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Abstract An unstructured-grid model (FVCOM) coupled
to a surface wave model (FVCOM-SWAVE) with two dif-
ferent setups is used to investigate the hydrodynamic and
wave energy conditions during a moderate wind and a storm
situation in the southern North Sea. One setup covers the
whole North Sea with moderately increased grid resolution
at the coast, whereas the other is a very high-resolution
Wadden Sea setup that is one-way coupled to the coarser
North Sea model. The results of both model setups are vali-
dated, compared to each other and analysed with a focus on
longshore currents and wave energy. The numerical results
show that during storm conditions, strong wave-induced
longshore currents occur in front of the East Frisian Wad-
den Sea islands with current speeds up to 1 m/s. The model
setup with the higher resolution around the islands shows
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even stronger currents than the coarser setup. The wave-
current interaction also influences the surface elevation by
raising the water level in the tidal basins. The calculated
wave energies show large differences between moderate
wind and storm conditions with time-averaged values up to
200 kW/m.
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1 Introduction

The German coast, located in the area of the southern part
of the North Sea, has been exposed to storm surges and
resultant floodings for hundreds of years. Hence, people liv-
ing close to the coast tried to adapt themselves and their
environment to prevent damage caused by extreme storm
conditions and extreme sea levels. The latter can be caused
by high astronomical tides, storm surges, locally wind-
generated gravity waves (wind sea), swell or a changing sea
level (see Weisse et al. 2012).

The barrier island system of the Dutch and German Wad-
den Sea and its various tidal inlets have been subject to
many studies focusing on different features of this unique
coastal system. Dastgheib et al. (2008), Dissanayake et al.
(2009), Van der Wegen et al. (2010) and Yu et al. (2012)
used models to investigate aspects of the long-term mor-
phological evolution of tidal inlet areas. In the East Frisian
Wadden Sea, Stanev et al. (2003a, b, 2007b, 2008) and
Staneva et al. (2009) used numerical modelling tools and
observational data to describe different physical aspects
of the hydrodynamics in this area. Stanev et al. (2006,
2007a) investigated driving factors of sediment dynamics,
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and Lettmann et al. (2009) focused on the response
of sediment dynamics for different scenarios including
storm conditions using numerical modelling. Reuter et al.
(2009) and Bartholomi et al. (2009) used observational
results to investigate similar aspects. Most of these papers
conclude that the East Frisian Wadden Sea inlets are ebb-
dominated.

This paper focuses on the impact of wave energy gen-
erated by wind on the currents in the area of the East
Frisian Wadden Sea. A similar study for the area around the
North Frisian Wadden Sea island of Sylt was conducted by
Pleskachevsky et al. (2009).

Spectral wave models like WAM (WAMDI group 1988),
TOMAWAC (Benoit 1996), SWAN (Booijj et al. 1999) and
WW3 (Tolman 2009) have matured over the last 20 years to
a state capable of predicting the relevant wave parameters
with a high degree of accuracy and are widely used even
in coastal areas. Recently, the spectral wind wave model
SWAN has been improved during a 5-year research program
and the resulting statistical error parameters are considered
small enough to determine reliable normative wave condi-
tions in the Dutch Wadden Sea (see Van der Westhuysen
et al. 2012). The coupling to ocean circulation models
resulted in an ongoing effort on new theoretical approaches,
numerical techniques and parameterizations (Roland and
Ardhuin 2014). Gravity waves not only propagate on the
surface of the ocean, they also have a profound effect
on the currents in the ocean itself, especially in coastal
areas.

The presence of surface waves in the shallow coastal
ocean introduces an additional flux of momentum, the radi-
ation stress (Longuet-Higgins and Stewart 1962, 1964),
and its gradients can lead to changes in the mean water
level known as wave setup or wave set-down. These wave-
induced forces also lead to cross- and longshore cur-
rents, the latter being especially pronounced when waves
approach the coast at a moderate angle.

The effects of wave-current interactions caused by radi-
ation stresses (in a vertically averaged sense) have been
subject to various studies (see, e.g. Longuet-Higgins 1970;
Thornton and Guza 1986; Osuna and Monbaliu 2004;
Pleskachevsky et al. 2009). Longuet-Higgins (1970) and
Thornton and Guza (1986) derived equations for the magni-
tude of the wave-induced longshore current. Pleskachevsky
et al. (2009) investigated the impact of a storm surge
on the North Frisian island of Sylt by estimating the
wave energy flux and the effects of wave-current inter-
actions. Using a two-way-coupled modelling system, they
found wave-induced currents of up to 1 m/s and maximum
wave energy fluxes of about 160 kW/m in their area of
interest. Osuna and Monbaliu (2004) investigated various
aspects of wave-current interactions with a focus on the
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Belgian coast while Bolanos et al. (2008) and Brown et al.
(2011, 2013) used a coupled modelling system based on
the radiation stress formulation to evaluate the interaction
effects in the area of the NW Mediterranean.

As wave effects are introduced into the system at the
ocean surface, it is obvious that there is a vertical pro-
file attached to the radiation stresses which will, amongst
others, be important for sediment dynamics. Earlier stud-
ies of the three-dimensional distribution of the radiation
stresses are based on a series of theoretical papers by
Mellor (2003, 2005, 2008), which were derived correctly
for flat bottom situations and therefore give consistent (ver-
tically integrated) results to the theory of Longuet-Higgins
and Stewart (Aiki and Greatbatch 2013). The applicability
of Mellor’s set of equations in situations with sloping bot-
tom has been questioned by Ardhuin et al. (2008a, b) and
Bennis and Ardhuin (2011) who suggested to use wave-
averaged momentum equations derived from the three-
dimensional Lagrangian mean framework of Andrews and
Mclntyre (1978) which include the so-called vortex force.

The effects of the two different approaches utilising
the vortex force (see Ardhuin et al. 2008b) and the radi-
ation stress (see Mellor 2008, 2011a, b) are compared
by Moghimi et al. (2013). The implementations of both
approaches were validated using flume experiments. By
evaluating a realistic beach scenario, they found that the
radiation stress formulation showed unrealistic offshore-
directed transport in the wave-shoaling regions and close
to steep bathymetry. On the other hand, the results for the
longshore-directed transport are similar for both formula-
tions. Brown et al. (2011) also questioned the reliability of
the methods presented by Mellor (2003, 2008). Here, the
authors connect inconsistencies to calculate the vertical flux
within these methods to inaccuracies in the timing of the
surge prediction.

In a recent series of papers, Aiki and Greatbatch (2012,
2013, 2014) have related the two seemingly different theo-
ries using a thickness-weighted-mean approach in a vertical
Lagrangian and horizontal Eulerian sense. To the authors’
knowledge, this new set of equations has not yet been
used in coastal ocean numerical models. Because Aiki
and Greatbatch (2013) stated that the radiation stress for-
mulation of Mellor (2008) is applicable for small bottom
slopes and Moghimi et al. (2013) found similar results
of both methods at least for longshore currents, we con-
centrate in this paper on a discussion of the longshore
currents.

An application of an unstructured-grid model that is two-
way-coupled to a surface wave model with a high resolution
of up to 50 m along the East Frisian barrier island chain
to investigate the wave-induced longshore currents, and the
energy flux along the coast has not been the focus of a study
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yet. In this contribution, the three-dimensional, unstructured
grid modelling system FVCOM (see Chen et al. 2003; Qi
et al. 2009), which is a ‘combination’ of the hydrodynamic
model FVCOM and the wave model FVCOM-SWAVE, is
used. This modelling system is applied to the North Sea
and the East Frisian barrier island coast using two setups
(one covering the whole North Sea and one covering only
the East Frisian Wadden Sea) with a higher resolution in
regions of interest and with a reduced resolution towards
the open North Sea. FVCOM utilises the radiation stress
formulation to describe the coupling procedure between the
hydrodynamic model and the wave model. The Wadden Sea
setup with the high resolution of up to 50 m is one-way cou-
pled to the coarser North Sea model. For an overview of
other approaches to unstructured grid modelling, we refer to
Timmermann et al. (2009).

The study presented in this contribution aims to (i) test
and discuss the usage and reliability of an unstructured-grid
ocean model in the North Sea and the East Frisian Wadden
Sea; (ii) compare the results given by a coarse North Sea
model and a highly resolved Wadden Sea model; and (iii)
discuss the effects of the wave-current interaction and the
wave energy input at the East Frisian Wadden Sea coast for
moderate wind and storm conditions.

Fig. 1 Area of interest
including the North Sea and the
German Bight. The two gray
shaded areas depict the
coverage of the North Sea and
the high-resolution Wadden Sea
model. The Wadden Sea model
is one-way coupled to the North
Sea model. A zoom into the area
of the East Frisian Wadden Sea
can be seen in the lower right
corner. The magenta-coloured
triangle shows the position of
the FINO I pile station and the
green triangle the position of the
ICBM pile station. The numbers
indicate the main islands of the
East Frisian Wadden Sea: 1
Borkum, 2 Juist, 3 Norderney, 4
Baltrum, 5 Langeoog, 6
Spiekeroog, 7 Wangerooge
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2 Study site

The study site is located in the southern part of the North
Sea and includes the west-east oriented barrier island chain
along the northwestern coast of Germany (see Figs. 1 and
2). The area is characterized by several tidal basins, tidal
flats and tidal inlets connected to the open North Sea. A
tidal amplitude of 1.5 m is reached during spring tides
and of 1.0 m during neap tides (see Lettmann et al. 2009)
and thus the area can be identified as a mesotidal zone
(see Flemming and Bartholoma 1997; Stanev et al. 2003b).
The current velocity can reach a maximum of 1.5 m/s in
the channels (see Santamarina Cuneo and Flemming 2000)
and 0.35 m/s on the tidal flats (see Flemming and Dela-
fontaine 1994). Krogel and Flemming (1998) summarise
that the energy flux in the tidal catchment is controlled by
the tidal currents, waves generated in the tidal basins and
swells entering the inlet from the open North Sea. Most of
the energy transported by the swells is dissipated over the
ebb deltas and only about 10 % of the energy penetrates
the inlets.

The southern North Sea region is located in an inter-
mediate zone between the Iceland low-pressure and the
Azores high-pressure system and was dominated in 2005 by
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Fig. 2 Bathymetry of a part of
the East Frisian Wadden Sea in
the area of the islands Langeoog

o
w
o

and Spiekeroog incorporating g'

several tidal flats and basins (see :',’

also Fig. 1) B.53.75
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7.3 7.4

westerly winds (occurrence about 72 %) blowing from NW
and W, in each case accounting for 36 % over the year (see
Loewe 2009).

Figure 3 shows the joint distribution of the significant
wave height and the peak period at the FINO I pile sta-
tion (see Fig. 1) located close to the East Frisian Wadden
Sea (data provided by the BSH, Federal Maritime and
Hydrographic Agency of Germany). The figure displays
the presence of wind-sea and swell-dominated sea states,
with a dominant significant wave height of about 1.7 m
and an associated peak period of about 6 s at the FINO I
pile station. The joint distribution of the significant wave
height and the wave direction (not shown) results in domi-
nant waves propagating from the W-NW, with wave heights
around 0.5 m.

At the pile station, operated by the Institute for Chem-
istry and Biology of the Marine Environment (ICBM) at the
University of Oldenburg (see Figs. 1 and 4), the mean sig-
nificant wave height was only about 0.36 m during Dec.
2006 until June 2007. This confirms that the wave energy

Fig. 3 Joint distribution of

significant wave heights and 7
peak periods at the FINO I wave

buoy. The data was observed

between December 2007 and 6
June 2008
5
E 4
=
3
2
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reaching the mainland coast is substantially reduced along
the barrier island chain (see also Lettmann et al. 2009).

3 Model
3.1 Model description

The computations were performed with the modelling sys-
tem FVCOM, version 3.1.4. The Fortran-based FVCOM is
a prognostic, unstructured-grid, finite-volume, free-surface,
3D primitive equations ocean model that was originally
developed by Chen et al. (2003). The model solves the inte-
gral form of the governing equations for momentum, con-
tinuity, temperature, salinity and density by calculating the
fluxes over a triangular mesh composed of non-overlapping
horizontal control volumes using spherical coordinates (see
manual provided by Chen et al. 2006). This can be done
either in a 2D-mode with vertically integrated equations
or in a 3D-mode. Tracers such as temperature, salinity or

25

[6)]
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r10.5
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Fig. 4 Tidal channel between

the barrier islands Langeoog and
Spiekeroog. Here, the resolution
of the mesh is increased to 50 m

Langeoog

Latitude

surface elevation are calculated on each node of the unstruc-
tured triangles, while the velocities are calculated at the
center of a triangle by the net flux through the three sides of
that triangle.

The governing equations used by FVCOM are sum-
marised by Wu et al. (2011) and were derived by Mellor
(2003, 2005, 2008). The modified Mellor and Yamada level
2.5 (MY-2.5) and Smagorinsky turbulent closure schemes
are used as default setups for vertical and horizontal mixing,
respectively (see Mellor and Yamada 1982; Smagorinsky
1963; Wu et al. 2011). Syx, Syy, Sxy and Sy, are the radi-
ation stress terms that describe the wave-current interaction
and are defined by Mellor (2008) as

Sxx = kE (llﬁ FesFee — FSCFSS> +Ep ey
K2
Syy = kE k; FesFee — FscFss |+ Ep 2
keky
Sxy = Syx =kE 2 FesFec 3)

with the wave energy E (see Mellor 2008; Wu et al. 2011)

E=l¢a?= " om? 0))
= a” =

8 1 68 s
that can be seen as the sum of the kinetic and the potential
wave energies (see Mellor 2003) and
A+

ED=Oifz75ﬁand/ Epdz = E/2. 5)

—h

Here, x and y are the Cartesian east- and northward direc-
tions, respectively, ky, k, and k are the x- and y-directed
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wave numbers and the absolute wave number, respectively,
g is the gravitational acceleration, a is the wave amplitude,
H; is the significant wave height, 7 is the mean surface
elevation and 7 is the surface elevation caused by the wind-
generated waves. The terms Fss, Fsc, Fcs and Fcc are
defined as follows (see Mellor 2008):

sinh k h
Fss = . ;12IS€£ h) ©)
sin zZ+
Fsc = io}j}(l D h) (7
cos
Fes = ;u;:fi; h) ®)
ce= Coscoslf§c$ : ©)

The effect of the radiation stress in water waves was first
described by Longuet-Higgins and Stewart (1962, 1964)
and is calculated as the phase-averaged depth-integrated
flux of horizontal momentum caused by a harmonic one-
directional wave traveling in the x-direction (see also
Longuet-Higgins 1970):

¢ 0
Srx =/ (p—l—pu)%)dz—/ podz

—h —h

E 2kh + : (10)
sinh2kh = 2

Here, D, ¢, h, p, po, p and u, are the total water
depth, surface elevation, depth, wave-induced pressure,
hydrostatic pressure, water density and particle velocity
in the x-direction, respectively. The term ,ou)% describes
the transport of momentum at a rate u, per unit time.
This net wave-induced momentum flux acts as a 2D stress
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tensor (see also Moghimi et al. 2013) and the gradients in
these stresses act as current-generating forces (e.g. in the
x-direction, see Holthuijsen 2007):

a as
F, = — Sxx . Xy (11)
ox dy

This effect is especially obvious inside the surf zone.

The set of equations by Mellor (2008) presented above
utilises a depth-dependent radiation stress tensor which can
be incorporated in ocean models coupled to wave mod-
els. The radiation stress formulation is based on the total
mean (Lagrangian) velocity, while Ardhuin et al. (2008b)
deal with equations for the current (Eulerian) velocity (see
Mellor 2013). Moghimi et al. (2013) reported unrealistic
offshore-directed transport for the radiation stress method
in regions characterized by rather steep slopes, and Mel-
lor (2013) presents an estimate to test whether linear wave
relations (as assumed on the basis of the wave radiation
stress derivation) are appropriate in the presence of a slop-
ing bottom. This method is used in Section 6 to test wether
the results calculated with the radiation stress method are
realistic or not.

In order to provide an adequate representation of an irreg-
ular topography vertically, a o-coordinate system is used.
The vertical velocity is placed at the surface of the o-layer,
while all other variables are calculated at the mid-level of
a layer. FVCOM allows the user to use either uniform or
non-uniform o -layers.

The salinity and the temperature were set to a constant
value of 35 PSU and 10 °C, respectively. This choice might
be justified by the fact that during the investigated period in
autumn, density gradients in the Wadden Sea show a sea-
sonal minimum (see Wang et al. 2012). The default values
for bottom friction and vertical and horizontal mixing were
applied.

The 2D third-generation structured-grid surface wave
model SWAN (see Booij et al. 1999) was modified by
implementing finite-volume algorithms and adding these to
the original source code of FVCOM as an unstructured-
grid finite-volume version named FVCOM-SWAVE solving
the action balance equation (see Qi et al. 2009) for the use
in coastal ocean regions with a complex irregular geome-
try. Second-order upwind-schemes are used in geographical
space. The processes of wave growth, quadruplet and triad
wave interactions, white capping, wave breaking and bot-
tom friction are included as sink-source terms as also done
in the SWAN model and were activated during the coupled
model runs. The default conditions for wave energy input
and dissipation and for wave propagation were applied.
This modelling system can be applied to investigate the
influence of wave energy generated by wind along the
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coast and the resulting wave-induced currents. It should be
mentioned that an unstructured-grid version is also available
within the SWAN modelling system (see Zijlema 2010).
In contrast to the second-order schemes used by FVCOM-
SWAVE, first-order implicit Euler schemes in geographi-
cal space are adopted to achieve a robust implementation.
Zijlema (2010) mentions that the wave action is dictated by
source terms and the changes of the energy field in geo-
graphical space are relatively weak. Thus, a certain amount
of numerical diffusion due to the lower order scheme
could be safely tolerated in the numerical scheme for geo-
graphic propagation, as its impact on wave parameters
is negligible.

3.2 Model topography and surface wind and pressure
forcing

The digital topography of the East Frisian Wadden Sea
is a combination of high-resolution data provided by the
BSH and the NLWKN (Niedersichsischer Landesbetrieb
fiir Wasserwirtschaft, Kiisten- und Naturschutz). The topog-
raphy data for the deeper North Sea were taken from the
ETOPO2 (US Department of Commerce, National Oceanic
and Atmospheric Administration, National Geophysical
Data Center, 2006. 2-minute Gridded Global Relief Data
(ETOPO2v2)) data set (see Lettmann et al. 2009).

The coastline was extracted from the commercial soft-
ware Cruising Navigator distributed by Maptech Inc. and
combined with the extracted coastline from the NOAA
National Geophysical Data Center (WVS) (ngdc.noaa.gov/
mgg/shorelines). The wind and pressure data was provided
by the DWD (German Weather Service) with a temporal
resolution of 1 h in 2006 and 2 h in 2007.

3.3 Mesh generation

FVCOM does not include a mesh generating system, and a
freely available finite element mesh generator called GMSH
was therefore used (see Geuzaine and Remacle, 2009). With
this tool, the resolution of the mesh can be increased in
areas of interest. For this study, the mesh resolution was
increased in the area of the tidal inlets between the bar-
rier islands because of the high current velocities known to
occur there.

Before a mesh can be generated, a coastline and topog-
raphy dataset has to be provided by the user. The generated
mesh was improved with respect to some empirical qual-
ity criteria. The following criteria were applied (see manual
given by Chen et al. 2006):

1. The minimum interior angle must be greater than 30°.
2. The maximum interior angle must be less than 130°.
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3. The area change of adjacent triangles must be less than
a factor of 2.

Figure 4 shows a section of the mesh used for the investiga-
tions carried out in this study.

The resolution of the coastline and inside the model area
close to the area of interest is 120 m. It is reduced to 300 and
500 m in an intermediate zone and finally to 2000 m in the
region close to the boundary of the model. In the tidal chan-
nels, the resolution is 50 m in order to sufficiently resolve
higher dynamics (see Fig. 4).

This mesh is one-way coupled to the North Sea Model,
which has also been generated with GMSH. This model has
a resolution of 500 m in the area of the East Frisian Wad-
den Sea and a reduced resolution down to 6000 m in deeper
areas.

Due to the different maximum resolutions, different time
steps for the two model setups were applied. FVCOM-
SWAVE was used in a non-stationary mode with a time
step of 300 s for the North Sea model and a time step of
10 s for the Wadden Sea model. For the hydrodynamic part
of FVCOM, a time step of 10 s for the North Sea model
and a time step of 2 s for the Wadden Sea model were
used.

The computations were performed on the -cluster
of the North-German Supercomputing Alliance (Nord-
deutscher Verbund zur Forderung des Hoch- und Hochst-
leistungsrechnens—HLRN) and the cluster High-End Com-
puting Resource Oldenburg (HERO), funded by the
Deutsche Forschungsgemeinschaft (DFG) and the Ministry

Fig. 5 Observed and modelled
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of Science and Culture (MWK) of the State of Lower
Saxony, Germany.

3.4 Surface and wave forcing at the open boundaries

The modelling system FVCOM-SWAVE allows the model
to be forced at the open boundary using a predetermined sur-
face elevation and/or wave conditions. For the surface ele-
vation at the three open boundaries (see Fig. 1) of the North
Sea model, the output of the global tide model FES2004
(Finite Element Solution 2004) was used. FES2004 was
produced by Legos and CLS Space Oceanography Divi-
sion and distributed by Aviso, with support from CNES
(www.aviso.oceanobs.com) (see Lyard et al. 2006). The
surface elevation is affected by the inverse barometer effect,
such that a change of 1 hPa will result in a change of 1 cm
in surface elevation. This correction was applied in order to
add surge levels to the tidal levels in the FES2004 output
data over the whole hindcast periods using the pressure data
that was extracted from the DWD dataset and interpolated
on the boundary nodes of the unstructured grid of the North
Sea model setup.

Parametric sea state variables provided by the global
wave model WW3 (in 2006 see Chawla et al. (2012) and in
2007 see Rascle and Ardhuin (2013)) were used as the wave
boundary conditions over the two hindcast periods for the
North Sea setup. The Wadden Sea model is one-way nested
in the North Sea model, thus providing the surface eleva-
tion and wave conditions for the open boundary forcing of
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the highly resolved model. The peak period at the bound-
ary had to be smoothed to guarantee a stable model run. In
FVCOM version 3.1.4, it is only possible to force the model
using variables such as the significant wave height, the peak
period and the wave direction. Therefore, these variables
and not the 2D wave spectrum are used as model forcing
parameters.

4 Validation and comparison of the model results

For model validation purposes, two time periods in 2006
and 2007 were analysed for the North Sea and the Wad-
den Sea model. In 2006, a major storm event called
Britta occurred in the North Sea and is used to test
the ability of the model setups to reproduce reliable
results during an extreme event. During the 2007 period,
moderate atmospheric conditions prevailed over the south-
ern North Sea.

Figure 5 shows the calculated and observed signifi-
cant wave height, peak period and wave direction, whereas
in Fig. 6, the surface elevation in Oct./Nov. 2006 and
Oct. 2007 at the FINO I pile station and ICBM pile sta-
tion (see Fig. 1) are shown. The mean significant wave
height during the period in 2007 was around 3 m, but dur-
ing the storm event in 2006, the significant wave height
increased to > 9 m. For this latter event, the model repro-
duces the observed significant wave height, peak period
and wave direction reasonably well. It can also be seen
that in 2006 and 2007, the main wave directions were
N-NW, and that the main peak period was about 7 s

Fig. 6 Observed and modelled —_FVCOM
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in 2007, whereas it reached 14 s during the 2006 storm
event.

In 2007, the modelled results seem to reproduce the char-
acteristics of the observed surface elevation well with a good
agreement in the phase of the tidal signal. In 2006, the peak
of the surface elevation during the storm event is underesti-
mated by the model, but again the model and the observed
values are in phase most of the time.

In Fig. 7, the simulated velocities from the North Sea
model are compared with the observations obtained dur-
ing a ship cruise on a fixed position in October 2007. The
model underestimates the velocities during the ebb phase
and the process of the upcoming low tide takes longer
than during the measurement. Again, the modelled and
observed phases of the tidal signal match well. A verti-
cal velocity profile at the ICBM pile station (see Fig. 1)
can be seen in Fig. 8. The North Sea model clearly under-
estimates the current velocity, but the Wadden Sea model
shows good overall agreement with the observations. Obvi-
ously, some short-periodic oscillations in the data are either
noise or physical oscillations which the model does not
resolve.

5 Wave energy flux

Water particles do not travel with the speed of a propagat-
ing wave and stay close to their original position. Therefore,
almost no mass is transported by a traveling wave train.
However, energy is transferred by a wave in the direction
of propagation. In the region of the East Frisian Wadden

surface elevations at the FINO I [ — Data at FINO | Pile Station

and the ICBM pile station. The 1
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elevation calculated with the
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Fig. 7 Modelled (top panel)
and observed (bottom panel)
current velocities of the North
Sea model at a fixed position
between two barrier islands. The
measurements started at
00:00:00 UTC on 17.10.2007
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Sea, the chain of barrier islands acts like a natural protec-
tion of the German north-west coast and ‘absorbs’ most
of the energy. Here, the amount of wave energy or wave
energy flux is calculated to estimate the impact on the bar-
rier islands during a storm event and a time period without
significant storms.

The wave energy flux of one wave is defined as the prod-
uct of energy density and the group velocity of the waves
(see Cornett and Zhang, 2008). To take the whole wave train
into account, this product has to be integrated over all wave
frequencies and directions:

2 00
P = pg /0 /0 co (1) S (f. ©)dfd® (12)

Here, S (f, ®) is the 2D wave spectrum, cg (f, h) is the
group velocity, f is the wave frequency and ® the wave
direction. The group velocity of every single wave inside

o o o o o

Time [hours]

a wave train can be calculated as (see Cornett and Zhang
2008; Holthuijsen 2007)

2%D
, \/ 8 tanh kD (13)
sinh 2k D k

cg (fih) = ! |:1+

2
where kD can be estimated using an approximation given
by Fenton and McKee (1990) (see also Holthuijsen 2007).
Since the energy flux is not yet implemented in the output
of the model, an approximation of the wave energy flux per
unit wave crest length produced by a wave train of irregular
waves in any water depth can be estimated from the wave
energy (see Eq. 4), the peak wave period T}, and the local
water depth as

1 1
P~ H? ., D 14
16785 ¢ <erTp ) (14)

Fig. 8 Observed and modelled
current velocity at the ICBM
pile station between two barrier
islands starting on the
30.10.2006 and ending on the

02.11.2006. The top panel

o - =y
o o
Current velocity [m/s]
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i B
shows the observations, whereas E
the middle and lower panels 8
show the results of the North S
Sea and Wadden Sea models, g
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o

g0
®
[a)

10

5

0

30.10.

31.10.

01.11.
Time [days]

@ Springer



428

Fig. 9 Modelled mean wave
energy flux. The figure at the
top (North Sea model) shows the
mean wave energy flux in the
period from 16-20.10.2007. The
middle (North Sea model) and
bottom (Wadden Sea model)

Ocean Dynamics (2015) 65:419-434

figures depict the period from
30.10.-02.11.2006 and include
the storm surge Britta. The
arrows have been interpolated
onto an uniform grid and
normalised to 1

Lat [degree]

)
o
Wave energy flux [W/m]

where ¢, (aElTp’ D) is the group velocity of a wave with
a period of agT,. The parameter ag is a coefficient that
depends on the shape of the wave spectrum and shifts the
peak period to lower periods. If a sea state is dominated by
waves from a single source and the spectrum is uni-modal,
Cornett and Zhang (2008) suggest a value of o ~ 0.9,
which was also used here.

The resulting mean wave energy flux can be seen in Fig. 9
for the two different time periods in 2006 and 2007. In
2006, a mean wave energy of about 90 kW/m approaches
the coast. In 2007, less energy is transported by the waves,
but in all three cases, the barrier islands absorb most of the

wave energy. The influence of the ebb-tidal delta in front of
the inlet can also be identified.

Figure 10 shows the profile of the maximum daily
mean and the mean wave energy in the period from 30.10.
—02.11.2006 interpolated on a section in front of the coast
of a barrier island and along a tidal inlet (see Fig. 9). It
can be seen that the maximum daily mean wave energy flux
can reach up to 200 kW/m in front of the coast during the
storm event, a value quite similar to the 160 kW/m found
by Pleskachevsky et al. (2009). During the time before the
peak of the storm event, the significant wave height was
overestimated by the North Sea model (see Fig. 5). After

Fig. 10 Profile of the mean X 10°
wave energy flux calculated by 25 f !
the Wadden Sea model. The E L i
maximum daily mean (black =
line) and the mean wave energy |.T§_ 15
flux (blue line) in the period 3
from 30.10.-02.11.2006 are g 1L
shown. The upper plot depicts 5
the section in front of the barrier g 05
island Langeoog. The plot at the 0 | | | | |
bottom shows the wave energy 18000 16000 14000 12000 10000 8000 6000 4000 2000 0
flux along a tidal inlet. The
position of the sections are X 10° : :
indicated with dashed black T
lines in the bottom panel of Fig. S5
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Fig. 11 Depth-averaged current
velocity. The plot at the top
(North Sea model) shows the
depth-averaged current velocity
at 08:00:00 UTC on 18.10.2007.
The middle (North Sea model)
and bottom (Wadden Sea model)

plots represent the time slice at
01:00:00 UTC on 01.11.2006
during the storm surge Britta.
The arrows have been
interpolated onto an uniform
grid
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the storm event, the model results fail to reproduce some
secondary peaks and show a stronger decrease in significant
wave height than the observational data covering a longer
period compared to the results prior to the storm event.
Thus, the influence of the storm event on the averaged wave
energy flux might be underestimated and the real energy
flux might be even higher. During the moderate situation in
2007, a similar behaviour can be recognised. The quality of
the results in the area of the tidal basins strongly depends on
the bathymetric data. Intertidal channels might be missing
due to interpolation procedures, and this might decrease the
significant wave height and, consequently, the wave energy
flux in certain areas.

Fig. 12 Modelled difference in
depth-averaged current velocity
due to wave-current interaction.
The plot at the top (North Sea
model) shows the difference in
depth-averaged current velocity
at 08:00:00 UTC on 18.10.2007.

Lon [degree]

The wave energy flux begins to strongly decrease at
about 4 km offshore the barrier island Langeoog. Along
the tidal inlet, it decreases rapidly as the ebb-tidal delta is
crossed to a value of less than 10 % of the value in front
of the barrier islands as already pointed out by Krogel and
Flemming (1998).

6 Radiation stress effects
Higher waves will result in higher wave energy and thus

generate higher radiation stress gradients. When approach-
ing the coast this effect will contribute to increased current

The middle (North Sea model)
and bottom (Wadden Sea model)
plots represent the time slice at
01:00:00 UTC on 01.11.2006
during the storm surge Britta.
The depth-averaged current
velocity is calculated as the

Lat [degree]

difference of two model runs
with and without the wave
model coupled to the
hydrodynamic model. The
arrows have been interpolated
onto an uniform grid
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velocities in the coastal area. Especially during a storm
event, high waves occur and generate strong longshore cur-
rents (see Pleskachevsky et al. 2009). As mentioned above,
Mellor (2003) and Mellor (2008) derived a set of equations
that can be used as governing equations for an ocean model
such as FVCOM. In these equations, a coupling between
waves and currents is achieved by implementing the gra-
dients of radiation stresses as a force acting on the current
field. The effect of the current field on the wave is included
in the action balance equation. The depth-averaged Doppler
velocity is approximated from the current calculated with
input of the hydrodynamic and wave model as (see Mellor
2008 and Wu et al. 2011)

Uag = kD - (15)
f?l Uy [(FesFee + FssFsc) /2 + FesFssldo .

Here, o refers to a horizontal coordinate, U, is the velocity
of the ambient current and o is the o-coordinate.

The North Sea model setup and the Wadden Sea model
setup of FVCOM (one-way coupled to the North Sea model)
were used to calculate the wave-generated velocities along
the East Frisian Coast. In Fig. 11, the depth-averaged cur-
rent velocity during the storm surge event is shown. In
front of the barrier island Langeoog (see Fig. 1), the long-
shore currents reach values around 1.5 m/s and in the area
of the ebb-tidal deltas it increases to 2 m/s. The wave-
induced current velocity is calculated by the difference
between a model run with and without the wave model
coupled to the hydrodynamic model. In Fig. 12, it can be
seen that during the storm period in 2006, the strongest
purely wave-generated longshore currents reached values
up to around 0.7 m/s in the North Sea model and around
1.0 m/s in the Wadden Sea model. In conjunction with Fig.

Fig. 13 Cross-section of the
modelled difference of the u-
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11, this means that 50 % of the overall depth-averaged
current velocity of the longshore currents in front of the
barrier islands are generated by wave-current interactions.
During 2007, no significant storm surges occurred and the
highest longshore currents reached maximum values around
0.6 m/s.

As summarised above, the radiation stress method was
criticised in several papers. Offshore currents are suspected
to be overestimated by this method in the presence of steep
slopes. In Fig. 13, the vertical structure of the difference
of the u- and the v-component of the current between a
model run with and without waves coupled to the hydro-
dynamic model along a cross-section in front of the barrier
island Langeoog (cf. Fig. 9) can be seen. Offshore-directed
currents can be recognised here, but it is not clear if these
effects are caused by the implementation of the radiation
stress method. In Fig. 12, it can be seen that the longshore
current in front of the barrier islands is directed slightly off-
shore in a north-easterly direction. In fact, the currents fol-
low the structure of the bathymetry as is shown in Fig. 2. In
this region, a strong reduction of the significant wave height
occurs (see also Fig. 14) which is responsible for the initia-
tion of the longshore currents. Thus, the offshore direction
of the currents might be a consequence of the local structure
of the bathymetry and resulting effects of the wave-current
interactions.

It should be mentioned that in some regions, the long-
shore currents are underestimated by both formulations
(vortex force and radiation stress), as shown by Moghimi
et al. (2013). This means that the longshore currents pre-
sented here might be underestimated in certain regions. In
Fig. 13, it is also shown that the velocity of the long-
shore current induced by the waves reaches values up to
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Fig. 14 Significant wave height 8
(top panel) calculated by the E
Wadden Sea model at 01:00:00 — 6 €
UTC on 01.11.2006, during the 8 3
storm surge Britta and _§’ 4 ;
visualisation of the criterion 'g' g
(bottom panel) proposed by — 2 ¢
Mellor (2013). The position of -(%’
the cross-section in front of the o)
barrier island Langeoog is 73 74 75 76 77 78
shown in Fig. 9 Lon [degree]
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1 m/s during the storm event. This means the additional
current due to the waves is of about the same magnitude as
the ambient current, as also reported from the Catalan coast
(see Bolanos et al. 2008) and the North Frisian island Sylt
(see Pleskachevsky et al. 2009).

Mellor (2013) proposed a criterion to check if it is appro-
priate to use the radiation stress method in the presence of a
bottom slope. He states that the term [(d//dx)/ sinh kDJ?,
which includes the bottom slope, should be small and of the
order (ka)?. Assuming a Rayleigh wave height distribution
a = éH,mS can be calculated using the significant wave
height H; (see Holthuijsen 2007):

(16)

1
Hyps = 2\/2Hs

Fig. 15 Modelled overall

Distance from coast [m]

In Fig. 14, it is shown that along the cross-section in front
of the barrier island Langeoog (see Fig. 9), this criterion
is satisfied even close to the coast, where offshore directed
currents caused by the implementation of the radiation stress
method (see Fig. 13) might also occur. Only directly at the
coastline, the criterion is no longer satisfied, but this is neg-
ligible because the main dynamics occur far away from this
region (see Fig. 13).

The wave-current interactions also influence the sur-
face elevation in the East Frisian Wadden Sea area. Figure
15 shows the surface elevation during the storm surge
Britta and the residual currents in the period from 31.10.-
01.11.2006. The waves produce an increased surface eleva-
tion of around 0.3 m over most of the tidal flats. The overall

depth-averaged residual current o
and the difference in surface — 0.8 E
elevation due to wave-current g =
interaction (Wadden Sea model). 5 06 §
The upper panel shows the = 0.4 g
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interpolated onto an uniform 0
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maximum residual current during the storm event is around
1 m/s.

7 Summary

An unstructured-grid ocean model with a North Sea and
a Wadden Sea model setup has been tested and validated
for a storm and a moderate weather situation in 2006 and
2007, respectively. The Wadden Sea model is one-way cou-
pled to the North Sea model. The high-resolution Wadden
Sea model shows a better performance in predicting current
velocities compared to the coarser North Sea model, indi-
cating energy diffusion in the coarser model. However, the
North Sea model setup also reproduces the structure of the
wave-induced longshore currents. The Wadden Sea model
setup can be used for the investigation of small-scale pro-
cesses around the barrier island system of the East Frisian
Wadden Sea.

A first estimate of the wave-induced energy flux has been
calculated, showing a high energy flux under storm condi-
tions and the ability of the barrier island system to absorb
most of the energy, as previously postulated by Krogel and
Flemming (1998). Some of the energy also enters the inlet
and is dissipated while traveling through the channel, also
contributing erosion potential in this area.

Residual longshore currents that were expected to occur
under storm conditions could be reproduced by implement-
ing wave-current interaction mechanisms in the model. As
direct observations of longshore currents in this region
during storm events do not exist, these results are a first
approach to estimate the magnitude of this effect in the East
Frisian barrier island system. This effect may play a major
role in sediment transport and should be a focus of further
investigations in future studies. The method presented by
Mellor (2003, 2008), which was used to couple the surface
wave and the hydrodynamic model part, is still under dis-
cussion and further development. Thus, the wave-induced
longshore currents estimated by the model have to be tested
by future model runs implementing newer formulations of
the radiation stress or alternative approaches such as the
vortex force method. In Section 6, a criterion proposed by
Mellor (2013) was used to test whether the application of the
radiation stress method in this region will give reasonable
results.

Another subject of future work should be the realisa-
tion of long-term runs and the implementation of a variable
temperature and salinity distribution in the model setup.
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