary. As known from the
simulations with the same model as that of Stanev et al. (2019),
the estuarine turbidity maximum is observed in this area. The

present numerical simulations reveal that the difference in the
salinity variability between the individual years reaches ∼10–
20% of the mean. We conclude that the sharpness of the salinity
front changes, which can strongly affect the sediment dynamics
in estuaries. Moreover, because the sediment dynamics in natural
systems are coupled with morphodynamic changes, numerous
feedback mechanisms could occur. Our diagnosis only quantifies
the possible ranges of changes in tides and salinity, which would
affect the morphodynamics in the study area.

Experiments with the same model but coupled with sediment
(Stanev et al., 2019) demonstrated that density effects on
stratification caused by high sediment concentrations resulted
in a suppression of turbulence and a further increase in the
concentration of suspendedmatter at the bottom. In this way, the
sediment concentration at the bottom can reach values typical of
hyperturbid environments. This is the case of the Ems Estuary.
In the remaining part of the model area, sediment concentration
does not greatly affect density; therefore, one could conclude that
the above analyses of hydrodynamic responses to bathymetric
change hold.
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4. DISCUSSION

One fundamental question we must ask concerns the realism
of the morphological development observed in the AufMod
data and the corresponding numerical simulations. Errors in
the mapped data cannot be excluded due to either the quality
of observations or the area coverage. Fortunately, the analysis
of the observational data and numerical simulations helped
to avoid misinterpretation. This is particularly important for
the initial period of observations when the data coverage
and quality was not as good as in the 1990s and 2000s.
During this period, the bathymetric depth in the entire
area covered by the AufMod data increased rapidly, which
brings the realism of these data into question. However,
in this period, the morphological evolution exhibited some
regularities (Figure 2), such as the good correlation between
the tidal prisms and the cross-sectional areas of the inlets
(Figures 2C,D and Table 1). Furthermore, the temporal
evolution of each individual basin followed a very regular
pattern, and the scatter of this relationship (Figure 2C) was
small. The experiment involving a constant increase in the
depth over the whole area with respect to the depth in 1982
demonstrated that such a “manipulation” of the bathymetry
is dynamically far from the natural evolution described by the
observational data.

Another test of the data consistency was provided by the
numerical simulations. It is well-known that changes in the
flood and ebb currents in the tidal inlets of the EFWS are
controlled by the tidal prisms and cross-sectional areas of
the tidal basins and inlets. The simulations demonstrated
that the type of tidal asymmetry changed rapidly (or even
reversed) in the 1990s. As the combination of deep tidal
channels and shallow flats favors the development of ebb/flood
asymmetry on channels/shoals, this deepening trend triggered
a reduction in the peak current asymmetry, presenting a
change in the morphological driver. In a model accounting for
morphodynamics, this would lead to refilling of the intertidal
basins with sediment, which can be considered a natural reaction
to rapid deepening.

Bathymetric evolution is a very complex issue. To tackle
this issue, one needs to bring together hydrodynamics,
sediment dynamics and morphodnamics, along with appropriate
information about the forcing conditions. Although in the
present study we focused only on the hydrodynamics under
specified bathymetric conditions, the multiple aspects of the
problems were a real challenge. The compromise to focus on
hydrodynamic responses only resulted in some constraints on
the analysis and study findings. Nevertheless, the number of
interpretations consistent with the physical oceanography of
coastal oceans demonstrated that the numerical model used
herein can be considered a good tool to be coupled with
a morphodynamic module. The coupling of this model with
a sediment module was already presented by Stanev et al.
(2019). One technical problem is that the present model is
rather large, containing 475 k nodes and 940 k triangles;
in addition, integration over periods spanning a decade or

more is computationally challenging. The greater challenge,
however, is to use a credible morphodynamic model that
adequately replicates the evolution (over all time scales) of
the morphological state in the German Bight. Because such a
model is still not available, we carried out our diagnostic study
as a first step in this direction. The results presented herein
justify this approach. Our findings provide clear indications
that one precondition for adequate numerical simulations in
the coastal ocean is the use of adequate (time-referenced)
bathymetry. This would require present-day bathymetries and
the data used to compute them to be reconsidered and,
wherever possible, time-referenced DEMs to be prepared.
More importantly, campaigns should be organized to regularly
observe future changes in coastal bathymetry and establish
datasets for individual years. This is very important for future
morphodynamic modeling, where appropriate data are needed
for both model initialization and model validation. The absence
of such data remains an obstacle to developing morphodynamic
models for coastal zones.

The final point to address here concerns scenario studies,
which are of great theoretical and practical interest. When
applied to the coastal ocean, scenario studies usually specify
a certain SLR (natural change) or deepening of tidal rivers
(man-induced changes). As we demonstrated, the effects of
natural bathymetric changes can far exceed those of SLR.
Only the deepening of tidal rivers without accounting for
natural bathymetric changes can reduce the credibility of such
scenario studies.

5. CONCLUSION

The large-scale bathymetric changes in the coastal areas
of the German Bight showed a deepening trend in the
1980s and in the early 1990s; in contrast, in the late 1990
and 2000s, most bathymetric changes were characterized by
rather small spatial scales and were associated mostly with
the eastward migration of tidal channels. High correlations
were found between the tidal prisms in the individual tidal
basins of the EFWS and the cross-sectional areas of their
inlets. However, the corresponding relationships appeared very
different among the individual basins. Time slice experiments
with the time-referenced bathymetry of the German Bight over
three decades using an unstructured grid model demonstrated
the following. (1) The responses to bathymetric changes
far exceeded the response to SLR. (2) The overall dynamic
response to bathymetric changes was, to a large degree,
local. However, the eastern (reflective) coast appeared to be
more sensitive. In part because of the specific distribution
of freshwater sources, the sea surface salinity along the
eastern coast also underwent substantial changes due to
changes in bathymetry. These were some of the basic
diagnostics of the historic development of hydrodynamics in the
Waden Sea.

The nonlinearity of the tidal dynamics in the intertidal
basins due to hypsometry was strongest in the 1980s and
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constantly decreased in the late 1990s and 2000. This
was followed by a substantial change (even a reversal in
some inlets) in tidal asymmetry, which exhibited very
complex behavior in the shallow ocean, reflecting the
complex changes in forces that drive morphodynamics. It
was demonstrated that not only the barotropic dynamics
in estuaries were affected by bathymetric changes but
also the dynamics of the salinity front. The latter is
of crucial importance for the dynamics of estuarine
turbidity maxima.

We hope that the present study made one first (diagnostic)
step toward numerically simulating and understanding the
morphodynamics in coastal zones. The practical message is
that wherever possible, numerical modeling of the near-
coastal zone must employ time-referenced bathymetry. More
importantly, the progress of morphodynamic modeling in
realistic ocean settings with large scales and varying bottom
forms is strongly dependent on the availability of bathymetric
data with appropriate temporal and spatial resolution. In other
words, modeling exercises without having good data will have
limited success. Therefore, advancing bathymetric data collection
is an important prerequisite for the transition from process-
oriented modeling to more operationally and practically oriented
studies. As shown in other fields of oceanography, having
adequate modeling and observations at the same time could
work synergistically.
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