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Morphodynamic response to an anthropogenic effect (construction of a peninsula) is investigated using the
state-of-the-art Delft3D numerical model based on the Ley Bay area in the East Frisian Wadden Sea. Model sim-
ulations span a duration of 15 years applying tidal boundary forcing only and two bed sediment compositions;
single (d50=0.2 mm)- and multiple (mud, fine-sand (0.25 mm) and coarse-sand (0.60 mm))-fractions. Finally,
the effect of the initial distribution of sediment fractions is investigated.
Application of the multiple sediment fractions resulted in strong sediment import into the Ley Bay in contrast
with the case for a single sediment fraction. Temporal and spatial evolution of larger-scale basin elements (e.g.
channels, tidal flats) indicate that the impact of the peninsula is better predicted using themultiple sediment ap-
proach. Agreement between the predicted morphology and the data is fair in deep water areas (> 3 m) com-
pared to the shallow water areas (b 2 m) in the bay. These predictions are further improved after application
of an initially distributed bed sediment composition. Therefore, the optimal prediction of the anthropogenic ef-
fect is obtained under the latter case implying the requirement of applying a stable bed sediment composition in
line with the imposed boundary forcings.
On-going work focuses on more detailed bed configuration around the peninsula (e.g. including possible dredg-
ing and dumping effects) and the wave boundary forcing.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Human interference (i.e. anthropogenic effects) namely diking, land
reclamation, peat-cutting and damming of channels since the Middle
Ages has had a great influence on the present-day morphology of the
Wadden Sea tidal basin systems. Further, reinforcing of existing dunes
to serve as dikes, construction of jetties and closing of tidal basins (e.g.
Zuider Sea (Thijsse, 1972; Elias et al., 2003)) had major impacts on the
Wadden Sea evolution. Eastern part of the Wadden Sea (i.e. East Frisian
Wadden Sea) showed drastic changes of bed evolution due to anthropo-
genic effects. Numerous examples are found on the Lower Saxony coast,
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e.g. Ley Bay, Harle Bay, Jade Bay etc. (Homeier et al., 2010). Present
analysis focuses on the bed evolution of Ley Bay due to construction of
a peninsula ‘Leyhörn’.

The Leyhörn peninsula has been constructed in 1984 to enable a
number of functions, i.e. coastal safety, navigational access and inland
drainage. Level of efficiency of these functions is directly related to the
morphological set-up of the Ley Bay area. In turn, strong morphological
changes are expected due to disturbance the Leyhörn peninsula is
causing to the existing system. Therefore, a better insight of the possible
bed changes of the bay is required to allow effective and efficient plan-
ning andmanagement strategies. The overarching aim of this study is to
establish a morphological model which can hindcast the bed evolution
due to the effect of Leyhörn. Such a model provides more insight into
the dominant physical processes of the Ley Bay morphology. The
study period extends for 15 years from 1975 to 1990 and thus it is
necessary to adopt a modelling technique of long-term (i.e. decadal)
bed evolution.

Long-term bed evolution of tidal basin systems is investigated ap-
plying empirical and numerical models. Empirical approaches make
use of historical data to interpret the bed evolution of the inlet/basin
systems (Elias, 2006; Homeier et al., 2010; Knaack and Niemeyer,
2001). Homeier et al. (2010) used the historical topography charts of
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the East Frisian tidal basins from 1650 to 1960 to describe the human
interference and self adaptation of these systems with respect to the
long-term bed evolution. Elias (2006) analysed the historical develop-
ment of the Texel inlet/basin system due to the effect of Afsluitdijk (i.e.
Closure dike). Knaack andNiemeyer (2001) discussed the bed evolution
of the Ley Bay area from 1960 to 1999 indicating the impact of the
Leyhörn peninsula. However, these approaches depend on the data
availability (i.e. historical data are very sparse) and thus it is difficult
to investigate the formation and migration of the bed features and the
underlying processes. In contrast, the numerical approaches can be
adopted to investigate bed evolution with high spatial and temporal
resolution and thereby providesmore insight of thedominant processes.
The state-of-the-art Delft3D model is nowadays increasingly applied to
investigate long-term (i.e. several decades) bed evolution in estuarine
and coastal systems (e.g. Dastgheib et al., 2008; Dissanayake et al.,
2009; Van der Wegen, 2010). Further, these studies have shown that
the tide dominated coastal systems can to a reasonable extent be mod-
elled imposing the tidal boundary forcing only. Therefore, the present
study also employs the Delft3D model with tidal boundaries only to
hindcast the bed evolution of the Ley Bay from 1975 to 1990, with due
to the impact of the Leyhörn peninsula.

2. Study area

Ley Bay is a part of the Oster-Ems basin which is located between
Borkum (west) and Juist (east) barrier islands in the East FrisianWadden
Sea (Fig. 1). Average tidal range of the Oster-Ems inlet is about 2.8 m and
yearlymeanwave height seaward from the inlet is about 1 m. This inlet/
basin system can be classified as a mixed-energy tide dominated
environment (Hayes, 1979). Therefore, the tidal forcing is the domi-
nating factor shaping the hydrodynamics and in turn morphodynamics
of the study area. Ley Bay is characterised by a hierarchy of tidal
gullies and tributaries of the tidal inlet (Leysander Priel, Greetsieler
Wattfahrwasser and Norder Außentief, see Fig. 1). A large part of the
basin area consists of intertidal flats and extended supratidal salt
marshes with unique fauna and flora. Human intervention in this area
was required in order to mitigate coastal zone management problems,
i.e. safety against storms, navigational access of fishing vessels to
Greetsiel harbour, maintaining inland drainage.
Fig. 1. Location of the Ley Bay area in the East Frisian Wadden Sea and channel cross-
sections A, B, C and D (see Fig. 17).
The catastrophic storm surges of the 14th century widened and
extended the Ley Bay area. The flooded areas were highly vulnerable
to erosion during storm surges, because the subsurface consisted of
peat layers. After such events, the balance between tidal forcing and
morphology was disturbed and strong sedimentation occurred to re-
establish the dynamic equilibrium (Niemeyer, 1991). Then, saltmarshes
were developed at the borders of the bay which in turn enhanced the
bay sedimentation together with the associated land reclamation work
(Homeier, 1969). Growth of salt marshes allowed subsequent reclama-
tion and diking of formerly lost areas. In recent years, diking of inter-
tidal flats rather than supratidal saltmarsh areas has been implemented,
which has a much higher impact on hydrodynamical-morphological in-
teractions (Niemeyer, 1991). These measures ultimately resulted in ac-
celerated sedimentation at the borders of the bay and in the access
channel affecting to the inland drainage and the navigational access re-
spectively. Therefore, the inland drainage had to be enhanced by of
pumping while the navigational requirements were achieved by the
maintenance dredging spending millions of Euros annually.

Several strategies were formulated in order to address these coastal
management issues, of which the plan for enclosing of the Ley Bay area
becamemore urgent because the existingdikes could notmeet the safe-
ty requirements (Niemeyer, 1984). However, this option resulted in a
controversial public discussion with respect to the economic and eco-
logical implications (Hartung, 1983). Therefore, the State Government
of Lower Saxony demanded another solution based on the newly estab-
lished social priorities and the traditional coastal zone management
strategies in theWadden Sea area. As an alternative, the Leyhörn penin-
sula was constructed in 1984 to enable the following functionalities
(Niemeyer, 1994),

• Safety of the coastal area against storm surges.
• Conservation of the Ley Bay as an unique ecological area.
• Re-establishment of inland drainage mainly by free-flow due to
hydraulic gradient.

• Navigational access without maintenance dredging.
• Conservation of the traditional functions of the adjacent fishing
harbour (i.e. Greetsiel, see Fig. 1).

3. Approach

3.1. Numerical modelling

Present study extensively uses the process-basedmodel Delft3D de-
veloped by Deltares (formerlyWL | Delft Hydraulics). Themodel allows
one- (1D), two- (2DV and 2DH) and three-dimensional (3D) simula-
tions. It also allows the discretisation of the study area in rectilinear,
curvilinear or spherical co-ordinate systems. The primary variables of
flow, water level and velocity, are specified on Arakawa C staggered
grids. The model structure is shown in Fig. 2. As 3D processes such as
vertical density stratification are not of critical importance to reach
the objectives of the present study, here a 2DH version (depth averaged
area model) of Delft3D is employed. Furthermore, previous studies
(Dissanayake et al., 2012; Dissanayake et al., 2009; Van der Wegen et
al, 2008; Van der Wegen and Roelvink, 2008; Dastgheib et al., 2008)
have shown that application of the 2DH version is able to develop
major channel/shoal pattern of the tidal basins in the Wadden Sea as
present in the measured data.

3.1.1. Hydrodynamics
The unsteady shallowwater equations are solved via the Alternating

Direction Implicit (ADI) method to compute the hydrodynamics
(Leendertse, 1987; Stelling, 1984; Stelling and Leendertse, 1991). The
system of equations consists of the horizontal momentum equations,
the continuity equation, the transport equation and a turbulence clo-
sure model. The application of these equations in Delft3D is described
in detail by Lesser et al. (2004) and is hence not reproduced here.

image of Fig.�1


Fig. 2. Schematised diagram of FLOW online-morphological model in Delft3D.
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3.1.2. Sediment transport
Sediment transport is separately estimated for non-cohesive and co-

hesive sediment fractions. Non-cohesive transport (>0.063 mm) uses
the Van Rijn (1993) formulas based on the depth-integrated advection–
diffusion equation while cohesive transport (≤0.063 mm) uses the
Partheniades’ erosion and Krone's deposition formulas (Partheniades,
1965).

3.1.2.1. Non-cohesive sediment transport. In Van Rijn's (1993) formula-
tions, the sediment transport belowand above the reference height ‘a’ is
defined as bed load and suspended load respectively. The reference
height is mainly a function of water depth and a user defined reference
factor. Sediment entrainment into thewater column is facilitated by im-
posing a reference concentration at the reference height.

Suspended sediment transport is estimated based on the advection–
diffusion equation. In depth-averaged simulations, the 3D advection–
diffusion equation is approximated by the depth-integrated advection–
diffusion equation:

∂h�c
∂t þ �u

∂h�c
∂x þ �v

∂h�c
∂y −DH

∂2h�c
∂x2

−DH
∂2h�c
∂y2

¼ h
�ceq−�c
Ts

ð1Þ

where; DH, the horizontal dispersion coefficient (m2/s); �c, the depth
averaged sediment concentration (kg/m3);�ceq, the depth-averaged equi-
librium concentration (kg/m3) as described by Van Rijn (1993) and Ts is
an adaptation time-scale (s). Ts is given by (Galappatti,1983),

Ts ¼
h
w
Tsd ð2Þ

where, h is the water depth, w is the sediment fall velocity and Tsd is an
analytical function of shear velocity u* and w. Where, u* is given by:

u
0

�;c ¼ 0:125f ′c
� �0:5

�u ð3Þ

Bed load sediment transport is given by:

Sbj j ¼ f bedη� 0:5ρsd50u
0

�D
−0:3
� Ta ð4Þ

where, D* is non-dimensional particle diameter.

D� ¼ d50
s−1ð Þg
υ2

� �1=3
ð5Þ
and, Ta is the non-dimensional bed shear stress.

Ta ¼
τ′b−τb;cr
� �

τb;cr
ð6Þ

For Equations 1–6, Sb, is bed load transport rate (kg/m/s); fbed is a
calibration factor (−);η is relative availability of sand at bottom (−); d50
is the mean grain diameter (m); ρs is density of sediment (kg/m3);f′c is
current-related friction factor (−); ūis the depth average velocity (m/s);
s is relative sediment density (−); υ is the horizontal eddy viscosity
(m2/s); and, τb, cr is critical bed shear stress for initiation of sediment
transport (N/m2).

3.1.2.2. Cohesive sediment transport. The cohesive transport is modelled
applying the Patheniades-Krone formulations (Partheniades, 1965).
Erosive (E) and deposition (D) fluxes read as,

E ¼ MSe τcw; τcr;e
� �

e ð7Þ

D ¼ wscbSd τcw; τcr;d
� �

ð8Þ

and

Se τcw; τcr;e
� �

¼ τcw
τcr;e

−1

 !
f orτcw > τcr;e

¼ 0 f orτcw ≤ τcr;e

ð9Þ

Sd τcw; τcr;d
� �

¼ τcw
τcr;d

−1

 !
f orτcw > τcr;d

¼ 0 f orτcw≥τcr;d

ð10Þ

where; E (kg/m2/s); D (kg/m2/s); M, erosion parameter (kg/m2/s); ws,
sediment fall velocity (m/s); cb, near bottom concentration (kg/m3);
τcw, maximum shear stress due to waves and currents (N/m2); τcr,e,
critical shear stress for erosion (N/m2); τcr,d, critical shear stress for depo-
sition (N/m2).

3.1.3. Morphodynamics
Coastal morphodynamic changes occur at time scales that are

about 1 to 2 orders of magnitude greater than the hydrodynamic
time scales (Stive et al., 1990). Therefore, in a conventional
morphodynamic model, many hydrodynamic computations need to
be performed to achieve significant morphological changes. Thus,
conventional morphodynamic simulations, by necessity have been
very long and inefficient. However, the morphological scale factor
(MORFAC) approach presented by Roelvink (2006) and Lesser et al.
(2004), which is used in Delft3D for bed level updates, circumnavi-
gates this problem. In this approach, which is particularly geared at
significantly improving the efficiency of morphodynamic calculations,
the bed level changes calculated at each hydrodynamic time step are
scaled up by multiplying erosion and deposition fluxes by a constant
(MORFAC).

Δtmorpho logy ¼ MORFAC � Δthydrodynamic ð11Þ

This approach also allows accelerated bed level changes to be
dynamically coupled (on-line) with hydrodynamic computations (see
Fig. 2). Therefore, long-term morphological changes can be simulated at
reasonable computational cost. In general usage, several trial simulations
are undertaken with incremental MORFACs to determine the highest
MORFAC value that can be used safely for a given simulation (see section
3.2.4). Delft3D also recommends that bed level changes within one tidal
cycle should not exceed 10% of the local water depth.

image of Fig.�2
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3.2. Model implementation

3.2.1. Bathymetry and grid set-up
Fig. 3 shows the measured bathymetries (i.e. 1975 and 1990) of the

Oster-Ems basin. The model area covers the entire Oster-Ems basin.
The1975 bed is taken as the initial model bed. The enclosed rectangle
in Fig. 3b (1990 bed) indicates the Ley Bay area and the Leyhörn penin-
sula (see, outline of the peninsula on the 1975 bed (Fig. 3a). Averaged
depth of the Ley Bay area (on 1975 bed) is about+0.5 mMSL implying
that tidal flats and salt marshes enclose a large part of the bay area. On
the 1975 bathymetry, there is a well-pronounced channel system in
the Ley Bay area (see number 2, 3 and 4 in Fig. 3a). Leysander Priel (2
in Fig. 3a) is branched into two channels, namely Greetsieler
Wattfahrwasser (3 in Fig. 3a) and Norder Außentief (4 in Fig. 3a). The
Greetsieler channel provided the navigational access to the Greetsieler
harbour while the Norder channel was mainly used to allow inland
drainage by pumping. On the 1990 bathymetry, the Leyhörn peninsula
(length~3.5 kmandwidth~1.5 km) is shownwhereas the access chan-
nel is not yet found because it has been implemented in 1991 (Knaack
and Niemeyer, 2001). The Ley Bay area shows strong sedimentation,
which results in the disappearance of the Greetsieler and Norder chan-
nels (Fig. 3b). However, Leysander Priel appears to be strong in compar-
ison to the 1975 bathymetry. This is an indication of strong current
pattern at the entrance of the bay due to the presence of the peninsula.

Fig. 3c shows the model grid enclosing the Oster-Ems basin. Aver-
aged grid size is about 200 m×200 m. However, the Ley Bay area
(~5.0 km×5.0 km) has a high resolution (20 m×20 m) in order to
represent the bay channel pattern.

3.2.2. Boundary forcing
The Oster-Ems basin has a mixed energy tide dominated inlet (Sha,

1989). Morphodynamics of this area is mainly governed by tidal
forcings (Ridderinkhof, 1988;Wang et al., 1995). Model approaches ap-
plying the tidal boundary forcing only were able to reproduce typical
morphological patterns in the Wadden Sea tidal basins (Dissanayake
et al., 2009, 2012; Van der Wegen and Roelvink, 2008; Dastgheib et
al., 2008). Therefore, present analysis also employs the tidal boundary
forcing only.

Tidal forcing of the Oster-Ems model is based on a Continental shelf
model which has been well calibrated and enclosed entire North Sea
area (Verboom et al., 1992). These boundary forcings were estimated
via a nested modelling approach in order to transfer the offshore
(North Sea) hydrodynamic characteristics up to the Oster-Ems model
boundaries (Wadden Sea). Model nesting was applied under two
phases, 1) Continental shelf model to Coastal model, 2) Coastal model
to Oster-Ems model. Initially, the continental shelf model was simulat-
ed for 3 months from June to September in 1975 based on the astro-
nomical boundary conditions and then the water level elevations
were extracted at the boundaries of the coastal model. Subsequently,
Fig. 3.Measured bathymetries of the model area (Oster-Ems basin), 1975 bed with the layou
line shown) (c).
the coastal model (see Knaack et al., 2003) was simulated using the
extracted water levels to get the boundary forcings of the Oster-Ems
model which has three open boundaries viz. north, east and west. The
north boundary is located at the inlet gorge and the east and west
boundaries are in the Wadden Sea side opposite to the Norderney
tidal basin and the Ems estuary respectively (see Fig. 1). Preliminary
results showed that applying three water level boundaries of the
Oster-Ems model (at north, east and west), developed unrealistic veloc-
ity patterns. Therefore,flowvelocity is applied for the northern boundary
while the lateral two boundaries (i.e. east and west) use water levels.
Such combination of boundary forcings increases the numerical stability
(refer Delft3D FLOWusermanual). It is emphasised that other boundary
forcings such as waves and storm effects have been excluded in the pre-
sent analysis.

3.2.3. Bed sediment composition
This analysis mainly used two bed sediment compositions to in-

vestigate the long-term evolution of the Ley Bay area, 1) Single sedi-
ment fraction and 2) Multiple sediment fractions.

Average sediment size of the Wadden Sea basins is about 0.2 mm.
Therefore, long-term modelling approaches use a single sediment frac-
tion of 0.2 mm (d50) to investigate bed evolutions (see Dastgheib et al.,
2008; Dissanayake et al., 2009, 2012). These studies have shown that
application of the single sediment fraction potentially develops the typ-
ical channel/shoal patterns of tidal basins. Thus, present study also
adopts this sediment fraction as one option of the bed compositions.
However, it is emphasised that application of a single sediment fraction
is a highly simplified version of the nature ( Van derWegen, 2010). Ap-
plication of themultiple fractions includes three sediment fractions viz.
mud (≤ 0.063 mm), fine-sand (0.25 mm) and coarse-sand (0.60 mm)
based on the study of Herrling and Niemeyer (2008). They have recon-
structed spatial sediment thickness of the Dollard-Ems estuary area (i.e.
adjacent estuary on the west of the Oster-Ems basin, see Fig. 1) using
the Rijkswaterstaat Sediment Atlas (2007). Their model domain en-
closes the area of the Oster-Ems basin also and that allows using this
sediment information for the present analysis. Three sediment fractions
were allocated with vertical and horizontal discretisations. In vertically,
the bed strategraphy consists of 10 layers each having 1 m thick, of
which the first two layers have a spatially varying mixture of only
mud and fine-sand. Spatial discretisation of these two fractions is
based on Herrling and Niemeyer (2008). From third layer onwards,
there is a uniform mixture of fine-sand and coarse-sand (i.e. 50% of
each fraction based on sediment mass). Fig. 4 shows the sediment dis-
tribution at the top layer of the 1975 bed (note: outline indicates the
peninsula). Mud fraction is concentrated along the shoreline of the
bay. Fine-sand spreads over the entire basin while coarse-sand is not
found at the top layer.

Bed composition with multiple fractions was implemented in the
Delft3D model using a layered bed stratigraphy (refer Delft3D FLOW
t of Leyhörn (a), 1990 bed with Ley Bay analysis area (b) and Model grid (every 5th grid

image of Fig.�3


Fig. 4. Distribution of sediment fractions of the top layer in multiple sediment approach, a) Mud, b) Fine-sand and c) Coarse-sand.
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user manual). The top most layer is divided into the transport layer
(0.4 m following Van der Wegen, 2010) and the first under layer
after the first time step according to the user defined thickness
heights. During erosion, sediment is lost from the transport layer,
which is recharged by the first under layer. After the sediment con-
tent of the first under layer is empty, the same process repeats with
the second under layer and so on. During sedimentation, the trans-
port layer receives sediment and passes into a newly created under
layer beneath. After the new layer is saturated (i.e. 1 m thickness),
another under layer is formed and the same process continues up to
the user defined number of under layers (i.e. 10). The bed topography
changes by shrinking of the under layers in case of the erosion while
expanding them in the sedimentation process.

Applying the multiple bed composition, erosion of sand fractions
from the sediment bed and in turn the transport capacity depends on
the mud content at the bed surface. Fine particles easily escape to the
water column compared to the coarse particles. Deposition of sediment
is assumed to be independent for sand andmud. Erosion ofmud is deter-
mined by the user defined erosion parameter (see Eq. 9). Sensitivity of
bed erosion in the Ley Bay to this parameter is discussed in section 4.2.

At the open boundaries, no sediment concentration is prescribed for
mud and sand fractions whereas suspended sediment, advected by
tidal movement, is present. This means that sediment will leave the
model domain and ideally come back after turning of the tide at the
boundaries. This process is implemented in the model in terms of a
Thatcher-Harleman time lag that stores sediment concentrations and
reintroduces these at the boundary when the tide returns (see Delft3D
FLOWmanual).

3.2.4. Selection of MORFAC
As discussed in section 3.1.3, the long-term morphological changes

are simulated in terms ofMORFAC. At present, there is no priori determi-
nation of the highestMORFAC value for a specific study area. Therefore, a
sensitivity analysiswas undertaken applying threeMORFACs (30, 60 and
120) to determine the optimal value that can be safely applied in this
analysis. Hydrodynamic period of these simulations are about 6 months,
Fig. 5. Comparison of measured data (a) and predicted bathymetr
3 months and 1.5 months respectively and hydrodynamic time step is 1
minute following the previous modelling of the study area (see Knaack
et al., 2003).

For the sake of simplicity, the peninsula was implemented on the
initial bathymetry without including the dike and the models were sim-
ulated applying tidal boundary and the single bed sediment composition
(see section 3.2.2 and 3.2.3). Predicted bed evolutions are compared to-
gether and with the 1990 data to investigate the relative influence of
MORFAC.

3.2.4.1. Bed evolution. Fig. 5 shows the predicted 1990 beds under three
MORFAC approaches with the measured data. In contrast to the data,
predicted morphologies have two pronounced channels in the Ley Bay
and they appear to be similar in all cases. Therefore, visual discern
among the three model predictions is difficult.

Quantitative analysis of the bed evolutions was carried out in order
to compare and contrast the effect ofMORFAC.

3.2.4.2. Erosion and Sedimentation. Erosion and sedimentation of the
Ley Bay excluding the peninsula area was estimated for the threeMOR-
FAC approaches (Fig. 6). In all cases, sedimentation is about 0.55 Mm3,
erosion is about 0.90 Mm3 while the net change is about −0.35 Mm3

(see Fig. 6a, b and c). However, the results show that bothMORFAC=30
andMORFAC=60 tend to show similar variation in sedimentation, ero-
sion and net change while MORFAC=120 is different. Therefore, the
first two MORFACs (30 and 60) appear to have similar effects on bed
level changes while the third is different.

3.2.4.3. Model skill. Model skill under the three MORFAC approaches
was further analysed in terms of Brier Skill Score (BSS) (Sutherland
et al., 2004). It is noted that the BSS is not a perfect method to evalu-
ate model performance especially where individual characteristics
such as basin infilling, lateral displacement and rate of bifurcation of
channels etc. are concerned. However, at this point in time, this is
the most widely adopted method to objectively assess the model
skill (Pedrozo-Acuna et al., 2006; Roelvink et al., 2009; Ruessink et
ies under different MORFAC value; 30 (b), 60 (c) and 120 (d).

image of Fig.�4
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Fig. 6. Sedimentation and erosion in the Ley Bay in three MORFAC approaches.
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al., 2003; Ruggiero et al., 2009), and due to the lack of a better alter-
native, the BSS approach is adopted to evaluate the model skill. The
BSS is defined by Sutherland et al. (2004) as,

BSS ¼ α−β−γ þ ε
1þ ε

ð9Þ

where, α= r2Y′X′ β ¼ rY ′X′− σ
Y ′

σ
X′

� �2
γ ¼ Y ′h i− X′h i

σ
X′

� �2
ε ¼ X′h i

σ
X′

� �2
and

X′=z1990−z1975, Y′=zmod el−z1975z, bed levels in 1975 (z1975), 1990
(z1990) and model beds withMORFAC=30, 60 and 120 (zmodel)

α a measure of bed form phase error and perfect model gives
α=1

β a measure of bed form amplitude error and perfect model
gives β=0

γ an average bed level error and perfect model gives γ=0
ε a normalization term which indicates the measurement error

In the above definition of the BSS, a value of 1 indicates an excellent
comparison between themeasurements and themodel results. Negative
BSS values imply large differences between the modelled and measured
bathymetries.

Sutherland et al. (2004) give the following classifications for the
assessment of model performance against the BSS (Table 1).

Fig. 7 shows the estimated variations from 1975 to 1990 of Phase,
Amplitude, Mean value and BSS as defined by Sutherland et al. (2004).
Results indicate similar trend in all cases. Final values of the 1990 pre-
dicted bed are away from the values of a perfect model prediction. This
is partly due to implementing the peninsula on the initial model bed.
However, these values imply the relative effect of the MORFAC ap-
proaches. It is still apparent that both MORFAC=30 and MORFAC=60
cases show similar pattern while the other seems to have a different
variation. This is noticeable in Mean value.

Table 2 shows estimated values of the 1990 predicted beds.
Maximum difference among the three approaches with respect to the
MORFAC=30 case is about 4%, 5% and 8% for Phase, Amplitude and
Mean value respectively. Therefore, the mean value appears to have a
significant influence of the BSS value. The MORFAC=60 case results in
the highest BSS.

This analysis suggests that the effect of MORFAC is marginal as far
as the overall bed level change is concerned. Both MORFAC=30 and
Table 1
Classification for Brier Skill Score by Sutherland et al. (2004).

Classification BSSSutherland

Excellent 1.0 – 0.5
Good 0.5 – 0.2
Reasonable/Fair 0.2 – 0.1
Poor 0.1 – 0.0
Bad b0.0
MORFAC=60 cases showed more or less similar evolution from
1975 to 1990 and the optimal BSS of the 1990 predicted bed was
obtained under the MORFAC=60 case. Therefore, MORFAC=60 was
employed to investigate the Ley Bay evolution under different scenar-
ios (see section 3.2.5).

3.2.5. Model simulations
Initially, the hydrodynamic simulations were undertaken to compare

the predicted and themeasuredwater levels in the Ley Bay based on the
1975 bed. Then, a sensitivity analysis was carried out to optimise the
model parameters related to the cohesive sediment transport.

The morphological simulations span a period of 15 years from 1975
to 1990 in two stages, 1) No peninsula stage and 2) Peninsula stage. The
no peninsula stage extends from 1975 to 1984 considering the fact that
the peninsula has been constructed in 1984. The predicted 1984 bed is
subsequently used to simulate the peninsula stage from 1984 to 1990
(i.e. applying the peninsula on the 1984 predicted bed). The long-
term bed evolution is obtained applying the MORFAC technique (MOR-
FAC=60, see section 3.2.4).

Table 3 shows the morphological simulations (M1 and M2) which
differ due to having different initial sediment characteristics. M1 uses
the single sediment fraction while M2 is simulated applying multiple
sediment fractions (see section 3.2.3). It is noted that all these models
use spatially varying bed roughness (i.e. Manning's value) which
changes with the water depth as discussed in Hartsuiker (2003).

It is emphasised that thesemodels (see Table 3) are simulatedwithout
including dredging and dumping works which have been undertaken,
prior to the peninsula construction for maintenance of the navigational
channel to the Greetsiel harbour, Greetsieler Wattfahrwasser (see Fig. 1,
this was initially created by dredging in 1973 (Niemeyer, 1991, and dur-
ing the peninsula construction. These activities are expected to have an
impact on the Ley Bay morphology.

Our focus is to develop a morphological model which can describe
the effect of the Leyhörn peninsula on the Ley Bay morphology. There-
fore, the bed evolution is analysed based on the Ley Bay area only (see
Fig. 3b).

4. Results and Discussion

4.1. Hydrodynamics

4.1.1. Comparison with measured water level data
In 1975, only monthly averaged water level data are available at

the tidal station, Norderney Riffgat (~ 5.0 m depth) which is located
on the adjacent tidal basin to the east of the model area (see Fig. 1).
Therefore, these water levels are used to get some insight of the
model predicted water levels. Such comparison provides qualitative
impression of the model behaviour. Initially, the measured water
levels at Norderney Riffgat were transferred to the Ley Bay area (i.e.
Greetsieler Nackenlegde, GN (~ 1.5 m depth), see Fig. 3a) applying a
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Fig. 7. Comparison of Phase (a), Amplitude (b), Mean value (c) and BSS (d) under three MORFAC approaches according to the definition of Sutherland et al. (2004).
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linear relation as proposed by Niemeyer et al. (2001). Then, the
model predicted water levels were monthly averaged and that
resulted in three LW (Low Water) and HW (High Water) points due
to the three-month of hydrodynamic period of the simulation (Fig. 8).

Fig. 8 showswater levels atNorderneyRiffgat (blue-dash-line), trans-
ferred to GN (red-line) and model predicted at GN (black-circle). Mea-
sured data indicate that the tidal range increases while propagating the
tidal wave into the shallow area and the difference in LW is higher
than that of HW. This is typically found in the Wadden Sea basins
(Knaack et al., 2003). Predicted water levels at GN show away from
that of the data, whereas the tidal range appears to correspond in both
cases. Further, both data and predicted water levels comparatively
agree during HW rather than LW. These differences are embedded
with a number of reasons. Firstly, the data show lower LW level implying
a higher depth at GN in comparison to the model bed. This is probably
due to applied grid resolution (i.e. grid sizes 20 m×20 m). Furthermore,
it is generally accepted that the models weakly represent LW in the
Wadden Sea area due to the extensive tidal flats which are not properly
encountered of themeasured bed (see Dissanayake et al., 2009). Second-
ly, the model used the same bathymetry during the three-month period
whereas the topography in nature tends to change due to the strong sed-
imentation (Knaack and Niemeyer, 2001). This is evident having similar
model predictions and slightly varying data at HW. Thirdly, the model
used only tidal boundary forcing. Thus, other meteorological effects
(e.g. wind, waves and storms driven surges) might partially describe
the difference between predicted and measured water levels.

In this analysis, we undertake long-term bed evolutions (15 years)
applying the MORFAC technique. In this context, the present compar-
ison of the hydrodynamic behavior provides sufficient confidence of
our approach due to following reasons.
Table 2
Estimated Phase, Amplitude, Mean value and BSS of the predicted 1990 bed under
three MORFAC approaches.

MORFAC Phase Amplitude Mean value BSS

30 0.075 0.129 0.093 -0.048
60 0.078 0.124 0.095 -0.041
120 0.081 0.124 0.100 -0.044

Table 3
Morphological simulations from 1975 to 1990 applying different bed sediment
compositions.

Model
No

Initial sediment characteristics

Name Sediment fraction Median grain size
(d50, mm)

Distribution

M1 Single sand 0.20 uniform
M2 Multiple mud fine-sand coarse-sand ≤ 0.063 0.25 0.60 spatial
First, it is well known that a calibrated/validatedmodel is quite likely
to depart from the 'truth' the farther the simulation progresses past the
calibration/validation period (Roelvink and Reniers, 2011). The deter-
ministically chaotic nature of numerical models (Lorenz, 1972) is anoth-
er phenomenon that places significant uncertainties on the quantitative
accuracy of long termmorphodynamicmodel predictions. Secondly, sig-
nificant input reduction is required for long term simulations (i.e. pre-
sent computational costs do not allow multiple long term brute force
simulations). Therefore, even a model that is perfectly calibrated/
validated (i.e. representing real forcing/response relationships),
cannot be expected to predict future system response accurately due to
the highly schematised nature of future forcing that is unavoidable in
long term morphodynamic simulations. Finally, to develop a calibrated/
validated model, it is required to have ample high quality calibration/
validation data in 1975. This is clearly not the case as older
hydrodynamic/morphology data is of questionable quality, and also
very sparse (i.e. there are onlymonthly averagedwater levels in the ad-
jacent tidal basin and two measured bathymetries (1975 and 1990) of
the study area during the applied morphological period).

4.1.2. Effect of Leyhörn on the Ley Bay hydrodynamic pattern
It is expected that maximum tidal flow in the basin/inlet systems oc-

curs during the mid-tidal water levels (see Dissanayake et al., 2009).
Therefore, the tidal flow pattern at mid-flood was analysed before
(blue-vectors) and after (red-vectors) implementing Leyhörn to com-
pare and contrast the effects (Fig. 9). These patterns suggest extensive
tidal flats and salt marshes in the Ley Bay and provide first insight of
the impact of Leyhörn on the existing flow pattern. At the west of the
peninsula the tidal flow shows a weak velocity pattern after implement-
ing the peninsula. This indicates that the peninsula interrupts the
Fig. 8. Comparison of measured (transferred from Norderney Riffgat) and model pre-
dicted water levels at Greetsieler Nackenlegde (GN, see Figure a).
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Fig. 9. Behaviour of tidal currents at mid-flood water level, before (blue) and after (red)
implementing the effect of Leyhörn.
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velocity vectors which are directed into the Ley Bay prior to the peninsu-
la. At the north of the peninsula, the flow vectors are larger than the no-
peninsula state implying that the peninsula results in strong bypassing of
tidal currents due to the contraction of flow. In the Ley Bay area, the tidal
currents tend to be eastward oriented and stronger with the peninsula
than that of the no-peninsula state. This phenomenon is apparent by
comparing the flow pattern in the channels (i.e. Leysander Priel,
Greetsiler Watt. and Norder Außentief, see Fig. 3a for channel locations)
under both situations.

According to the flow patterns, different sediment transport patterns
can be expected also and consequently different erosion/sedimentation
areas compared to the situation without the peninsula. Further, it is
emphasised that the northeast directed sediment supply from the Ems
estuary (on the west of the model area) into the Ley Bay area can be af-
fected due to the construction of the peninsula.

4.2. Selection of mud-related parameters

To select the optimum values of mud-related parameters for the
study area, a sensitivity analysis was undertaken of the most dominant
five parameters on the sediment transport (e.g. Van der Wegen, 2010):
1) Shear stress for critical erosion (τe,c), 2) Shear stress for critical depo-
sition (τd,c), 3) Dry bed density (ρdry), 4) Erosion parameter (M) and 5)
Settling velocity (w). As discussed earlier, the sediment bed has a layered
strategraphy of 10 layers of which the first layer consists of a transport
layer and the first under layer. The transport layer thickness was set to
0.15 m following the analysis of Wehmeyer (2008) on the Eastern
Wadden Sea area. Then, the first under layer thickness is 0.85 m. Three
series of simulationswere undertaken (i.e. applying the 1975 bathymetry
for a 50 days period to investigate the relative effect on the bay sedimen-
tation) and each series consists of five simulations of which only one pa-
rameter is modified in each model compared to the base case. Table 4
shows the appliedmud-related parameters and their investigated values
in 15 simulations and the base case simulation. Spatial distribution of τe,c
is based on the fact that tidalflats consist ofmore consolidatedmaterial in
comparison with the channel bed. Thus, the corresponding values for
Table 4
Applied values of the sensitivity analysis for mud-related numerical parameters.

Model Parameter Base model Series 1 Series 2 Series 3

τe,c (N/m2) 0.3 0.1 0.2 Spatial
τd,c (N/m2) 100 0.2 10 50
ρdry (kg/m3) 380 500 600 800
M (kg/m2/s) 4.0×10-5 3.8×10-5 4.5×10-5 6.0×10-5

w (m/s) 4.7×10-4 6.0×10-4 8.0×10-4 10.0×10-4
tidal flats and channels were applied as 0.48 and 0.14 respectively
(Wehmeyer, 2008). The other values are based on previous research of
themud-transport (Van Ledden et al., 2004; 2006; VanderWegen, 2010).

Fig. 10 shows erosion and deposition volumes with respect to each
series (refer number) and the model parameter together with the
base case (refer black-dash line). It is emphasised that the volume es-
timation is based on the Ley Bay area only being our interested area
(see enclosed rectangle in Fig. 3b). According to the selected value
ranges, the highest sensitivity is found with the τe,c (critical erosion)
while the w (settling velocity) shows the lowest sensitivity. Increas-
ing τe,c implies lower erosion of the Oster-Ems basin and that results
in lower deposition in the Ley Bay. Spatial application of τe,c shows
higher deposition compared to Series 2 and the base case due to hav-
ing a lower τe,c in the channels (i.e. 0.14). Sediment deposition occurs
when the bed shear stress is lower than τd,c (critical deposition).
Thus, the higher the τd,c the higher the deposition. In contrary, the re-
sults indicate decreasing deposition as the τd,c increases. This is due to
the strong sedimentation in the Oster-Ems basin and decrease sedi-
ment import into the Ley Bay. Similarly, higher ρdry (dry bed density)
implies strong sedimentation outside the Ley Bay decreasing the sed-
iment supply into the Ley Bay. Both erosion and deposition increase
as theM (erosion parameter) increases. Deposition shows high sensi-
tivity to the w compared to erosion (i.e. the higher the w the lower
the deposition in the bay).

Data from 1975 to 1990 indicate strong sedimentation in the Ley
Bay area (see Fig. 3). Therefore, the aforementioned model parame-
ters were also tuned by selecting the value which resulted in the
highest sedimentation in the bay (see values in bold-number in
Table 4).

4.3. Morphodynamics

4.3.1. Visual comparison
Fig. 11 shows the predicted bed evolutions of M1 (single-sediment

fraction) and M2 (multiple-sediment fraction) simulations in compari-
son to the measured data in 1975 and 1990. The Ley Bay area is charac-
terised by a pattern of very shallow channels and shoals including a large
area of tidal flats (see depth ranges). On the 1975 bed, the outline shows
the proposed structure, Leyhörn (see Fig. 11a). On the 1990 bed, there is
no navigational access channel through the peninsula because it has
been implemented in 1991 (see Fig. 11b). From 1975 to 1990, data
indicate strong sedimentation in the bay leading to disappear the basin
channel pattern (see section 3.2.1 and Fig. 3a). However, the channel
Leysander Priel appears to be more pronounced on the 1990 bed than
on the 1975 bed. This indicates and eastward oriented velocity pattern
at the entrance of the bay due to the effect of the peninsula as observed
in Fig. 9.

Application of the single sediment fraction (M1) results in losing
sediment from the bay (see shoal areas on Fig. 11c in comparison to
Fig. 11a). Similar comparison indicates strong sedimentation by ap-
plying the multiple sediment fractions (see shoal areas on Fig. 11c
in comparison to Fig. 11d). However, it is difficult to discern the dif-
ference of the basin channel pattern under both approaches and the
data with respect to the bed evolution only.

Fig. 12 shows the erosion/sedimentation pattern from 1975 to 1990
in the data and themodel predictions. Data clearly showstrong sedimen-
tation in the bay, along the channels and adjacent to the peninsula. These
erosion/sedimentation areas comply with the observed velocity pattern
(see Fig. 9). The channel, at the north end of the peninsula, shows strong
sedimentation due to the impact of the peninsula under all cases. In case
of the M1 simulation, bay channels appear to have deepened while a
large part of the bay area remains unchanged indicating a sediment
exporting system. Under theM2 simulation, the results show strong sed-
imentation (i.e. west of the peninsula; west and east of the bay in
Fig. 12c). However, in some areas, they are not pronounced as found
with the data (i.e. along the channels; north and east of the peninsula
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Fig. 10. Sensitivity of erosion and deposition to mud-related model parameters (in 50 days) in the Ley Bay with respect to Base case (black-dash line); Shear stress for critical de-
position, Shear stress for critical erosion, Dry bed density, Erosion parameter and Settling velocity under three Series (refer number to Table 4).
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in Fig. 12c). Therefore, the comparison indicates that the model predic-
tion of the M2 partly reproduced the sediment distribution as found in
the nature.

4.3.2. Statistical comparison
To quantitatively determine whether the single- or multiple-

sediment fraction approach gives a better representation of the 1990 ba-
thymetry, a statistical analysis was undertaken using the Brier Skill Score
(BSS) (see section 3.2.4).

Fig. 13 shows the variation of the aforementioned parameters of the
Ley Bay evolution (i.e. from1975 to 1984 before implementing peninsula
(solid-line) and from 1984 to 1990 after implementing the peninsula
(dash-line)) based on the single (M1-blue) andmultiple (M2-red) sedi-
ment fraction applications. The α (phase) of the M1 mildly increases
starting from a lower value (Fig. 13a). In contrast, the M2 shows higher
value even at the beginning (>0.15), which strongly increases after
implementing the peninsula. Therefore, the bed level phases of the M2
aremore in line with the data than theM1. In case of theM1, the β (am-
plitude) gradually increases during themorphological periodwhile it de-
creases under the M2 (Fig. 13b). This also implies that the resulting bed
level amplitudes of the M2 agree with the data rather than that of the
M1. The γ (mean value) of the M1 remains more or less unchanged.
However, it strongly decreases in the M2 leading to a higher agreement
with the data (Fig. 13c). According to the behaviour of these three pa-
rameters, the bed form amplitude (β) dominates the BSS of the M1
while both amplitude and mean value (γ) affect the BSS of the M2.
Only the evolution of the M2 model indicates increase of the BSS value
after implementing the peninsula (Fig. 13d). Having higher BSS of the
Fig. 11. Measured and model predicted bed evolutions in the Ley Bay area; Data-1975 (a),
M2 suggests that the predicted evolution tends to agree with the data
rather than the evolution under the M1. The predicted bed under the
M2 can be defined as ‘Good’ according to the classification of
Sutherland et al. (2004) while it is ‘Bad’ under the M1 (see Table 1).

4.3.3. Evolution of morphological elements

4.3.3.1. Basin hypsometry. Basin hypsometry describes the water sur-
face area corresponding to the basin bed levels and thus represents
the overall geometry of the basin. Fig. 14 shows the basin hypsometry
in the Ley Bay area of the measured bathymetries (i.e. 1975 and 1990)
in comparison to the model predictions (i.e. 1990 bed under M1 and
M2 evolutions). Hypsometry of the 1990 data (dash-black-line) is lo-
cated to the left of that of the 1975 data (solid-black-line). This im-
plies decreased water surface area on the 1990 bed and in turn
increased sedimentation in the basin. Both M1 (blue-line) and M2
(red-line) models resulted in different hypsometry curves indicating
the effect of sediment characteristics on the evolution of the basin ge-
ometry. At deep areas (bed levelb−4 m), the hypsometry of the M2
agrees with the data rather than the M1. This can probably be attrib-
uted to the pronounced Leysander Priel channel in the M2 compared
to the M1 (compare Fig. 11c and d). The hypsometry of the M1 shows
quite good agreement around MSL while the M2 indicates strong sed-
imentation. However, it is apparent that lower growth of shoal areas
under this case (M1) tend to locate the hypsometry to the right of
that of the data (see bed level>MSL). Both M1 and M2 hypsometry
curves agree at the top of tidal flat areas (see bed level>MSL+1m)
which appear to have increased compared to the situation on the 1975
Data-1990 (b), Predicted-1990 (M1-single) (c) and Predicted-1990 (M2-multiple) (d).
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Fig. 12. Measured and model predicted erosion/sedimentation pattern from 1975 to 1990 in the Ley Bay area; Data (a), M1 (single) (b) and M2 (multiple) (c).

Fig. 13. Comparison of model results with the BSS of Sutherland et al. (2004); Phase (a), Amplitude (b), Mean value (c) and BSS (d) under M1 and M2 models.
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measured bed. These hypsometry curves indicate strong sediment im-
port into the Ley Bay under the case of M2 compared to that of the M1.
However, the sediment distribution inside the bay of the M2 model
weakly corresponds to that of the measured data (see around MSL).

The hypsometry showed the basin geometry of the final predicted
bed (i.e. model prediction in 1990). Further analysis is undertaken to
investigate the temporal evolution of the basin geometry in terms of
the channel and tidal flat evolutions.

4.3.4. Channels and tidal flats in the Ley Bay
Channel volume is the water volume in the bay below mean low

water (MLW) and the wet area at MLW is defined as the channel area
Fig. 14. Basin hypsometry of the Ley Bay area of the measured beds; 1975 (solid-thin-line) and
(seeVc andAc in Fig. 15). Volume of tidalflats is the shoal volume that ex-
ists between MLW and mean high water (MHW) levels in the bay and
the corresponding dry area is estimated as the tidal flat area (see Vf
and Af in Fig. 15). Accordingly, the channel parameters are based on
MLW only while the tidal flat parameters depend on the tidal range.

Fig. 16 shows the evolution of channel and tidal flat parameters of
the data and the model predictions. The Ley Bay area is characterised
by a small channel system and extensive tidal flat areas as described
in section 2.0. This is evident in Fig. 16 also by comparing y-axis of
flat area and channel area, flat volume and channel volume. Predicted
evolutions show crests and troughs in each parameter. These features
in morphological time scale correspond to spring- and neap-tide
1990 (dash-thick-line) andmodel predictions; M1 (solid-thick-line) and M2 (dotted-line).
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Fig. 15. Definition of channel volume (Vc), channel area (Ac), tidal flat volume (Vf) and tidal flat area (Af).
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respectively in case of the tidal flat evolution and vice versa of the
channel evolution during the hydrodynamic period of three months.
Predicted results at 1975 are slightly different to the data. This is
expected due to analysing the results after excluding the initial period
which was applied to stabilise the model. Evolution of these parameters
after 1984 shows the effect of the Leyhörn peninsula (i.e. solid-linewith-
out peninsula and dash-line with peninsula).

Both M1 and M2models predict more or less similar evolution of the
tidal flat area (Fig. 16a). However, the results of the M2 show lower flat
areas at troughs. This is an indication of different channel bank slopes of
the predicted beds during neap-tide (see Friedrichs et al., 1990). After
implementing the peninsula (dash-line), both models predict lower
areas compared to the situation without the peninsula (solid-line). This
is mainly due to excluding the area enclosed by the peninsula which con-
sists of shoal areas (see Fig. 11a). Both approaches resulted in almost sim-
ilar flat area on the 1990 bed and that slightly overestimates the data.
Evolution under the M2 model resulted in the highest tidal flat volume
(Fig. 16b). Similar behaviour is found after implementing the peninsula
also. In this case, the contrasting pattern of lower flat area (i.e. after imple-
menting the peninsula) and higher flat volume is related to the fact that
the area considers the aerial extent while the sediment amount is
Fig. 16. Evolution of basin parameters from 1975 to 1990 in Data (○), M1 (solid-thick-line
channel volume (d). Note: solid line without peninsula and dash line with peninsula.
estimated as the volume. Resulting flat volume under the M1 is lower
compared to that of theM2and it appears to resemblewith the 1990data.

At neap-tide, channel area is higher and it is similar under both
modelling approaches (see crests in Fig. 16c). This is due to the highest
MLW at this condition. Further, after implementing the peninsula, the
channel area decreases in both cases. This is again due to excluding the
area of the peninsula. The channel area also depends on the geometry
as discussed in Friedrichs et al. (1990). Predicted channel area on the
1990 bed under the M1 appears to correspond with the data than that
of the M2. In case of the channel volume, the M2 model predicts lower
channel volume which further decreases after implementing the penin-
sula (Fig. 16d). This indicates lowerwater volume in the bay underMLW
and in turn higher sediment import. In this case, the predicted channel
volume on the 1990 bed agrees with that of the 1990 data. On the
1990 bed, in contrast to the evolution of channel area, theM1model pre-
dicts higher channel volume (i.e. ~ 0.5 Mm3 higher than the data). This
also appends to the definition of area and volume.

Analysis on the tidal flat and channel evolutions provided an overall
estimation of the channel/shoal pattern in the bay. However, these did
not provide an insight on the bed configurations (i.e. slope of the channel
banks, width and depth of the channels, extent of shoals etc.) under the
) and M2 (solid-thin-line) models; flat area (a), flat volume (b), channel area (c) and
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Fig. 17. Predicted channel evolutions; M1 (solid-thick-line), M2 (dotted-line) with the measured data; 1975 (solid-thin-line), 1990 (dash-thin-line) at Cross-section A (a), B (b),
C (c) and D (d).
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model predictions and data. Therefore, a few cross-sectional evolutions
are compared to investigate the latter aspects.

4.3.5. Cross-sectional evolution of basin channels
Evolution of a few channel cross-sections (i.e. A, B, C and D, see Fig. 1)

was undertaken to further compare and contrast the model predictions
with the data. Cross-section A is in the main channel Norderley (maxi-
mum depth~6 m) and it is located just outside of the bay. Cross-
section B is in the bay entrance channel Leysander Priel (maximum
depth~3 m). The other two cross-sections are located at the distal
parts of the bay channels, Greetsieler Wattfahrwasser (C, maximum
depth~1.5 m) and Norder Außentief (D, maximum depth~0.5 m).
These cross-sectional depths strongly decrease from A to D.

Fig. 17 shows the cross-sectional evolution of the model predictions
in comparison to the data in 1975 and 1990. At the cross-section A, the
M1 model predicts widening while maintaining the initial depth. The
M2 model tends to reproduce the channel as present in the data. Both
model results agree with the shoal areas on the right and underestimate
the shoal areas on the left (i.e. adjacent to the peninsula). At the cross-
section B, both models predict evolution towards the data. The shoal
area on the left agrees with the data under the M2 model. Therefore,
theM2model generally shows good agreement with the data compared
to the M1 model. At the cross-section C, the evolution of both models
weakly resembles the data. However, the predicted cross-section under
the M2 appears to resemble with data in respect of the shoal areas on
the right. In this case also, data indicate rightward orientation of the
cross-sectional growth. Evolution of the cross-section D shows contrast-
ing behaviour in comparison to the other sections. Depth of the predicted
sections increases while data indicate decreasing. The shoal areas on the
Table 5
Maximum depth, Lateral displacement and Area of the cross-sections A, B, C and D (see Fig

Parameter Maximum depth (m) Lateral

Cross-section 1975 1990 M1 M2 1990

A -5.9 -4.0 -5.9 -4.2 58
B -2.9 -2.0 -2.3 -2.1 234
C -1.6 0 -1.7 -1.4 166
D -0.5 0 -1.4 -1.4 -33
right agree with the data under both models though it appears to have
been overestimated on the left under the M2 model.

Further analysis of these cross-sectional evolutions was undertaken
considering, 1) Maximum depth (m), 2) Lateral displacement (m) and
3) Area (103 m2). Maximum depth indicates the deepest point of the
cross-sectional profile. Lateral displacement was estimated with respect
to the 1975 bed and the rightward displacements are given in positive
values. Cross-sectional area was computed below mean sea level
(MSL). For example, if the cross-section is located above MSL, corre-
sponding area is zero.

Table 5 shows the estimated values of these parameters. As discussed
earlier, strong sedimentation of the Ley Bay area is evident by comparing
themaximumdepth and area of the cross-sections on the 1975 and 1990
beds. Estimated values of the M2model show relatively high agreement
with the data rather than that of theM1model. Bothmodels have repro-
duced the lateral displacement at cross-section A while the major differ-
ence between the data and the model predictions is obtained at cross-
sections B and C. This indicates that additional processes which are not
applied in the models, govern the morphology around the cross-
sections B and C. A likely explanation is found in the dredging and dump-
ingwork from 1975 to 1990 (see section 3.2.5) whichmay have resulted
in the rightward displacement of these two sections.

The predicted bed evolutions show some deviations from the mea-
sured data. These are likely related to the omission of wave boundary
forcing, dredging/dumping activities and to schematised sediment char-
acteristics. Only the effect of the sediment characteristics is further inves-
tigated in this study by applying different initial sediment distributions.
On-going study focuses on the impact of dredging/dumping activities
and wave effects on the Ley Bay evolution.
ure ) on measured data (1975 and 1990) and model predictions (M1 and M2).

displacement (m) Area (103 m2)

M1 M2 1975 1990 M1 M2

58 58 3.33 2.94 3.67 3.35
132 166 0.99 0.78 1.21 1.14
-16 -16 0.24 0 0.25 0.19
0 0 0.03 0 0.08 0.07
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Fig. 18. Evolution of averaged mass fraction per day; Mud (solid-line), Fine-sand
(dash-line) and Coarse-sand (dotted-line). Vertical lines (t=0, 20, 50 and 90) indicate
selected sediment maps for the morphological runs.

26 D.M.P.K. Dissanayake et al. / Coastal Engineering 67 (2012) 14–28
4.3.6. Applying initially distributed sediment fractions
Initially distributed sediment maps were developed by simulating

the M2 model to allocate the sediment distribution without bed level
changing (see Van der Wegen, 2010). Sediment distribution of the top
layer was used as an indication to estimate whether it has reached a sta-
ble state. The averagedmass fraction per day of each sediment fraction at
the top layerwas computed in the Ley Bay area (Fig. 18). Initially, all sed-
iment fractions showstrong evolution; this tends to decrease as the grain
size increases. Thus, the lower the grain size the faster the sediment com-
position reaches a stable condition. Such phenomenon is expected due to
the highest mobility of the smallest particles (i.e. mud fraction).
Fig. 19. Distribution of sediment fractions at the top layer; a) Mud, b) Fine-sand and c) Co
Fig. 19 shows the distribution of sediment fractions at the top
layer for three model predicted sediment maps (t=20, 50 and
90 days in Fig. 18). As the time increases, the mud fraction has con-
centrated towards the borders of the bay and the distal parts of the
channels. In the mean time, the fine sand fraction has escaped from
the channel bed and the presence of the coarse sand fraction in the
channels has increased.

Resulting bed evolutions from 1975 to 1990 applying these three
sediment maps (Fig. 19) were compared with that of the M2 model
and the measured data.

For the reason clarity, analysis of the cross-sectional evolutions is
limited to t=0, 20 and 50 cases and the data in 1975 and 1990
(Fig. 20). At the cross-section A, application of t=0 and 20 sediment
maps shows comparable evolution as in the data while t=50 case
implies the highest difference. Similar observation is apparent at the
cross-section B also though the t=20 case indicates slightly lower
sediment import into the bay than that of t=0. At the cross-section
C, the predicted evolution in all cases is similar to that of the 1975
data indicating that the models have underestimated sediment sup-
ply into this area. Application of the initially distributed sediment
fractions shows a significant improvement at the cross-section D
(Fig. 20d). As discussed earlier, the M2 model (t=0) resulted in
deepening this area rather than the initial state (i.e. 1975 bed). In
contrast, the models applying the initially distributed sediment frac-
tions predict that this channel section remains unchanged (i.e. similar
to 1975 bed) and the surrounding shoal areas better agree with the
1990 data. Accordingly, the cross-sectional evolutions suggest the op-
timal bed evolution in the Ley Bay under the t=20 case. Therefore,
application of the initially distributed sediment fractions (at t=20)
is able to sufficiently reproduce the effect of the Leyhörn peninsula
arse-sand at t=20, 50 and 90 days of initially distributed sediment maps from Figure.

image of Fig.�18
image of Fig.�19


Fig. 20. Cross-sectional evolution with data; 1975 bed (solid-thin-line), 1990 bed (dash-thin-line) andmodel predictions; M2 (initial sediment map at t=0 from Figure , solid-thick-line),
applying initially distributed sediment maps (t=20, dotted-line and t=50, solid-cross-line from Figure ).
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on the Ley Bay morphology in comparison to the other bed sediment
compositions.
5. Conclusions

Potential physical impacts of an anthropogenic effect on a tidal basin
evolution are investigated using the state-of-the-art Delft3D numerical
model. Study area is based on the Ley Bay in the East Frisian Wadden
Sea. The model simulations span 15 years (from 1975 to 1990) and are
only driven by tidal boundary forcings, while using different bed sedi-
ment compositions, viz. a single sediment fraction (M1: d50=0.2 mm)
and multiple sediment fractions (M2: mud (≤ 0.063), fine-sand (0.25)
and coarse-sand (0.60)). Additional simulationswere undertaken apply-
ing an initially distributed sediment content which is derived based on
the multiple fractions.

Predicted water levels in the Ley Bay area showed reasonable agree-
ment with the monthly averaged data in 1975 (i.e. agreement at HW is
higher than LW). It is generally accepted that themodels have difficulties
representing LW in theWadden Sea area due to the extensive tidal flats.
Simulated hydrodynamic patterns on the 1975 and 1990 beds showed
the impact of the Leyhörn viz. strong contraction of velocities at the
Ley Bay entrance, strong velocities along the easterly directed basin
channel (i.e. Norder Außentief), and weak velocities at the west of the
peninsula. The optimal values of the cohesive-sediment parameters
were selected to obtain strong sedimentation in the Ley Bay as found
with the data. Sedimentation and erosion patterns indicate the highest
sediment import into the Ley Bay area under the M2 model. The pre-
dicted evolution after 15 years of this model can be classified as ‘Good’
according to the BSS criterion of Sutherland et al. (2004). Evolution of
the basin elements (i.e. channels and tidalflats) of theM2model showed
better agreement with the data rather than M1. These evolutions indi-
cate the effect of the peninsula; strong reduction of basin elements im-
mediately after implementing the peninsula, later strong growth of
tidal flats and decreased channels due to increased sediment import.
Cross-sectional evolutions further showed increased sediment import
into the bay and a better agreement with the data in the case of the
M2. Under the application of initially distributed sediment fractions, a
significant improvement of the predicted evolution was observed at
the shallowest cross-section in comparison to the M2 simulation. These
results suggest that applying an initially distributed sediment content,
which is stable with the boundary conditions, largely reproduces the
peninsula effect on the Ley Bay morphology.

Resulting evolutions indicate that it is necessary to include other
effects such as wave input and dredging/dumping activities. On-
going study investigates these aspects and that will be discussed in
a separate manuscript.
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