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Abstract

This study addresses the impact of wind, waves, tidal forcing and baroclinicity on the sea level of
the German Bight during extremes storm events. The role of wave-induced processes, tides and
baroclinicity is quantified, and the results are compared with in situ measurements and satellite
data. A coupled high-resolution modelling system is used to simulate wind waves, the water
level and the three-dimensional hydrodynamics. The models used are the wave model WAM and
the circulation model GETM. The two-way coupling is performed via the OASIS3-MCT
coupler. The effects of wind waves on sea level variability are studied, accounting for wave-
dependent stress, wave-breaking parameterization and wave-induced effects on vertical mixing.
The analyses of the coupled model results reveal a closer match with observations than for the
stand-alone circulation model, especially during the extreme storm Xaver in December 2013.
The predicted surge of the coupled model is significantly enhanced during extreme storm events
when considering wave-current interaction processes. The wave-dependent approach yields a
contribution of more than 30% in some coastal areas during extreme storm events. The
contribution of a fully three-dimensional model compared with a two-dimensional barotropic
model showed up to 20% differences in the water level of the coastal areas of the German Bight
during Xaver. The improved skill resulting from the new developments justifies further use of

the coupled-wave and three-dimensional circulation models in coastal flooding predictions.
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1.

Introduction

A challenging topic in coastal flooding research is the accurate prediction of sea surface
elevation and wave heights. This is highly relevant over the European shelf, which is
characterized by vast near-coastal shallow areas and a large near-coastal urban population. The
increased demand to improve wave and storm predictions requires further development and
improved representation of the physical processes in ocean models. The wind-induced surface
stress over the ocean plays an important role in enhancing sea surface elevation (e.g., Flather,
2001). The importance of wind-wave—induced turbulence for the ocean surface layer was
demonstrated by Davies et al. (2000), and it was further demonstrated for the bottom layer by
Jones and Davies (1998) and for the wave-induced mixing by Babanin (2006) and Huang et al.
(2011). Craig and Banner (1994) and Mellor (2003) suggested that surface waves can enhance
mixing in the upper ocean. Qiao et al. (2004) developed a parameterization of wave-induced
mixing from the Reynolds stress induced by wave orbital motion and coupled this mixing with a
circulation model. They found that wave-induced mixing can greatly enhance vertical mixing in

the upper ocean.

Understanding the wave-current interaction processes is important for the coupling between the
ocean, atmosphere and waves in numerical models. Longuet-Higgins and Stewart (1964) showed
that wave-dissipation—induced gradients of radiation stress account for a transfer of wave
momentum to the water column, changing the mean water level. The effects of waves on the
lower marine atmospheric boundary layer have been demonstrated by a number of studies:
Janssen (2004), Donelan et al. (2012), Fan et al. (2009), and for the light wind regimes: Veiga
and Queiroz (2015); Sun et al., (2015). The effects of wave-current interactions caused by
radiation stress have also been addressed by Brown and Wolf (2009) and Wolf and Prandle
(1999). A different approach, i.e., the vortex force formulation, was used by Bennis and Ardhuin
(2011) and McWilliams et al. (2004), Kumar et al. (2012). The comparison of both methods by
Moghimi et al. (2013) showed that the results are similar for longshore circulations, but radiation
stress enhanced the offshore-directed transport in the wave shoaling regions. Many other studies
addressed the role of the interaction between wind waves and circulation in the model
simulations (Michaud et al., 2012, Barbariol et al. 2013; Brown et al., 2011; Katsafados et al.,
2016; Bolafios et al., 2011, 2014, Réhrs et al, 2014).
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Storm surges are meteorologically driven, typically by wind and atmospheric pressure. As shown
by Holleman and Stacey (2014), an increasing water level decreases the frictional effects in the
basin interior, which alters tidal amplification. Waves combined with higher water levels may
break dykes, cause flooding, destroy construction and erode coasts (Pullen et al., 2007). Waves
can also modify the sediment dynamics (Grashorn et al., 2015; Lettman et al., 2009).

The German Bight is dominated by strong north-westerly winds and high waves due to Northeast
Atlantic low-pressure systems (Rossiter, 1958; Fenoglio-Marc et al., 2015). Extra-tropical
cyclones in the area present a considerable hazard, especially in the shallow coastal Wadden Sea
areas (Jensen and Mueller-Navarra, 2008). Coastal flooding can be caused by the combined
effects of wind waves, high tides and storm surges in response to fluctuations in local and remote
winds and atmospheric pressure. The role of these processes can be assessed using high-
resolution coupled models. However, in the frame of forecasting and climate modelling studies,
the processes of wave and current interactions are not sufficiently exploited. In this study, we
address the wave-current interaction to assess the impact of waves on the sea level of the German
Bight during extremes. We quantify their individual and collective role and compare the model
results with observational data that include various in situ and remote sensing measurements.
The wave model (WAM), circulation model (GETM), study period and model experiments are
presented in Section 2. The observational data are described in Section 3, followed by model-
data comparisons in Section 4. Finally, Section 5 addresses the effects of the different physical

processes on the sea level variability, followed by concluding remarks in Section 6.

2. Models

2.1 Hydrodynamic Model

The circulation model used in this study is the General Estuarine Transport Model (GETM,
Burchard and Bolding, 2002). The nested-grid model setup for the German Bight has a
horizontal resolution of 1 km and 21 o-layers (Stanev et al., 2011). GETM uses the k-¢
turbulence closure to solve for the turbulent kinetic energy k and its dissipation rate . The data
for temperature, salinity, velocity and sea surface elevation at the open boundary are obtained
from the coarser resolution (approximately 5 km and 21 o-layers) North Sea-Baltic Sea GETM
model configuration (Staneva et al., 2009). The sea surface elevation at the open boundary of the
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outer (North Sea-Baltic Sea) model was prescribed using 13 tidal constituents obtained from the
satellite altimetry via OSU Tidal Inversion Software (Egbert and Erofeeva, 2002). Both models
were forced by atmospheric fluxes computed from bulk aerodynamic formulas. These formulas
used model-simulated sea surface temperature, 2-m air temperature, relative humidity and 10-m
winds from atmospheric analysis data. This information was derived from the COSMO-EU
regional model operated by the German Weather Service (DWD; Deutscher Wetter Dienst), with
a horizontal resolution of 7 km. River runoff data were provided by the German Federal

Maritime and Hydrographic Agency (BSH; Bundesamt fir Seeschifffahrt und Hydrographie).

2.2 Wave Model

Ocean surface waves are described by the two-dimensional wave action density spectrum
N(0,0,9,2,t) as a function of the relative angular frequency o, wave direction 6, latitude o,
longitude A and time t. The appropriate tool to solve the balance equation is the advanced third-
generation spectral wave model WAM (WAMDI group, 1988, ECMWEF, 2014). The use of the
wave action density spectrum N is required if currents are taken into account. In that case, the
action density is conserved, in contrast to the energy density, which is normally used in the
absence of time-dependent water depths and currents. The action density spectrum is defined as
the energy density spectrum E(o,0,¢,4,t) divided by ¢ observed in a frame moving with the ocean
current velocity (Whitham, 1974, Komen et al., 1994):

N(0)= E@?) (1)
o
The wave action balance equation in Cartesian coordinates is given as:
cN bc N ée,N S _.+S. +S5 +S§5. +8.
% + (C i + U)Vn.j\'r‘f' CCJ + CCE — wind mld we bot br
ot - - Co o0 o ()

The first term on the left side of equation (2) represents the local rate of change of wave-energy
density; the second term describes the propagation of wave energy in two-dimensional
geographical space, where cq is the group velocity vector and U is the corresponding current
vector. The third term of the equation denotes the shifting of the relative frequency due to
possible variations in depth and current (with propagation velocity ¢, in o space). The last term
on the left side of the equation represents depth-induced and current-induced refraction (with the

propagation velocity ¢y in @ space). The term S = S(0,6,¢,4,¢) on the right side of (2) is the net
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source term expressed in terms of the action density. It is the sum of a number of source terms
representing the effects of wave generation by wind (Swing) quadruplet nonlinear wave-wave
interactions (Spi4), dissipation due to white capping (Swc), bottom friction (Syor) and wave breaking
(Swr). The current version of the third-generation wave model WAM Cycle 4.5.4 is an update of
the former Cycle 4, which is described in detail in Komen et al. (1994) and Gunther et al. (1992).
The basic physics and numerics are maintained in the new release. The source function
integration scheme is provided by Hersbach and Janssen (1999), and the updated source terms of
Bidlot et al. (2007) and Janssen (2008) are incorporated. Depth-induced wave breaking (Battjes
& Janssen, 1978) is included as an additional source function. The depth and/or current fields can
be non-stationary. The wave models have the same resolution, and the model uses the same
bathymetry and wind forcing as the GETM model. The boundary values of the North Sea model
are taken from the operational regional wave model of the DWD, while the boundary values for
the German Bight are taken from the North Sea model. The wave models run in shallow water
mode, including depth refraction and wave breaking, and calculate the two-dimensional energy
density spectrum at the active model grid points in the frequency/direction space. The solution of
the WAM transport equation is provided for 24 directional bands at 15° each with the first
direction being 7.5°, measured clockwise with respect to true north, and 30 frequencies
logarithmically spaced from 0.042 Hz to 0.66 Hz at intervals of Af/f'= 0.1.

2.3 Coupled-wave circulation model implementation

The implementation of the depth-dependent equations of the mean currents u(x, z, t) in the
presence of waves follows Mellor (2011). The momentum equation for an incompressible fluid is

du/dt = F — V&p, where F is the sum of external forces (Coriolis, gravity, friction) and V &p

is the pressure gradient, which includes the influence of wave motion on the mean current.
Within the radiation stress formulation of Mellor (2011), the prognostic velocity U is related to

the Eulerian wave-averaged velocity. Using linear wave theory and accounting for the second-

order terms of the wave height, the equation of motion is:
o)
ot

ox ox 3)
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where the angle brackets denote averaging over the wave period, and S is the radiation

stress tensor:

S_ g ((._f l@ l sinh 2kh + 2kh B 6(‘.0311 2kh — l) |
k2 sinh 2kD + 2kD 4sinh* kD )’

Cqg (4)

where E = 1/16gH; is the wave energy, K is the wave vector, and h = D(1 + &) is the
local depth of layer & Thus, the divergence of the radiation stress is the only force
related to waves in the momentum equations. The equation for kinetic energy, which is

derived from the momentum equation by multiplication with the velocity vector, is:
(‘)Ekf_-n 8EA"'£?? a

— = (F): (u) — (u) - — — — S (u).

5 — () (W)= — = — o8- (u) 5)

where the gradients in wave energy (i.e., dissipation due to wave breaking) may lead

to increased surface elevation (wave setup).

The wave state information required to account for the divergence of the radiation
stress in the GETM momentum equations is provided by WAM. The dissipation
source functions (wave breaking and white capping, as well as bottom dissipation)
estimated by the wave model WAM are also used in the turbulence module of
GOTM. These data are used to specify the boundary conditions for the dissipation of the
turbulent Kinetic energy and the vorticity due to wave breaking and bottom friction
(Pleskachevsky et al., 2011) Following Moghimi et al. (2013), an enhanced bottom
roughness length z°% is computed as a function of the base roughness z, and wave
properties (e.g., the bottom orbital velocity of the waves) according to Styles and Glenn
(2000). This allows accounting for the generated turbulence at the bottom due to the non-
resolved oscillating wave motion. In the two-way coupling experiments, the GETM
model provides the water level and ambient current to WAM.

The coupling between GETM and WAM is performed via the coupler OASIS3-MCT:
Ocean, Atmosphere, Sea, Ice, and Soil model at the European Centre for Research and
Advanced Training in Scientific Computation Software (Valcke et al., 2013). The name
OASIS3-MCT is a combination of OASIS3 (Ocean, Atmosphere, Sea, Ice, and Soil
model coupler version 3) at the European Centre for Research and Advanced Training in
Scientific Computation (CERFACS) and MCT (Model Coupling Toolkit), which was
developed by Argonne National Laboratory in the USA. The details of the properties and
use of OASIS3 can be found in Valcke (2013). The exchange time between models is
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five minutes. This small coupling time step is a major advantage for modelling fast-
moving storms compared to off-line (without using a coupler) coupled models, as in

Staneva et al., (2016), where hourly wave fields are used in GETM.

2.4 Study period (meteorological conditions)

This study is focused on the period during the winter storm Xaver that occurred on the 5th and
6th of December, 2013, and caused flooding and serious damage to the southern North Sea
coastal areas. During 4™ to 7" of December, the storm depression Xaver moved from the south
of Iceland over the Faroe Islands to Norway and southern Sweden and further over the Baltic Sea
to Lithuania, Latvia and Estonia. It reached its lowest sea level pressure on the 5™ of December
at 18 UTC over Norway (approximately 970 hPa, Fig. 2 and 3). Over the German Bight, the
arrival of Xaver coincided with high tides; therefore, an extreme weather warning was given to
the coastal areas of north-western Germany due to high tides and wind gusts of greater than 130
km/h (Deutschlander et al., 2013). The extremely high water level and waves triggered sand-
displacement on the barrier islands and erosion of dunes in the Wadden Sea region. The German
Weather Service reported the storm to be worse or similar to the North Sea flood of 1962, in
which 340 people lost their lives in Hamburg, saying that improvements in sea defences since
that time would withstand the storm surge (Deutschlander et al., 2013, Lamb and Frydendahl,
1991).

2.5 Numerical experiments

For the control simulation (CTRL run), GETM is run as a fully three-dimensional baroclinic
model without coupling with the wave model. The effects of using different coupling methods
are studied by comparing the two-way fully coupled GETM-WAM model simulation (FULL
run) with the one-way coupled model, in which the circulation model obtains information from
WAM (one-way coupling). We denote this experiment FORCED run. Additionally, we run the
circulation model GETM as a two-dimensional barotropic model (2-D run). In the final
experiment, we exclude the river runoff forcing (NORIV run). The list of experiments is given in
Table 1.



10

15

20

25

30

3. Observational data

The tide gauge observations from the eSurge project (www.esurge.org) are used. An overview of

the existing operational tide gauges in the North Sea and Baltic Sea regions are available at the
webpages of the EuroGOOS regions NOOS (North West Shelf Operational Oceanographic
System) and BOOS (Baltic Operational Oceanographic System), respectively, www.noos.cc and

www.boos.org. The water level data are acquired through the NOOS ftp server.

The in situ wave data are taken from the wave-buoy observational network operated in the North
and Baltic Seas by the BSH (http://www.bsh.de/de/Meeresdaten/Beobachtungen).

Additionally, for validation, we use satellite measurements of the significant wave height and sea
level in the German Bight derived from the Jason-2, CryoSat-2 and SARAL/AItiKa altimetry
satellite missions. This is of special interest since the satellite passed over the North Sea during
Xaver. As explained in Fenoglio-Marc et al. (2015), the standard altimeter products are extracted
from the Radar Altimeter Database System (RADS) (Scharroo, 2013). The sea water level
corresponding to the instantaneous in situ tide gauge measurement, which was called Total
Water Level Envelope (TWLE) in Fenoglio-Marc et al. (2015), is estimated as the difference
between the orbital altitude above the mean sea surface model DTU10 and the radar range
corrected for the ionospheric and tropospheric path delay, solid Earth, sea state bias and load tide
effects. Corrections for the ocean tide, the atmospheric inverse barometer effect and wind are not
used. The storm surge is estimated by correcting the TWLE for the ocean tide given by the
global ocean tide model GOT4.8 (Ray et al., 2011), see Fenoglio-Marc et al. (2015) for more
details.

4. Model validation during extreme storm surges

4.1 Wave model performance

In this section, we analyse the wave model performance during Xaver using the FULL
experiment. The significant wave heights (Hs) from the model simulations are in good agreement
with the measured values. As can been seen in the time-series graph for Elbe (top) and
Westerland (bottom) stations, the measured Hs was greater than 7.5 m during 2-8 of December,
2013 (Fig. 4). The peak of Hs during the storm is reached earlier in the model simulations

compared to the observations (Fig. 4b, d). This could be due to the DWD wind data (see also
8
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Wahle et al., 2016). In addition, the maximum of statistical wave height simulated by the model
for the two locations (Fig. 4a, c) occurs earlier than that of the measurements, which is due to the
shifted maximum of the DWD wind forecasts. The standard deviation between the model and the
measurements is 0.16 m for Elbe and 0.12 m for Westerland station. The correlation coefficients
between the WAM simulations and measurements are greater than 0.9 for all stations, and the
normalized RMS error is relatively low (between 0.09 and 0.16 m). For the analyses of the wave
model performance, including different statistical parameters computed during the extreme event
for all available German Bight stations, we refer to Staneva et al. (2016).

The wave spectra at the FINO-1 and Elbe BSH buoy stations are given in Fig. 5 for the study
period. The wave spectra from the model simulations (Fig. 5a, c) are in a good agreement with
the spectra from the observations (Fig. 5a, ¢). The time variability of the spectral energy is
accurately reproduced by the model, and the energy around the peak is similar in the
observations and simulations; however, the model patterns are smoother than the observed
patterns.

In addition to the in situ measurements, the satellite altimetry data provide a unique opportunity
to evaluate both the temporal and spatial variability simulated in the model along its ground-
track at the time of the overflight of the German Bight, lasting approximately 38 sec (see Fig. 6a,
b). The modelled Hs varies along the satellite ground-tracks between 1.2 and 1.9 m during calm
conditions on 3" of December, 2013 at 18:00 UTC (Fig. 6a), while during Xaver, Hs varies
between 6.3 m and 9.4 m (6™ of December 2013 at 04:00 UTC, Fig. 6b). The spatial distribution
of Hs (Fig. 6¢, d) is in good agreement with the satellite data in both cases. The latitudinal
distribution of Hs simulated by the wave model (green dots) is smoother than that of the satellite
data. This can be explained by the different post-processing of the satellite data of the significant
wave height and by the statistical nature of its estimate by the model. For calm conditions (Fig.
6¢), Hs is slightly underestimated (approximately 15 cm) in the coastal area and overestimated
(approximately 20 cm) in the open German Bight. During Xaver, the model slightly
overestimates the satellite data in the open areas (20-30 cm). These results are consistent with the
results of Fenoglio-Marc et al. (2015), who compared the SARAL data with the DWD wave

simulations.

4.2 Sea level and wave-induced forcing
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In this section, we demonstrate the performance of the hydrodynamic model to simulate the
mean sea level and present statistics obtained for the study period. Detailed statistical analyses of
the model comparisons with measurements for the area of German Bight are quantified by
Staneva et al. (2016), where the coupled model performance is shown to be in a good agreement
with observations, not only during the calm conditions but during storm events. Therefore, we
only provide new examples of model-data validations, including satellite data that have not been
used in previous studies.

The geographic representation of the bias between the model simulations and all available tide
gauge data shows that the bias for most tide gauge stations is within +/-0.1 m (Fig. 7).
Exceptions are found in some coastal tide gauge data stations in the very shallow areas. This can
be attributed to the relatively coarse spatial resolution (1 km) and smoother model bathymetry in
the shallow coastal waters. Storm surges are estimated by subtracting from the simulations and
tide gauge observations the ocean tide estimated using the T_TIDE routine (Pawlowicz et al.,
2002). The comparisons between individual simulations are only marginally affected by tidal
simulation errors because the simulations share the same systematic tidal errors. Estimating the
surge component, the direct influence of tidal simulation errors in over-tides is minimized
because the surge signals from observations and model runs are derived by subtracting an
individual estimate of the tidal signal for each dataset.

From the comparison between the surge model and satellite data (Fig. 8), it can be concluded that
the model results are in good agreement with the observations. This holds for calm conditions
(3" of December 2013), when the surge was weak (less than 10 cm offshore and up to 25 cm
near the coastal area, Fig. 8c), as well as during Xaver on 6" of December 2013, when the surge
reached almost 3 m. The statistics from the comparisons between the observations and
experiments are presented in Table 2. The coupling between circulation and waves significantly
improves the surge predictions; when the effects of the interactions with waves are considered,
both the bias and the RMSE are substantially reduced (see Table 2).

The temporal evolution of the water level for the Helgoland tide gauge data (see Fig. 1 for its
location) is shown in Fig. 9. The consistency between the model simulations from the CTRL and
FULL runs is very good during normal meteorological conditions; however, during the storm,
the water level simulated by the stand-alone circulation model is approximately 30 cm lower
than the data from the Helgoland tidal gauge station. When the wave-induced processes are

considered, the simulated sea level (FULL run) approaches the observations. Including wave-
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current interactions improves the root mean square error and the correlation coefficient between
the tide gauges data and the simulated sea level over the German Bight (Table 2).

The surge height reaches approximately 2.5 m during Xaver, with its maximum at low water.
During Xaver, two surge maxima (Smaxz @and Spaxz in green line Fig. 9) are observed. Fenoglio et
al. (2015) described the first surge maximum as a wind-induced maximum. They found that at
Aberdeen and Lowestoft stations, the surge derived from the tide gauge records had only one
maximum, reaching the eastern North Sea coastal areas (anticlockwise propagation)
approximately ten hours later than Lowestoft (easternmost UK coast), causing the second storm
surge maximum detected by the measurements in the German Bight. As shown by Staneva et al.
(2016), the wave-induced mechanisms contribute to a persistent increase of the surge after the
first maximum (with slight overestimation after the second peak). At the two maxima, the
observed water level at the Helgoland tide gauge is in better agreement with the coupled model
(FULL run: black line) than the CTRL simulated water level. The two maxima are
underestimated by the stand-alone circulation model (CTRL: red line), especially at high water,
when the surge difference between the model results and the measurements is approximately 30

cm for the first peak and more than 40 cm for the second peak (Fig. 9).

5. Process studies

5.1 Sensitivity of surge predictions to coupling with waves

In this section, we analyse the role of wave-current interactions in the storm surge model and
demonstrate the sensitivity to one-way versus two-way coupling. Fig. 10 shows the time series of
the water level (black line) and the storm surge (red line) for six stations (see Fig. 1 for their
locations) together with the differences in the surge between the FULL and CTRL runs (FULL-
CTRL.: green line) and the differences between the FULL and FORCED runs (FULL-FORCED:
blue line). The surge during the extreme exceeds 2 m in the open-ocean stations and increases to
2.8 m near the coastal stations. The two storm surge maxima during Xaver (described in Section
4) are seen at the near-coastal station ST1-4, whereas at ST6 (in the Elbe Estuary), the surge
remains at high, even in the period between the two maxima. The coupling with waves leads to a
persistent increase in the surge, especially after the occurrence of the first maximum (Smax1). The
difference in the simulated surge between the FULL and CTRL runs (green line) reaches a

maximum during the first peak of the surge and is substantial during the following two days. For
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the HOrnum station (ST3), the increase in the surge due to coupling with waves exceeds 35%
compared to the CTRL data (Fig. 10c). At the north-easternmost station (ST4), the surge
difference between the FULL and CTRL runs is greater than 70 cm, which results in a
contribution of the wave-current interaction processes of greater than 40%. For the deeper open-
water station (ST5, Fig. 10f), the maximum contribution is approximately 30 cm, a 25% increase
in the surge. The differences between the FORCED and FULL runs are relatively small (less
than 4% of the total for all stations, see the blue line). However, for the shallower Elbe Station
(ST6, Fig. 10e), the effects of two-way coupling compared to the FORCED run (one-way
coupling) are important. Staneva et al. (2016) provided a summary of improved model
performance with respect to the prediction of the sea level, which is the main variable considered
below in the analysis of extreme surges in the German Bight. The quantification of the
performance shows that in a large number of coastal locations, both the RMS difference and the
bias between the model estimates and observations are significantly reduced because of the
improved representation of physics. Only in very few very near-costal tide gauge stations does
the coupling not lead to improvements, which might be due to the insufficient resolution of the
near-coastal processes in very shallow water regions.

To provide an illustration of the coastal impact caused by Xaver, we analyse the horizontal
patterns of the maximum storm surge (Fig. 11) over the four tidal periods T1-T4 (as specified in
Fig 9). During the second peak (T3), the surge exceeds 2.8 m over the whole German Bight coast
(Fig. 11c); the storm surge near Elbe is greater than 3 m. During the period of the first surge peak
(T2, Fig. 11b), the maximum occurs in the Sylt-Rémo Bight area (above 2.8 m) and along the
Elbe and Weser estuaries (approximately 2.5 m). Over the whole German Bight, the simulated
surge exceeds 1.5 m. In the period of relatively calm conditions before the storm (T1), the surge
is relatively low (Fig. 11a, less than 30 cm). A decrease in the surge towards the north-western
German Bight is simulated during T4 (Fig. 11d). The intensification of the storm surge from the
open sea towards the coastal area is consistent with the specific atmospheric conditions during
Xaver (Fig. 3).

To better understand the impact of wave-current interactions on the surge simulations, we also
analyse the horizontal patterns of the maximum differences in the storm surge between the
coupled model (FULL run) and the stand-alone GETM (CTRL run). The maximum differences
for each grid point are estimated over the four tidal periods (Fig. 12, T1-T4). The patterns show

that the differences between the FULL and CTRL runs during the first surge maximum are more
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noticeable in the very shallow North Frisian Wadden Sea. The maximum surge simulated by the
fully coupled model exceeds that of the CTRL run by approximately 60 cm along the Sylt-Rémo
Bight during T2. The enhancement of the surge in the coastal area (see Fig. 11b) may be due to
the nonlinear interaction between circulation and waves (the contribution of the wave-current
interaction to the increase of the surge is greater than 25%) along the German Bight coastal
region (Fig. 12a). For T3, the maximum surge difference (approximately 55 cm) is concentrated
along the Elbe River; however, the increase in the surge due to wave-induced processes exceeds
40 cm along the entire German Bight coast. During the second Xaver peak, the radiation stress
contributes to a rise in the sea level, which is directed towards the Elbe-Weser river area. During
the first peak (T1), the differences between FULL and CTRL are more pronounced near the
North Frisian Wadden Sea. The computed maximum surge differences are higher during T2 than
during T3. For T4 (Fig. 12d), the maximum difference of approximately 15 cm occurs for the
east Frisian coast towards Elbe River area, whereas in the north-eastern area, the wave-induced
processes do not contribute much to the mean sea level and the surge simulations of the FULL
runs are similar to the CTRL run. The horizontal distribution of the patterns of Fig. 12
demonstrates the good consistency with the meteorological situation (Fig. 3). The effects of
wave-induced forcing during the storm are also noticeable in the open North Sea (maximum
surge differences are approximately 30 cm Fig. 12b, c) due to the dominant role of the radiation
stress—even in the deeper areas, the differences between the FULL and CTRL surge estimates
are greater than 20%. Although the wave heights are much higher in the open sea, the water there
is much deeper; thus, the differences in sea level between the FULL and CTRL runs are

relatively small.

5.2 3-D versus 2-D barotropic models

Depth-averaged two-dimensional flow models are widely applied in storm surge simulation and
have been assumed to meet the requirements of operational forecasts. They are also widely used
in many scientific studies. However, to study the flow characteristics of storm surges, the use of
only barotropic models is insufficient, especially in large estuaries. The flows in the surface and
bottom layers are usually quite different, so depth-averaged two-dimensional models cannot

sufficiently depict the flow structure. Furthermore, storm surge models do not account for
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baroclinic processes, such as density-driven changes in water masses, which are important in
estuarine environments.

The changes in the sea level due to temperature for the Nederland coastal areas have been
studied by Tsimplis et al. (2006). Dangendorf et al. (2013) showed that laterally forced steric
variation and baroclinic processes are important at decadal scales, while atmospheric forcing
causes the annual variability in the sea level. Chen et al. (2014) studied the role of remote
baroclinic and local steric effects in the interannual sea level variability and found that a three-
dimensional model that considers the temperature and salinity can more accurately simulate the
changes in the water level related to the North Atlantic Oscillation (NAO). In these models, more
realistic open boundary conditions (than in the barotropic models) are used to account for the
dynamics of heat and salt. We quantify the benefit of using a fully three-dimensional model that
also considers temperature and salinity to simulate the sea level during extremes.

The surge differences between the FULL and 2-D runs are much larger during Xaver (T2, Fig.
13b) than during calm conditions (T1, Fig. 13a). For T2, the maximum difference increases
eastward from 2-5 cm at the western boundary of the German Bight to more than 80 cm along
the North Frisian Wadden Sea coast and near the Elbe and Weser estuaries. The surge
differences decrease to 30 cm during the second peak of Xaver. After the storm, the three-
dimensional effects contribute to an increase in the sea level in the direction of the Elbe Estuary
(Fig. 13d). These effects can exceed 25% of the sea level increase, compared to the 2-D model
simulations (Fig. 14). For the Elbe area, the 2-D model underestimates the mean sea level by
approximately 1 m. This could cause significant underestimation of the sea level predictions of
the barotropic models. For T4, the impact of baroclinicity is localized along the south-eastern
coastline (Fig. 13d). The differences between FULL and NORIV (Fig. 14, blue line) are
negligible at ST3, while at ST6, they are approximately 15 cm in the vicinity of the Elbe Estuary
during the storm Xaver. When analysing the impact of the baroclinicity on sea level model
results, we use the barotropic hydrodynamic model that is not coupled to the wave model since
our aim is to demonstrate only those effects. Introducing wave-circulation coupled processes (as
demonstrated in the previous sections) to the barotropic model can reduce the differences
between this model and the FULL run.
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6. Discussion and conclusions

With the uncertainties of storm surge predictions under climate change, the quantification of
associated hazards is of great interest to coastal areas. The demand to understand the risk of
damage has increased for the development of future climate scenarios.

The accurate real-time assessment of storm surges and inundation areas is unable to fully satisfy
these demands because atmospheric storm forecasting, as the important driving force of surges,
is not perfect. This leads to a high degree of uncertainty in storm surge forecasting. The peak
surge depends on the accurate prediction of the landfall position and time. The future
development of water level predictions will focus on enlarging the observation data network and
further model developments. To reduce uncertainty, increasing knowledge of various processes,
such as tide-wave-surge interactions, is needed. Improved weather forecasts and further coupling
between the atmosphere, ocean and wave components will reduce the uncertainty. Increasing the
horizontal resolution in the near-coastal areas is made possible by the availability of more
computational resources. In this study, we show that the wave-dependent approach yields a 25%
larger surge over the whole coastal area of the German Bight, reaching a contribution of
approximately 40% in some coastal areas during extremes. The fully 3-D model and the
barotropic model produce approximately 20% difference in the water level of the coastal areas of
the German Bight during Xaver. The possible advantages of including the wave-current
interaction in two dimensional barotropic models to improve sea level predictions will be the

subject of further studies.

We demonstrated that the consistency between the observations and model simulations of the
circulation model only and the coupled-wave circulation model is good during normal
meteorological conditions. However, during the storm event, the water level simulated by the
stand-alone circulation model is approximately 30 cm lower than the observations. When the
wave-induced processes are considered, the simulated sea level (FULL run) is closer to the
observations, and the statistics between the tide gauge data and the simulated sea level over the
German Bight are improved. Wave-induced mechanisms contribute to a persistent increase in the
surge after the first maximum (with slight overestimation after the second peak) during Xaver.
The two maxima are underestimated by the stand-alone circulation model, especially at high

water, where the surge difference between the model results and the measurements is
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approximately 30 cm for the first peak and more than 40 cm for the second peak. When
estimating the surge residuals, the direct influence of tidal simulation error is minimized because
the surge signals from the observations and models are derived separately by subtracting an

estimate of the tidal signal for each dataset

New observations have recently become available from remote sensing of wind speed, waves,
sea levels and currents using X-band and HF-radar, ADCP, LIDAR, Ku and Ka band pulse-
limited and delay Doppler radar altimetry, which promise high-quality space observations in the
coastal zones. Better sea level data near landfall and storm variables are provided by an
improved network of tide gauges and buoys and observations from space. According to the
balance of investment and the demand of disaster relief, more tide gauge stations should be
established in empty or sparse areas. These newly available remote sensing data are expected to
improve forecasting model systems (both ocean and atmosphere). For coastal areas, the role of
wave-induced forcing on coastal morphology should also be the subject of further study.

For regions such as the German Bight, the role and potential uncertainties of the shallow water
terms in the wave model are also of great importance since shallow water regions with the
strongest wave-ocean interactions are contributed by these terms during extreme storm surge
events. The shallow water terms in the action balance equation increase rapidly with decreasing
depth. Depth and current refraction, bottom friction and wave breaking play dominant roles in
very shallow water during storm events. The wave breaking term prevents unrealistic high waves
in such situations near the coast. Since the wave model results are representative of a model grid
cell, the shallow water terms involve uncertainties due to the choice of a realistic bathymetry and

the spatial resolution of the model grid.

Wahle et al. (2016) studied the effects of coupling between an atmospheric model and a wind-
wave model and found a reduction of surface wind speeds and a reduction of simulated wave
heights. Their results revealed that the effect of coupling resulted in significant changes in both
wind and waves and that the two-way coupling between the atmosphere and wave models further
improved the agreement between observations and simulations. Our modelling system will be
extended by integrating the latest developments in atmosphere-wave—current interactions
towards a fully three-way coupled system to further investigate the effects of coupling on storm

surges.
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A rise in the sea level combined with high waves can increase the intensity of coastal flooding,
causing a collapse of and damage to seawalls and levees. Improved wave and ocean circulation
forecasts for the North Sea and its coastal areas, especially the German Bight, are of great
importance for the marine and coastal environment since early warnings and protection can
contribute to reducing the damage caused by flooding and coastal erosion. This is of utmost

importance for offshore wind energy farms, ship routing, and coastal zone protection.

We demonstrated that the interaction between waves and three-dimensional hydrodynamic
models reduces forecast errors, especially during extreme events. This will enable further use of

high-resolution coupled models to improve coastal flooding prediction and climate studies.

Acknowledgements:

This work has been supported by the Coastal Observing System for Northern and Arctic Seas
(COSYNA) and as part of the Copernicus Marine Environment Monitoring Service (CMEMS)
Wave2Nemo project. CMEMS is implemented by Mercator Ocean in the framework of a
delegation agreement with the European Union. Luciana Fenoglio is supported by the European
Space Agency (ESA) within the Climate Change Initiative (CCI). The authors are grateful for I.
Nohren for assistance with the graphics and BSH for providing the observational data. The

authors thank Sebastian Grayek for assistance with the tidal model.

17



10

15

20

25

References

Babanin, A V, (2006) On a wave-induced turbulence and a wave-mixed upper ocean layer.
Geophys Res Lett, 33 (20), 6, doi:10.1029/2006GL027308

Babanin, A. V., Chalikov, D., Young, I. R., and Savelyev, .. Numerical and laboratory
investigation of breaking of steep two- dimensional waves in deep water, J. Fluid Mech., 644,
433-463, 2010.

Barbariol, F, Benetazzo, A, Carniel, S and Sclavo, M, Improving the assessment of wave energy
resources by means of coupled wave-ocean numerical modeling. Renew. Energ. 60, , 462-471,
2013

Battjes, J.A., Janssen, P., 1978: Energy loss and setup due to breaking of random waves.

International Conference on Coastal Engineering, ASCE, pp. 569-587, 1978.

Bennis, A., and Ardhuin, F.: Comments on the depth-dependent current and wave interaction
equations: a revision, J. Phys. Oceanogr., 41, 2008-2012, 2011.

Bidlot, J.-R., Janssen P., Abdalla S., and Hersbach H.:, A revised formulation of ocean wave
dissipation and its model impact, ECMWEF Tech. Memo. 509 , Eur. Cent. for Medium-Range
Weather Forecasting, Reading, UK, 2007.

Bolafios, R., Osuna, P., Wolf, J., Monabiu, J., Sanchez-Arcilla, A.: Development of the
POLCOMS-WAM current-wave model, Ocean Model., 36, 102-115, 2011.

Bolafios, R.; Brown, J.M.; Souza, A.J.: Wave-current interactions in a tide dominated estuary.
Continental Shelf Research, 87. 109-123. 10.1016/j.csr.2014.05.009, 2014.

Brown J.M., Bolafios R., and Wolf J,: Impact assessment of advanced coupling features in a tide-
surge-wave model, POLCOMS-WAM, in a shallow water application, J Mar Syst 87(1), 13-24,
2011,

Brown J.M., Bolafios R., and Wolf J.: The depth-varying response of coastal circulation and
water levels to 2D radiation stress when applied in a coupled wave-tide-surge modelling system
during an extreme storm, Coast Eng., 82:102-113, 2013.

Brown, JM, Wolf, J, (2009) Coupled wave and surge modelling for the eastern Irish Sea and
implications for model wind-stress. Cont. Shelf Res. 29 (10), 1329-1342

18



10

15

20

25

Burchard, H. and Bolding K.: GETM - a General Estuarine Transport Model, No EUR 20253
EN, printed in Italy, European Comission, 2002.

Chen, X., Dangendorf S., Narayan N., O'Driscoll K., Tsimplis M., Su J., Mayer B. and Pohlmann
T. (2014) On sea level change in the North Sea influenced by the North Atlantic Oscillation:
Local and remote steric effects. Estuarine Coastal and Shelf Science, 151, 186-195,
d0i:10.1016/j.ecss.2014.10.009, 2014.

Craig PD, Banner ML (1994) Modeling wave-enhanced turbulence in the ocean surface layer. J
Phys Oceanogr 24(12):2546-2559

Davies AM, Kwong SCM, Flather RA, On determining the role of wind wave turbulence and

grid resolution upon computed storm driven currents. Cont Shelf Res 20:1825-1888, 2000

Donelan, M. A., M. Curcic, S. S. Chen, and A. K. Magnusson, Modeling waves and wind stress,
J. Geophys. Res., 117, C00J23, doi:10.1029/2011JC007787, 2012

Dangendorf, S., C. Mudersbach, T. Wahl, and J. Jensen (2013), Characteristics of intra-, inter-
annual and decadal variability and the role of meteorological forcing: The long record of
Cuxhaven, Ocean Dyn, 63(2-3), 209-224, doi:10.1007/s10236-013-0598-0.

Dangendorf S., A Arns, JG Pinto, P Ludwig, J Jensen, The exceptional influence of storm
‘Xaver’on design water levels in the German Bight, Environmental Research Letters, 2016

Deutschlénder T, Friedrich K, Haeseler S and Lefebvre C. (2013) Severe storm XAVER across
northern Europe from 5 to 7 December 2013, December, 2013 DWD report,
https://www.dwd.de/EN/ourservices/specialevents/storms

Egbert GD and Erofeeva S, Efficient inverse modeling of barotropic ocean tides,Journal of
Atmospheric and Oceanic Technology 19 (2), 183-204, 2002

Fan, Y, | Ginis, and T Hara (2009) The effect of wind-wave-current interaction on air-sea
momentum fluxes and ocean response in tropical cyclones, J Phys Oceanogr, 39 (4), 1019- 1034,
d0i:10.1175/2008JP04066.1

ECMWEF, CY40R1 Official IFS Documentation,
https://software.ecmwf.int/wiki/display/IFS/CY41R1+Official+IFS+Documentation, 2014

19



10

15

20

25

Fenoglio-Marc, L., R. Scharroo, A. Annunziato, L. Mendoza, M. Becker, and J. Lillibridge,
Cyclone Xaver seen by geodetic observations, Geophys. Res. Lett., 42, 9925-9932,
d0i:10.1002/2015GL 065989, 2015.

Holleman, R.C., and M.T. Stacey, Coupling of Sea Level Rise, Tidal Amplification and
Inundation. Journal of Physical Oceanography, 44: 1439-1455, 2014

Flather, RA, Storm surges. In: Steele, J., Thorpe, S., Turekian, K. (Eds.), Encyclopedia of Ocean
Sciences. Academic, San Diego, California, pp. 2882-2892, 2001

Grashorn, S., Lettmann, K.A., Wolff, J.-O., Badewien, T.H., Stanev, E.V.: East Frisian Wadden
Wea hydrodynamics and wave effects in an unstructured-grid model, Ocean Dynamics 65 (3),
419-434, 2015.

Ginther, H., S. Hasselmann, P.A.E.M. Janssen, The WAM Model Cycle 4.0. User Manual.

Technical Report No. 4, Deutsches Klimarechenzentrum, Hamburg, Germany. 102 pages, 1992.

Huang, C J, F Qiao, Z Song, and T Ezer, Improving simulations of the upper ocean by inclusion
of surface waves in the Mellor-Yamada turbulence scheme, J Geophys Res, 116 (C1),
d0i:10.1029/2010JC006320, 2011.

Hersbach, H. and Janssen P.: Improvements of the short fetch behaviour in the WAM maodel, J.
Atmos. Oceanic Techn., 16, 884-892, 1999

Janssen, P, The interaction of ocean waves and wind, 300 pp., Cambridge University
Press, Cambridge, UK, 2004.

Jensen, J. and Mueller-Navarra, S.H. Storm Surges on the German Coast, Die Kiste, ICCE,
2008.

Jones JE, Davies AM, Storm surge computations for the Irish Sea using a three-dimensional

numerical model including wave —current interaction. Cont Shelf Res 18:201-251, 1998

Katsafados P, Papadopoulos A, Korres G, and Varlas G, A fully coupled atmosphere—ocean
wave modeling system for the Mediterranean Sea: interactions and sensitivity to the resolved
scales and mechanisms, Geosci. Model Dev., 9, 161-173www.geosci-model-
dev.net/9/161/2016/doi:10.5194/gmd-9-161, 2016.

20



10

15

20

25

Komen, G.J., Cavaleri L, Donelan M, Hasselmann K, Hasselmann S. and P. Janssen: Dynamics
and modelling of ocean waves, Cambridge University Press, Cambridge, UK, 560 pages, 1994.

Kumar, N.,Voulgaris, G., Warner, J.C., and Olabarrieta,M.: Implementation of the vortex force
formalism in the coupled ocean—atmosphere—~wave—sediment transport (COAWST) modelling
system for inner shelf and surf zone applications, OceanModel., 47, 65-95, 2012

Lamb, H.H. and Frydendahl, K. Historic Storms of the North Sea, British Isles and Northwest
Europe. Cambridge Univ. Press, Cambridge, 204 pp., 1991

Lettmann K., Wolff J-O, and Badewien T.: Modeling the impact of wind and waves on
suspended particulate matter fluxes in the East Frisian Wadden Sea (southern North Sea), Ocean
Dyn., 59(2), 239-262, 20009.

Longuet-Higgins M.S., and Stewart R.W.: Radiation stresses in water waves: a physical

discussion with applications, Deep-Sea Res., 11, 529-562, 1964.

McWilliams, J., Restrepo, J., and Lane, E.: An asymptotic theory for the interaction of waves
and currents in coastal waters, J. Fluid Mech., 511, 135-178, 2004.

Mellor G.: The three-dimensional current and surface wave equations, J Phys. Oceanogr. 33(9),
1978-1989, 2003.

Mellor G.: Some consequences of the three-dimensional current and surface equations. J. Phys.
Oceanogr. 35(11), 2291-2298, 2005.

Mellor G.: The depth-dependent current and wave interaction equations: a revision, J. Phy.s
Oceanogr. 38(11), 2587-2596, 2008.

Mellor G.: Wave radiation stress. Ocean Dyn. 61(5), 563-568, 2011.
Mellor G.: Waves, circulation and vertical dependance. Ocean Dyn 63(4), 447-457, 2013.

Michaud, H., Marsaleix, P., Leredde, Y., Estournel, C., Bourrin, F., Lyard, F., Mayet, C., and
Ardhuin, F., 2012: Three-dimensional modelling of wave-induced current from surf zone to the
inner shelf, Ocean Sci., 8, 657-681, 2012.

Moghimi S, Klingbeil K, Grawe U, Burchard H, (2013) A direct comparison of a depth-
dependent radiation stress formulation and a vortex force formulation within a three-dimensional

coastal ocean model, Ocean Model., 70, 132-144

21



10

15

20

25

Pawlowicz, R., Beardsley B., and Lent S.: Classical tidal harmonic analysis including error
estimates in MATLAB using T-TIDE, Comput. Geosci., 28 8, 929-937, d0i10.1016/S0098-
3004(02), 2002

Pleskachevsky, A., Dobrynin, M.; Babanin, A. V.; Ginther, H., and Stanev, E.: Turbulent mixing
due to surface waves indicated by remote sensing of suspended particulate matter and its
implementation into coupled modeling of waves, turbulence and circulation. Journal of Phys.
Oceanogr. 41 (4), S. 708-724. doi: 10.1175/2010JP04328.1, 2011

Pullen, T., Allsop, N.W.H., Bruce, T., Kortenhaus, A., Schittrumpf, H. and van der

Meer, JW., Eurotop - Wave Overtopping of Sea Defences and Related Structures:

Assessment Manual. www.overtopping-manual.com, 2007

Qiao, F, Y, Yuan, Y. Yang, Q. Zheng, C. Xia, and J. Ma, Wave-induced mixing in the upper
ocean: Distribution and application to a global ocean circulation model. Geophys Res Lett, 31
(11), 4, doi:10.1029/2004GL 019824, 2004.

Ray, R. D., G. D. Egbert, and S. Y. Erofeeva (2011), Tide predictions in shelf and coastal waters:
Status and prospects, in Coastal Altimetry, edited by S. Vignudelli et al., chap. 8, pp. 191-216,
Springer, Berlin.

Rohrs, J., Christensen, K. H., Hole, L. R., Brostrom, G., Drivdal, M. & Sundby, S.: Observation-
based evaluation of surface wave effects on currents and trajectory forecasts. Ocean Dynam., 62,
1519-1533, 2012.

Rossiter, J. R.: Storm surges in the North Sea, 11 to 30 December 1954, Phil. Trans. R. Soc.
Lond., 251 991, 139-160, doi:10.1098/rsta.1958.0012. , 1958

Scharroo, R., Leuliette, E.W., Lillibridge, J.L., Byrne, D., Naeije, M.C., Mitchum, G.T.: RADS:
consistent multi-mission products. In: Proc. of the Symposium on 20 Years of Progress in Radar
Altimetry, ESA SP-710. ESA Spec. Publ., 2013

Sun, J., et al.: Review of wave-turbulence interactions in the stable atmospheric bound-
ary layer, Rev. Geophys.,53, 956-993, doi:10.1002/2015RG000487, 2015

Stanev, E. V., Schulz-Stellenfleth, J., Staneva, J., Grayek, S., Seemann, J., and Petersen, W:
Coastal observing and forecasting system for the German Bight—estimates of hydrophysical
states, Ocean Sci., 7, 569-583, 2011.

22



10

15

20

25

Staneva, J., E. Stanev, J.-O. Wolff; T.H. Badewien; R. Reuter; B. Flemming; A. Bartholomae
and K. Bolding: Hydrodynamics and sediment dynamics in the German Bight. A focus on
observations and numerical modeling in the East Frisian Wadden Sea, Cont. Shelf Res., 29, pp.
302-319, 20009.

Staneva J, Wahle K Ginther H and Stanev E: Coupling of wave and circulation models in
coastal-ocean predicting systems: A case study for the German Bight, MS No.: 0S-2015-86,
Ocean Sci., 12, 797-806, d0i:10.5194/0s-12-797-2016, 2016

Styles, R., and Glenn, S.: Modeling stratified wave and current bottom boundary layers on the
continental shelf, J. Geophys. Res. 105, C10, 24119-24124, 2000.

Tsimplis, M.P.; Shaw, A.G.P.; Flather, R.A.; Woolf, D.K.. 2006 The influence of the North
Atlantic Oscillation on the sea-level around the northern European coasts reconsidered: the
thermosteric effects. Philosophical Transactions of the Royal Society of London, A, 364 (1841).
845-856. 10.1098/rsta.2006.1740

Valcke S., Craig T., Coquart L.. OASIS3-MCT User Guide, OASIS3-MCT 2.0. Technical
Report, TR/ICMGC/13/17, CERFACS/CNRS SUC URA No 1875, Toulouse, France (2013).

Veiga JA, Queiroz M.R : Impact of the Waves on the Sea Surface Roughness under
Uniform Wind Conditions: Idealized Cases for Uniform Winds (Part 1), Atmospheric and
Climate Sciences,5, 317-325.http://dx.doi.org/10.4236/acs.2015.53024, 2015

Wahle K. Staneva J., Koch W., Fenoglio Marc L.,, Ho-Hagemann H., Sanev E., An atmosphere-
wave regional coupled model: improving predictions of wave heights and surface winds in the
Southern North Sea, Ocean Sci. Discuss., doi:10.5194/0s-2016-51, 2016

WAMDI Group. The WAM Model-A Third Generation Ocean Wave Prediction Model. Journal
of Physical Oceanography, 18, 1775-1810, 1988

Whitham, G.B., Linear and nonlinear waves, Wiley, New York, 635 pages, ISBN 0-471-94090-
9,1974

Wolf, J., and Prandle, D.: Some observations of wave-current interaction, Coast. Eng. 37, 471-
485, 1999

23



Experiment 3-D GETM WAM Barotropic Rivers run-off
CTRL yes - - yes
FULL yes Two-way - yes
FORCED yes One-way - yes
2D - - yes no
NORIV yes Two-way - no
Table 1. Model experiments.

CTRL FULL FORCED 2D
RMSE 0.26 0.16 0.15 0.39
Bias -0.17 -0.09 -0.10 -0.28
Correlation 0.84 0.92 0.93 0.76

Table 2. Surge (m): Root-Mean Square Errors (RMSE), bias (model-observations) and correlation
between storm surge component from four model runs (CTRL, FULL, FORCED and 2D) and from tide
gauge records of the British Oceanographic Data Centre (BODC) over the German Bight area.
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Figure 1. German Bight bathymetry (contour lines correspond to isobaths 10 m, 20 m, 30 m and 40 m).
The geographical location of stations analysed later are shown as well. The wave data stations are plotted
in red circles; the stations in which we analyse the sea level variability (ST1-6) are plotted in black

squares.
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from the DWD data.

(a) 10 m wind magnitude (black line) and wind direction (red line);
(b) atmospheric pressure.
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Figure 6. Along-track observed and modelled significant wave heights (m).
(@) SARAL/AItiIKa ground-track for over-flight in calm conditions at 03.12.2013 on 18:00 UTC, in colours are
10  observed altimetric significant wave height (m);
(b) same as (a) but during storm Xaver on 06.12 2013 at 04:00 UTC,;
(c) observed (black) and modelled from WAM model (green) significant wave height (m) on 02.12.2013 on 18:00;
(d) same as (c) but during storm Xaver on 06.12 2016 at 04:00 UTC.
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Figure 7. Bias (m) between the model simulations and observations for the mean sea level averaged over the whole
period of integration.
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Figure 8.

(a) Surge at the time of the SARAL overflight in calm conditions on 3" of December 2013 at 18:00;

(b) same as (a) but during storm Xaver on 6" of December 2013 at 04:00 UTC;
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10  (c) profiles of SARAL/AItiKa overflight of surge height derived from altimeter observations (black circles ) and
from GETM model (green circles) on 3™ of December 2013 at 18:00;
(d) profiles of SARAL/AItiIKa overflight of surge height derived from altimeter observations (green circles ) and
from GETM model (yellow circles) on 6™ of December 2013 at 04:00.
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Figure 9. Time series of the Mean Sea Level (MSL) in [m] at Helgoland station (see Fig. 1 for its location). Yellow
dots: line: tide gauge observations, black line: coupled wave-circulation model (WAM-GETM), red line only
circulation model (GETM), green line — storm surge.
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FigurelO. Time series of the Mean Sea Level (MSL-black line); storm surge (red lone): differences

10  between the storm surge from FULL and CTRL runs (FULL-CTRL, green line) differences between the
FULL and FORCED runs (FULL-FORCED, blue line) at six stations ST1-ST6 (see Fig. 1 for locations).
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Figure 11. Maximum surge in (m) over the four different tidal periods (T1-T4) as shown on Fig. 9
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Figure 12. Maximum surge differences between FULL and CTRL runs in (m) for T1-T4 tidal periods as
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Figure 13. Maximum surge differences between FULL and 2D runs in (m) for T1-T4 tidal periods as
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Figure 14. The role of the baroclinicity for the sea level variability in ST3 and ST6 stations; for the
FULL run (black line); storm surge (red line); differences between the storm surge from FULL and 2D
runs (FULL-2D, green line); differences between the storm surge FULL and NORIV runs (FULL-
NORIV, blue line).
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