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Abstract This paper addresses the impact of atmospheric variability on ocean
circulation in tidal and non-tidal basins. The data are generated by an unstructuredgrid numerical model resolving the dynamics in the coastal area, as well as in
the straits connecting the North Sea and Baltic Sea. The model response to
atmospheric forcing in different frequency intervals is quantified. The results
demonstrate that the effects of the two mechanical drivers, tides and wind,
are not additive, yet non-linear interactions play an important role. There is
a tendency for tidally and wind-driven circulations to be coupled, in particular in the coastal areas and straits. High frequency atmospheric variability
tends to amplify the mean circulation and modify the exchange between the
North and the Baltic Sea. The ocean response to different frequency ranges in
the wind forcing is area-selective depending on specific local dynamics. The
work done by wind on the oceanic circulation depends strongly upon whether
the regional circulation is tidally or predominantly wind-driven. It has been
demonstrated that the atmospheric variability affects the spring-neap variability very strongly.
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1 Introduction
The aim of the present study is to analyze the effects resulting from the interaction between ocean processes driven by tides and atmospheric forcing.
The area of our research includes one tidal basin (the North Sea) and one
non-tidal basin (the Baltic Sea) as a representative (contrasting) couple of
inter-connected basins. We will focus more on the tidal basin, only exemplarily showing some results for the Baltic Sea, which illustrate the difference in
the responses of the two basins.
The North Sea and Baltic Sea (Fig. 1) are approximately equal sized basins,
which are connected through a system of straits. The North Sea is very shallow, except for the Norwegian trench. Although some of the largest European
rivers (e.g. the Rhine and the Elbe) discharge into the North Sea, salinity
values there are relatively high and typical for the open ocean (Janssen et al,
1999). The vertical mixing, which in the North Sea is mostly due to tides,
is particularly strong in the coastal waters. In contrast, the Baltic Sea is a
huge estuary with extremely strong vertical stratication, which inhibits vertical mixing (Gustafsson, 1997).
For the purposes of the present study, which deals with the ocean response
to high-frequency atmospheric forcing (mostly synoptic variability), we first
need to identify the relevant similarities and differences between the two basins:
1. Although both basins are relatively shallow, the North Sea is a marginal
sea which is subject to strong (tidal) forcing from the open ocean, whereas
the Baltic Sea is an inland basin receiving most of its mechanical forcing at
its surface from wind. In the North Sea the short-term variability is mostly
dominated by tides, while the variability of wind forcing is the major driver
of the short-term variability in the Baltic Sea.
2. The stratification in the Baltic Sea isolates the surface and deep layers,
while the water column in the North Sea is well mixed down to the bottom
over large areas.
3. Tidal and atmospheric variability have similar periods, which could enhance the dynamical coupling between the respective ocean responses.
With the above specificities in mind, one can expect that the two basins
respond to wind forcing in different ways. In the North Sea, the transport
caused by wind forcing is expected to interact with tides. In the almost enclosed
and relatively small Baltic Sea, tidal oscillations are negligible. Although there
are oscillations in the Baltic Sea, which have frequencies comparable to tidal
frequencies, e.g. the eigen oscillations (known as basin modes, Wubber and
Krauss, 1979), they have a relatively low amplitude and are not expected to
substantially couple with the wind forcing.
There are a number of studies (Maier-Reimer, 1977; Otto et al, 1990; Backhaus, 1989) addressing the wind effects in the North Sea. In most of them, the
focus was put on the annual mean circulation or on the differences in the circulation resulting from the different wind directions and magnitudes, but not
upon its variability. In the present study, we want to quantify the contribution

Title Suppressed Due to Excessive Length

3

of the variability of atmospheric forcing in several frequency-intervals. This
can be considered as one preliminary step on the road to developing coupled
atmosphere-ocean models for the coastal ocean. Such models for the regional
basins are not very advanced; therefore there is only limited knowledge about
the interactions between the atmosphere and coastal oceans in different spectral bands. Some first steps in this direction have been proposed by Fairall et al
(2003) who considered the wind vectors relative to the ocean currents (rather
than the wind vectors only) to calculate the wind stress. The reconciliation of
surface stress estimates and in situ observations has been already addressed
in data assimilation experiments globally (Stammer et al, 2004) and for the
North Sea scales (Barth et al, 2011).
Cross-scale interactions are of particular importance when addressing airsea exchange. Dewar and Flierl (1987) and Martin and Richards (2001) considered the effects of surface currents on Ekman upwelling. They argued that
even a spatially uniform wind blowing over an ocean eddy can affect Ekman
pumping. Observations of McGillicuddy et al (2007) and Ledwell et al (2008)
confirmed the importance of this effect. In the present study, we focus rather
on the effects resulting from the temporal variability of different forcing agents.
In the open ocean, tides are considered as linear processes. In the coastal
and shelf seas, their amplitudes become comparable to the local depth, which
results in tidal distortion. This is a well-known non-linear process, resulting in
the generation of over-tides (shallow-water tides). These shallow-water tides
show significant small-scale spatial variability (Hall and Davies, 2007; Stanev
et al, 2015a) in stratified regions, in particular in those where the topography
and stratification change. Thus the shallow seas are known as areas where tidal
forcing strongly impacts the residual circulation. The mean flow generation by
purely oscillating currents is known as tidal rectification (Huthnance, 1973;
Loder, 1980; Chen and Beardsley, 1995).
It is expected that a substantial coupling would exist between tidal and
wind-driven currents with a possible exchange of energy (leakage) between
tidal and wind-driven processes. This issue is not a new one. Davies and
Lawrence (1994) studied the non-linear interaction of wind and tide using
a single-point model in the vertical, which was driven by an oscillatory pressure gradient. They used a constant wind stress, and analyzed the changes
in tidal current profiles in regions of significant tidal currents. They also focused on the time-dependency of eddy viscosity. As demonstrated by Hall and
Davies (2007) wind effects significantly change the distribution of the M2 internal tide and its higher harmonics. This issue is of high relevance to storm
surge modelling. Davies and Lawrence (1995) and Xie et al (2001, 2003) investigated the effects of wave-current interactions on wind-driven currents. Tang
et al (1996) demonstrated that the prediction of coastal sea levels is impacted
by the non-linear interaction between the storm surge and tides, with the
quadratic bottom friction playing an important role.
As far as the theoretical aspects of this issue are concerned, it is known that
systems with long memory (the ocean) integrate stochastic forcing, thereby
transforming a white-noise signal into a red-noise one (Hasselmann, 1976).
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As demonstrated by Schulz-Stellenfleth and Stanev (2016) fully uncorrelated
errors in meteorological forcing do not result in large impacts in the North Sea
region. However for fully correlated errors, the spatial patterns of the resulting
response reveal clear coherent structures.
The present study analyzes the model sensitivity to different forcing factors in the North Sea and Baltic Sea region. Therefore several relevant earlier
works applied to this area or parts of it need to mbe mentioned, such as Dick
et al (2001); She et al (2006); Fu et al (2011); Funkquist and Kleine (2000);
Hofmeister et al (2011) The models used by these authors are based on the
finite difference approach, and had a typical resolution of about one to several
nm. In some of the above applications a two-way nesting is used in the region
of the Skagerrak / Kattegat. Models based on finite volume and finite element
approaches using unstructured triangular meshes, besides a more effective representation of the coastline allow for a local refinement of the resolution in the
narrow straits (Kliem et al, 2006, e.g.). The capability of unstructured-grid
models to resolfve the critical physics makes them a valuable alternative to
finite difference models. One such model (see section 3) is used in the present
study.
Unlike the theoretical approaches taken in some of the abovementioned
studies, here we will analyze the impact of variability in different frequency
intervals using both realistic forcing data and a model that provides enough
horizontal resolution in the coastal ocean. The expectation is that at daily
and half-daily periods, there can be a substantial interaction between the dynamics caused by tides and high-frequency wind forcing. Furthermore, it will
be demonstrated that coupling effects can also be important at spring-neap
periods, because fortnightly and synoptic variabilities have a similar periodicity. This is important in regions of fresh water influence where tidal dynamics
strongly control the vertical stratification.
Studies on atmosphere-ocean interactions and responses in the coastal
ocean can be based on observations and model simulations. Here, we chose
the second approach, because available observations do not sufficiently cover
the important temporal and spatial scales, in particularly basin-wide. We will
orient our analyses here into the direction of process studies, addressing timeperiods which are sufficiently long to allow a statistical analysis revealing the
coupled responses. The quantification of the long-term (climatic) role of atmospheric variability in the individual frequency bands for the coastal ocean
responses is not considered here.
This study is structured as follows: In section 2, we present the atmospheric
conditions, followed by section 3, where we present the model and experiments.
Section 4 describes the results, which is followed by short conclusions in section 5.

Title Suppressed Due to Excessive Length

5

2 Atmospheric conditions
The atmospheric data that we use originate from simulations with the operational model of the German Weather Service. The analyses below are provided
for an integration period of several months (7/8/11 - 10/28/11), which is long
enough to enable a correct interpretation of the temporal variability up to
spring-neap periods. The variability of atmospheric pressure at sea level and
10 m winds during this period is presented below, along with an overall comparison with the atmospheric variability during 2011 (Fig. 2 and Fig. 3). The
boundaries of the model domain where our numerical experiments have been
carried out (see section 3) are shown by the black lines in these figures.
The study area extends between -10◦ W and 30◦ E and between 45◦ N and
◦
70 N, which is part of the area where the atmospheric polar front appears.
During most of the year, this front is predominantly zonal, with higher pressure at the south. The monthly mean angle, which the front concludes with
the parallels changes in time, reaches 45◦ . Pressure gradients in summer are
substantially reduced.
The mean surface pressure during July-October 2011 (Fig. 2a) resembles
the annual mean conditions (see supplementary material). However, in individual months (e.g., July and August), the meridional pressure gradient is
much weaker and there is a pronounced low-pressure center over the western
North Sea extending eastwards towards the Baltic Sea. This makes the first
half (mid to late summer) of the analyzed period different from the second half
(autumn), which is more similar to the annual mean condition (supplementary
material, Fig. S1).
The patterns of the temporal variability of pressure at sea-level represented
by its standard deviation (Fig. 2b) reveal differences between the maximum
and minimum values of the standard deviation of more than 5 hPa. The variability is overall higher in the north and lower in the south, thereby following
a gradient inverse to the one of mean pressure. In the summer months, the
area with higher variability is located in the eastern North Sea.
The monthly averaged surface wind magnitude over the ocean largely exceeds the one over land (Fig. 3a). During most of 2011 (one exception is
December), the wind magnitude over the Baltic Sea is lower than the one over
the North Sea. The variability over land is also substantially reduced compared to the one over the sea (Fig. 3b). Although this land-ocean difference in
the atmospheric variability is not surprising, the lower level of wind variability
in the Baltic Sea region compared to the one in the North Sea is less trivial.
This can be explained by the relatively narrow shape of the basin, which is
fully surrounded by land; thus its climatic characteristics largely differ from
the open-ocean ones. A more general illustration of the increase in variability
in the open-ocean compared to the coastal one is the higher variability over
the Northern Atlantic compared to the one in the North Sea.
The large variety of patterns presented in Figs. 2 and 3 could trigger very
different regional responses. Of prime interest in this study is how much the
atmospheric variability in different frequency intervals affects the oceanic re-
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sponse. Some rough expectations could be formulated after analyzing the
low-pass filtered atmospheric data. The filtering of the surface atmospheric
pressure with a time-window of two days does not substantially change the
variability pattern (compare Fig. 2b and Fig 2c). While its shape remains the
same as for the non-filtered data, the magnitude decreases by approximately
10%. Filtering with a time-window of ten days (Fig. 2d) leads to a further
decrease in variability, which is only about half that of the original data. Spatially, the local maximum shrinks to the area in the northwest, i.e, the North
Atlantic. This gives a preliminary expectation that the synoptic variability of
surface pressure could largely affect the ocean response.
Similar to pressure, the atmospheric variability of surface winds with up
to a two-day periodicity does not substantially change the horizontal pattern
(compare Fig. 3b and Fig. 3c); however, the magnitude decreases by 10-20%.
After removing the periodicity of up to ten days, the magnitude of the atmospheric variability decreases by approximately three times compared to the
one in the original data (Fig. 3b vs. Fig. 3d). The difference signal between
the original data and the filtered data gives a measure of the variability with
a periodicity of 0-2 days (Fig. 2e, Fig. 3e) and 0-10 days (Fig. 2f, Fig. 3f),
respectively. Figure 2e illustrates the spatial distribution of high frequency
variability and shows an alternative presentation of the difference between
Fig. 2b and Fig. 2c. Similarly, Fig. 2f corresponds to Fig. 2b and Fig. 2d.
While the comparison between Fig. 2b and Fig. 2c does not show principle
differences in the patterns, the large difference between Fig. 2b and Fig. 2d
is well reflected in the amplitude pattern of pressure-oscillations with periods
shorter than 10 days. What is important to mention is that the variability
in the range of 0-10 days has an approximately three times larger magnitude
than the one in the range of 0-2 days (compare Fig. 2e and Fig. 2f, and notice
the different color bars).
The root mean square difference (RMSD) between the original and 2-dayfiltered surface wind speed (Fig. 3e) ranges between 1.5 and 2 ms−1 in the
domain of the hydrodynamic model and has the largest amplitudes along
the Norwegian Trench and in the German Bight (see the 1.8 ms−1 isoline in
Fig. 3e). The tidal range near the coastline of the German Bight is also high,
and this is where the dynamical coupling between tides and the circulation
driven by high-frequency atmospheric variability is expected. It is noteworthy
that the RMSD with the 0-10 days filtered signal shows a much higher amplitude (approximately 1.5 times) over large areas in the North Sea and Atlantic
Ocean than the RMSD with the 0-2 days one (compare Fig. 3e and Fig. 3f).
One basic question to ask is, how appropriate the used atmospheric forcing
data are for the purposes of the present study. One intuitive approach would
be to compare the individual months considered here with the annual variability (Fig. 2g, h and Fig. 3g, h) in the two locations shown in Fig. 1 (A1 is
in the North Sea and A2 is in the Baltic Sea). Two general conclusions are
obvious. The period of minimum atmospheric pressure (December when the
surface pressure is between 1000 hPa and 1005 hPa) corresponds to the period
with the largest wind (approximately 12 m/s). Overall, the pressure curves in
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the two locations (Fig. 2g, h) reveal an almost parallel evolution, which is
explained by the relatively small distance between the two basins undergoing
similar atmospheric forcing. There is one major difference between the temporal variability of surface pressure and wind. While the wind variability (full
red curve in Figs. 3g, h) almost follows the evolution of the wind magnitude
(black line in the same figure), this is not the case with the atmospheric pressure, in particular for the North Sea. What is also relevant to the major issues
considered in the present study, is that the full red and black curves in Figs.
3g, h show comparable values. This means that the magnitude of surface wind
variability is comparable to the mean magnitude of surface wind.
Because the present study addresses the impact of atmospheric variability
on ocean circulation, we will take a closer look at the differences in variability
between the original and the low-pass filtered data. The variability of pressure
estimated for the individual months ranges between 2 hPa and 15 hPa. Removing the variability in the interval of 0-2 days does not substantially reduce
the level of pressure variability both in the North and Baltic Sea (the full and
dashed red lines in Fig. 2g, h are close to each other, the decrease in variability is approximately 1 hPa). Filtering the data with a window of 10 days (i.e.,
fully removing the atmospheric synoptic variability), largely reduces the level
of variability (the distance between the full red and dotted line is approximately 5hPa). As far as the variability in the surface wind is concerned, the
two-day filtering has a relatively more pronounced effect compared to the one
seen in surface pressure (the distance between the full and dashed red lines
in Fig. 3g, h, when compared to the distance between dashed and dotted red
lines, is relatively bigger than in the case of Fig. 2g, h). The reduction in the
magnitude of variation of surface winds in the interval of 0-2 days is approximately 1 m/s to 2 m/s, slightly varying between the months (Fig. 3g, h). The
increase of the filter window to ten days, results in an additional reduction of
the variability by 1.5 to 3 m/s, with a maximum reduction in March, August
and November.
The above analysis of atmospheric variability supports the general meteorological knowledge that in summer, the atmospheric variability has its lowest
values. If substantial responses of the ocean-model to different forcing in the
summer-fall period could be identified, this would mean that responses over
longer periods (including the winter months) will also be significant, because
the mechanical forcing is stronger in the winter months. This could give a justification that the sensitivity experiments addressed in the following section do
not overestimate the possible impact of atmospheric variability on the oceanic
response; therefore, the analysis could be considered as physically consistent.

3 The numerical model
The model used to perform the sensitivity experiments described below is
SCHISM (Semi-implicit Cross-scale Hydroscience Integrated System Model,
Zhang et al, 2016b). It is a derivative product of the original SELFE model
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(Zhang and Baptista, 2008) and solves the Reynolds-averaged NavierStokes
equations. The transport of heat, salt, and tracers is in the hydrostatic form
with Boussinesq approximation, using unstructured grids. The model uses
implicit time stepping, which enables efficiency and robustness. Momentum
advection is treated with an Eulerian-Lagrangian Method (ELM), which further enhances the computational efficiency. Unlike other earlier finite-volume
models such as ELCIRC (Baptista et al, 2005), where numerical diffusion is
dominant, SCHISM enables a good balance in terms of numerical diffusion
and dispersion, as the numerical diffusion inherent in an implicit method and
ELM is balanced out by the numerical dispersion inherent in the Galerkin
Finite Element Method (GFEM). Another major advantage of SCHISM is its
ability to handle very skew elements and being completely free of any orthogonality constraints. As an unstructured-grid model, SCHISM is not immune to
some common issues such as sensitivity to grid generation (Zhang et al, 2015).
Regarding the capability of the model to treat baroclinic instability (eddies
and meanders), the results are demonstrated by Zhang et al (2016b).
The model area addressed in this study (Fig. 1) is the same as the one used
by Zhang et al (2016a) and the set-up is also the same. Altogether there are
∼ 300 K nodes and ∼ 600 K triangles, with some refinement along the German
Bight and Danish straits. In this area a nominal resolution of 200 m is used
with a minimum grid size of 60 m in the narrow Little Belt (see the inset in the
upper-left corner of Fig. 1). Localized Sigma Coordinates with a Shaved Cell
(LSC 2 ) grid (Zhang et al. 2015), using a maximum of 59 levels and an average
of 29 levels, increased the quality of the stratification simulated in the Baltic
Sea (Zhang et al, 2016a). Bathymetry data have been compiled from data
provided by the German Federal Maritime and Hydrographic Agency (Bundesamt für Seeschifffahrt und Hydrographie, BSH), the Danish Meteorological
Institute, and the Baltic Sea Hydrographic Commission, 2013. The Baltic Sea
Bathymetry Database version 0.9.3 (http://data.bshc.pro/, accessed on June
5, 2015) has been used. No bathymetry smoothing was done in our computational grid.
With the presence/absence of a strong stratification being an important
difference between the North Sea and the Baltic Sea, an important aspect for
the simulation of the thermocline is the adequate usage and parameterization
of a turbulence closure scheme. A number of studies in this field have been
developpedconducted. Based on PROVESS (Processes of Vertical Exchange
in Shelf Seas) turbulence measurements in the North Sea, Luyten et al (2002)
used a one-dimensional model to evaluate the importance of the parameterization of different turbulence closure schemes for stably stratified flows (including
the one of Mellor-Yamada, which is used in the present study). They found
that the addition of limiting conditions for turbulence in case of sTable stratification yield in a more accurate prediction of temperature stratification and
the thermocline. Further they showed that the tidally and wind-driven advjective transports have a non-neglible impact on vertical mixing. Using a 3D
non-linear hydrodynamic model for the North Sea, which showed an accepTable agreement between modelled and measured temperatures, Umgiesser et al
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(2002) assessed the relative importance of the advective and mixing processes
in response to different turbulence schemes and internal wave mixing.
The turbulence model used here is the Generic Length-Scale model (GLS
Umlauf and Burchard, 2003), which depending on the parameterization results
in different formulations of the turbulence closure approach (k-epsilon (Rodi,
1993); k-omega (WILCOX, 1988); Mellor and Yamada (1982)). For the present
study the parameterization was chosen according to the k-kl model (Mellor and
Yamada, 1982) with a background diffusivity of 10−6 m2 /s and a maximum
cut off diffusivity of 1 m2 /s. The transport of salinity and heat uses a 2ndorder TVD method (see Zhang et al, 2016a, for more details). The bottom
roughness is specified as 0.5 mm. An albedo of 0.06 and a Jerlov type III water
(Paulson and Simpson, 1977) are used. The time step is 120 s.
The model forcing is also described by Zhang et al (2016a). On the open
North Sea boundary, elevation, horizontal velocity, salinity, and temperature
are interpolated from the data available at the Copernicus marine service
(http://www.copernicus.eu/, formerly myOcean, http://www.myocean.eu, last
accessed in Jan 2015). The sea-surface boundary conditions use the output
from the regional atmospheric model COSMO-EU operated by the German
Weather Service with a horizontal resolution of 7 km and a temporal resolution
of one hour. The heat exchange model inside SCHISM is the bulk aerodynamic
model of Zeng et al (1998) (see also Zhang et al, 2016a). The monthly flow
data at 33 rivers in the region are provided by the BSH. The model is initialized with 3D profiles of temperature and salinity from the climatological
data of Janssen et al (1999) and is run for two years in order to ensure that
the analysis period is part of the quasiperiodic annual cycle. The results of
the simulations, which are here considered cover the period of July 7, 2011 to
October 28, 2011. This period includes an integer number of spring and neap
tides. The model performance for longer integration times in the North Sea,
the Baltic Sea, and the transition zone between them is addressed in detail
by Zhang et al (2016a). Since the experiments performed in the present study
use the same model, we will only exemplarily show the amplitude and phase
lines (Fig. 5a), which agree with these earlier analyses.
Three simulations have been carried out, which only differ by the used
meteorological forcing. In the first simulation (E-R, where E stands for experiment and R for realistic), the meteorological forcing is the same as that
provided by the COSMO-EU model. Experiments E-2day and E-10day are
the same as the E-R, but the atmospheric data is filtered with a time window of 2 days and 10 days, respectively. These experiments do not aim to
demonstrate how important it is for a realistic numerical model to be forced
with atmospheric data resolving high-frequency variability. It is well known
that even hourly data can be superior in comparison to 3- hourly or 6-hourly
forcing. The proposed experiments have to be considered as sensitivity ones,
and they demonstrate the effects resulting from the coupling of physical processes caused by the variability in the forcing of different origins (tidal and
atmospheric). Therefore, no specific analysis is further provided in the paper
on the different averaging of vector fields. The same data from longer-term
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simulations with realistic forcing have been used to initialize the individual
model experiments presented below.

4 Analysis of Results
4.1 Impact of the atmospheric variability on the sea level
The numerical simulations demonstrate that the Baltic Sea level is approximately 20-40 cm higher than that of the North Sea (Fig. 4a), which is consistent
with observations and previous analyses of numerical simulations (Ekman and
Mäkinen, 1996). This is mostly due to the lower density in the Baltic Sea and
is a typical feature of estuaries (Ekman and Mäkinen, 1996; Madsen et al,
2007). As far as the possible inverse barometric effect is concerned, we want
to remind the reader that in small semi-enclosed basins, it is negligible (Ducet
et al, 2000).
For the integration period, high frequency atmospheric oscillations contribute to an increase in the mean sea level in the Baltic Sea by ∼ 2 cm (in
the Bothnia Bay up to 4 cm), which is seen in the negative bias in the experiments in which the forcing is filtered with a window of 2 days and the
reference experiment (Fig. 4b). In the North Sea, high-frequency atmospheric
oscillations (periodicity below two days) also tend to raise the sea level by
∼ 1-2 cm, but only in the coastal areas of the German Bight. The latter effect can be explained as a set up caused by the atmospheric variability with
time scales between 0 and 2 days. Thus, one clearly sees that atmospheric
oscillations of up to two days tend to enhance the slope associated with the
estuarine characteristics of the coupled basins (sea level is higher in the Baltic
Sea compared to that in the North Sea).
The variability with a periodicity of up to 10 days (E-10day experiment),
further enhances the response in the sea level in comparison to the previous
case (E-R and E-2day) and biases exceeding 10 cm compared to the reference
case are simulated (Fig. 4d). When looking at the bias-pattern, one can conclude that the synoptic variability in the atmosphere (time scales between two
and ten days) largely controls the difference in sea levels between the North
Sea and the Baltic Sea. Keep in mind that the mean atmospheric forcing is
the same for the analyzed period.
The difference between the three experiments is quantitatively well presented by the RMSD between the sea level simulated in the individual experiments (Fig. 4c, e). The largest differences are localized in the southern
North Sea and around the Danish Peninsula, which confirms a similar pattern
caused by perturbations of the bottom topography (Jacob et al, 2016) and
wind (Schulz-Stellenfleth and Stanev, 2016). The area maximum is found in
the eastern German Bight. In the Baltic Sea, the largest differences are observed in the embayments (tBothnian Bay, the Gulf of Finland, and the Gulf
of Riga) and in its southwestern corner.

Title Suppressed Due to Excessive Length

11

The RMSD reaches values of approximately 10 cm to 20 cm (Fig. 4 c, e),
which is substantially larger than the bias in sea level for the considered period (Fig. 4 b, d). In the North Sea, those maxima in RMSD can be found
in the southern near coastal areas (southeastern German Bight), where the
maximum values in the M2 amplitude (1.5-2 m), Fig. 5a) occur. There the
relative contribution of synoptic atmospheric variability is less than 5-10% of
the M2 tidal magnitude (Fig. 5a). The comparison of Fig. 4b, d (bias), and
Fig. 4c, e (RMSD), indicates that the temporal variability is more significant
than the static differences of the mean sea level simulated in the individual
experiments.

4.2 Impact of atmospheric variability on the tidal constituents
The experiments performed in the present study use the same model, which
has been used by Zhang et al (2016a), where an extensive validation against
available observation has been presented. Therefore we will only exemplarily
show the amplitude and phase lines (Fig. 5a), which agree with these earlier
analyses. In the following, we will analyze the M2 signal as seen in the difference between the reference run and the ones forced by the filtered data (Fig. 5
c, e). The Baltic Sea is not shown on these maps because it is a non-tidal
basin.
If tides and wind variability would not couple (e.g., if tides were linear),
there would be no leakage of M2 variability into the difference signal. Thus, the
analysis bellow is the first step to illustrating the possible coupling between
tidally and wind driven circulation.
The phase lines corresponding to the M2 signal derived from the difference between the two experiments reveal several amphidromic-like areas in
the North Sea. Some of them are largely displaced to the West in comparison to the ones of the main M2 signal, but overall there is a correspondence
between the known amphidromic points (Fig. 5a) and those seen in the difference signal. However, there are some new ones in the north eastern part
of the model area, which only reflect M2-differences between the individual
simulations. The rotation of the Kelvin wave, as seen in the difference signal,
is in the same direction as of the major wave.
The largest amplitudes of the M2 signal derived from the difference between
individual simulations are localized in the coastal zones of the German Bight,
along the Danish Peninsula and in the Skagerrak. The absolute maximum is in
the area of the Danish Straits. Taking into account the comparably low tidal
amplitude in the Skagerrak and Kattegat, the relatively hight tidal energy of
the difference signal indicates that, in relative terms, the non-linear interaction
between wind and tidal currents is most dominant in this region. The case in
the southeastern German Bight is quite different. There the absolute values in
the difference signal are similar to those in the Skagerrak and Kattegat, but
the tidal amplitude is higher.
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Recently, Stanev et al (2015b) demonstrated that in this area the tides
have an important impact on the dynamics (e.g. on the transport through
the straits). We now see that the opposite is also true: the high-frequency atmospheric variability strongly impacts the variability at the M2 frequency in
this region. Notice the different responses in the individual straits and remember that these estimates can only be accurately done if the model sufficiently
resolves these narrow straits.
The pattern does not change qualitatively with increasing the period of
filtering. This could serve as an illustration that the ocean response to atmospheric variability does not repeat the atmospheric signal, but localizes the
coupled dynamics in almost the same area in the two experiments (Fig. 5c,
e). This conclusion is supported also by the fact that the pattern of atmospheric forcing and its variability (Fig. 2 and Fig. 3 ) differs largely from the
pattern of ocean response. This result supports the perturbation analysis of
Schulz-Stellenfleth and Stanev (2016), designed with the aim of identifying
areas which are strongly impacted by errors in the wind forcing.
The tidal analysis of the simulated data has also been used to reveal the
patterns of tidal and coupled variability associated with the spring-neap cycle.
The results presented in Fig. 5b demonstrate that the sea-level oscillations associated with the spring-neap cycle have an approximately ten times smaller
amplitude than the M2 oscillations. Their pattern differs largely from the one
of the M2 tide (compare Fig. 5a and Fig. 5b). The amplitude is on average
approximately 6 - 7 cm, with a local maximum in the coastal area of the German Bight, where the amplitude increases from approximately 12 cm to 20 cm
in the south eastern corner of the German Bight. Another zone of coastallyattached maximum is along the southern coasts of the British Isles. In the
English Channel, the magnitude of spring-neap oscillations is small. These
spatial characteristics are supported by the observations from tidal gauges in
the North Sea.
Like in the case of the M2 tide, the removal of high frequencies and synoptic
oscillations from the meteorological signal, largely affects the oceanic response
at the spring-neap frequency. However, unlike the case of the M2 tide, where
the largest differences between the individual experiments do not coincide
with the maxima of the M2 amplitude, the largest spring-neap response to
atmospheric oscillations is identified in the areas of the largest spring-neap
amplitudes. As it can be expected, the high frequency atmospheric variability
(0-2 days) has a lower impact than the one in the range of 0-10 days (compare
the spring-neap amplitudes of sea level differences in Fig. 5d, f).
Figures 5d, f identify where the strongest coupling between the atmosphericallydriven and the spring-neap driven processes could occur (this can be interpreted as either the leakage of spring-neap energy or regional amplification of
wind forcing by spring-neap variability). The difference signal reaches up to
3 cm when the reference experiment is compared with the E-2day experiment
(Fig. 5d) and 10 cm when comparing with the E-10day experiment (Fig. 5f).
The latter number approaches the amplitude of the spring neap cycle, which
demonstrates (1) the importance the atmospheric variability for the regional
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appearance of this astronomically driven oscillation; and (2) that this variability affects the spring-neap variability very strongly.

4.3 Coupled effects
4.3.1 The impact on elevation
Previous studies(Schulz-Stellenfleth and Stanev, 2016; Jacob et al, 2016) as
well as the analysis in the previous sections demonstrated that the coastal
areas of the German Bight, in particular the eastern coast, are very sensitive
to different kinds of perturbations, including meteorological forcing. The explanation is based on the understanding that the characteristics of the basins
shape the propagation of the tidal wave (Carbajal and Pohlmann, 2004) in
a specific way: (1) the non-linear processes are strong in the south eastern
German Bight; and (2) a large part of the tidal energy is dissipated in this
region (Stanev et al, 2014). However, the role of the synoptic variability in the
meteorological forcing has not been addressed in these studies. In the following, we will take a closer look at this issue, quantifying the coupled tide-wind
responses.
As a measure of the coupling between the atmospheric forcing and the
specific tidal frequencies, in Fig. 6, we will analyze the area averaged tidal
constituents derived from the difference signal of sea level simulated in the individual experiments. This presentation can be considered as an areal average
of Fig. 5.
As in Fig. 5, the difference signal was subjected to tidal decomposition. We
will consider two of the domains shown in Fig. 6: one is the North Sea (the
blue-colored region in the inset of Fig. 6a), and the other one is the transition
zone ( Skagerrak/Kattegat/Danish Straits region) between the North Sea and
the Baltic Sea (the green-colored region in the inset of Fig. 6a). The Baltic Sea
will not be considered, because tides are not dominant there. If currents driven
by tides and wind did not interact, the difference signal would not include any
tidal variability.
The amplitudes of the individual constituents in the difference-signal are
in the range of a few millimeters, with the highest values for spring neap
oscillations(MSF), K1, M2 and S2 tides (Fig. 6). For the MSF tide, the largest
values in the difference between E-10day and E-R approach approximately
2.7 cm (1 cm in the difference between E-2day and E-R) in the transition zone
between the North Sea and the Baltic Sea. The corresponding numbers for the
North Sea are 1.8 cm and 0.6 cm.
The above result is considered as a measure of the strength of coupling
between the tidal currents and the currents caused by the temporal variability
of atmospheric forcing. The estimated amplitudes generally increase for all
constituents while increasing the width of the filter-window applied to the
atmospheric forcing. One exception is the lunar diurnal K1 constituent, which
remains rather unchanged by the increase of the averaging window.
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The increase in the semi-diurnal amplitudes (M2 and S2) of the difference
signal, when changing from two days to ten days filtered atmospheric forcing,
suggests that the longer-period variability of sea level caused by the wind
substantially affects the wave propagation. This is explained by changes in
the thickness of the water column in the coastal zone (see 4b, d), which could
affect the tidal distortion (changes in M2 and M4 tides).
The spatially averaged tidal constituents of spring neap and the semidiurnal species (K1, M2, and S2) indicate an absolutely larger non-linear interaction for the Skagerrak/Kattegat area (Fig. 6). On the contrary, in the
North Sea only a small part of the coastal area shows the leakage of tidal
energy (Fig 5 c-f). Due to the much larger near shore tidal amplitude (Fig 5
a,b) the relative importance of the non-linear interaction in the transition zone
(Skagerrak/Kattegat) is even larger.
4.3.2 The impact on surface currents
We calculated the Kundu correlations (Kundu,
1976) for the three experiments
√
using the complex representation (i = −1) of the velocity timeseries
w(t) = u(t) + iv(t)

(1)

with zonal component u and meridional component v at time t. The complex
correlation coefficient (P) between the time series vectors of wind (w1 ) and
currents (w2 ) is given by
P(w1 , w2 ) =

hw1∗ w2 i
1
1
∗
hw1 w1 i 2 hw2∗ w2 i 2

,

(2)

where the asterisk denotes the complex conjugate and h.i the arithmetic average over time.
With P being complex, the overall strength of the correlation is given by
the magnitude of P, which we will be referring to as ρ, while the phase angle
φ = tan−1 (P) gives the veering between currents and wind. The veering angle
is “meaningful” only if the magnitude of the correlation is high.
The strength of the Kundu correlation (ρ) for the different experiments is
shown in Fig. 7. What is striking at first glance is the difference between the
North Sea and the Baltic Sea. In the Baltic Sea, the correlation is very high
overall. In the North Sea, the correlation is lower and approaches zero, where
the tidal dynamics are dominant (Fig. 5a). This result is not surprising since
the tidal forcing and wind forcing are independent processes. The lack of tides
in the Baltic Sea makes the wind stress the dominant driver of momentum,
and the correlation with the surface currents is high. The veering roughly
reflects the distribution of depth (the angle between wind and surface current
decreases over the shallows). In contrast, in the North Sea, where the tidal
forcing is the dominant driver, the surface currents change continuously and
the correlation with the wind decreases. This is well pronounced in the coastal
areas along the British Isles, the English Channel and the southeastern coast.
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The Kundu correlation in the North Sea and the Baltic Sea shows very
different responses to atmospheric variability. In the Baltic Sea, the removal
of the atmospheric variability with periods smaller than two days results in
a further increase in the correlation. This is associated with the time needed
by surface currents to adjust to wind (this time is comparable to the short
periods in the atmospheric oscillations). The removal of the periods from two
to ten days from the forcing data has only a minor effect in the Baltic Sea
(compare Fig. 7e with Fig. 7c) because the 2-day period is already longer than
the inertial period controlling the adjustment of the surface currents to wind.
For the North Sea, the trend is the opposite. The Kundu correlation coefficient decreases if higher frequencies are removed from the atmospheric forcing.
This is less pronounced in E2-day (Fig. 7a) compared to the E10-day (Fig. 7c).
This is a fundamental result demonstrating that, by reducing the atmospheric
variability, the correlation between wind and surface currents largely decreases.
Because this correlation can be considered as a measure of the work done by
wind, the conclusion is that the coupling between wind driven and tidallydriven circulation is of utmost importance for the mechanical driving of tidal
basins. These results are also indicative for the response of the tidal wave to
the local hydrographic conditions, which are continuously altered by wind.
Furthermore, they are in line with the changes in the amplitude of tidal elevation, which show a stronger response to the removal of the frequencies in the
interval of two to ten days (E-10day).

4.4 The impact of atmospheric variability on the straits’ exchange
The exchange of waters between the Baltic Sea and North Sea is of fundamental importance for the salt balance of the Baltic Sea, as well as for the
ventilation of its deep waters (HE et al, 2006). It is well known that this ventilation is an intermittent process and is triggered by specific combinations
of atmospheric forcing (wind and pressure, as well as low winter temperatures (Lass and Matthäus, 1996; HE et al, 2006)). The impact of tides on the
transport between the North Sea and the Baltic Sea has been recently estimated by Stanev et al (2015b) using a model with a resolution of 1 km. In
the following, we will focus on the impact of the atmospheric variability on
the straits’ exchange, analyzing simulations with a much finer resolution (approximately 200 m in the straits). Our expectation is that the wind effects are
largely underrepresented if the high frequency variability is not considered. In
the following, we will analyze the results from the three experiments, focusing
on the transports through the straits that form the major connection between
the Kattegat and the Baltic Sea (Stoerebælt and Øresund in Fig. 1).
The Kattegat acts as a low-pass filter reducing the magnitude of tidal oscillations and the signal fades reaching the straits. Thereby, the Great Belt
(Storebælt) is wider than the Sound (Øresund) and more tidal energy enters
this strait. This difference between the two straits is additionally amplified by
the Kelvin wave following the western coast of the Kattegat (see also Stanev
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et al, 2015b). This translates in the leakage of M2 amplitude in the difference
signal (Fig. 5c and 5e), which increases with the length of the filter window. This effect is substantial in the Great Belt, but negligible in the narrow
Øresund (see the maxima in the Great Belt in Fig. 5c and 5e). Therefore, the
relative importance of tides could differ in the two straits. What also differs
is their section area and depth, which could strongly impact the dynamics.
Since these straits are very close to each other and the area of the Kattegat
is also small, one can consider the relatively course atmospheric forcing as almost uniform. Hence one can expect that the results of the three experiments
mostly depend on the small-scale oceanic processes.
The net transports in the two straits (Fig. 8) are positive when the transport is southward, i.e., into the Baltic Sea. The overall variability in the two
straits is similar because they experience an almost identical wind forcing. The
pressure gradient that results from the density gradient between the North
Sea and the Baltic Sea and sea-level slope is also similar. The peaks in transport are, in general, about twice as high for the Storebælt as compared to the
Øresund, which relates to the ratio in the cross sectional areas (∼ 1.18×105 m2
vs ∼ 2.67 × 105 m2 ), which on average is about 2.3 times higher for the
Storebælt. Additionally, in contrast to the Øresund, the Storebælt shows a
clear tidal signal.
We will focus the analysis of the results on the last part of the model
integration because the wind is overall stronger in October and the responses
are more pronounced. A period of 422 hours that covers the last ∼ 18 days
was considered, which is close to an integer multiple of about 34 M2 cycles.
The average net transports for this period in the E-R sum up to ∼ -4.60
×104 m3 s−1 for the Storebælt and ∼ -3.04 ×104 m3 s−1 for the Øresund. The
mean currents are ∼ -0.18 ms−1 and ∼ -0.27 ms−1 , respectively. For E-2day,
those values reduce to -4.12 ×104 m3 s−1 (-0.16 ms−1 ) and -2.88 ×104 m3 s−1 (0.25 ms−1 ), respectively. In relative terms, this denotes a reduction by 10.43%
in the Storebælt and 5.37% in the Øresund, that is relatively stronger in the
tidally dominated Storebælt.
The transport is further reduced in E-10day to -3.77 ×104 m3 s−1 (with a
mean current of −0.14ms−1 ) in the Storebælt and to -2.51 ×104 m3 s−1 (with
a mean current of −0.21ms−1 ) in the Øresund. This is a further reduction of
7.62% and 11.88%, respectively, on top of the reduction in E-2day. Summing
up, under the given situation, the wind frequencies of up to ten days are
responsible for approximately 17% of the transport through the Øresund and
about 18% of the transport through the Storebælt.
It is noteworthy that the variability of wind in the interval from two to ten
days carries more energy than the the one in the interval of up to two days. This
is seen in the comparison between Fig. 3b, Fig. 3c and Fig 3d). In particular,
in the middle of Kattegat, filtering the wind
a filter window of two
P pforcing with
(ui − ū)2 + (vi − v̄)2 ) from about
days reduces its standard deviation ( N1
6.82 ms−1 in E-R to 5.33 ms−1 (21.84 % reduction) in E-2D. The larger filter
window of ten days results in a reduction to 2.79 ms−1 (a reduction by 59.24%
with respect to E-R ) in E-10day. The corresponding standard deviation of sea

Title Suppressed Due to Excessive Length

17

level reduces from 0.25 m in E-R to 0.22 m (12.49 % reduction) in E-2d and
to 0.17 cm (32.72 % reduction) in E-10d, respectively. The relative changes
in variability are thus approximately 1.80 times larger for the changes in the
forcing than they are for the sea level response. the latter is also driven by the
tidal signal, especially in the western part of the Kattegat.
Comparing the above changes to the ones previously described when addressing the mean transports through the straits, one can conclude that the
relative changes in sea level variability are bigger than those of the mean transports (-7.62 % in the Storebælt and -11.88 % in the Oresund), that is by a
factor 1.64 and 1.05, respectively in E-2day. The comparison between E-R and
E-10day yields the numbers 1.81 and 1.90, respectively.
The RMSD between the transports computed in the three experiments
is shown in Table 1 and Table 2 for different periods for the Storebælt and
the Øresund. The standard deviation (std) for E-R (the first column) increases
from summer to fall, which is due to the change in the atmospheric forcing. The
overall larger variability in the Storebælt than in the Øresund (factor ≈ 2) is
explained by the larger areal cross-section of the former. The larger sensitivity
of the transport in this strait to higher frequencies in the atmospheric forcing
(the RMSDs between the individual experiments are roughly about 1.5 times
higher in the Storebælt, see the tables) is largely due to the coupled effect of
wind and tidal forcing. However, in the straits area, the atmospheric variability
with synoptic scales is not less important (see column E2-day vs E10-day). In
this time interval (0-10 days), the RMSD is approximately 1.5-2 times higher
than the one in the interval 0-2 days (column E-R vs. E2-day).

4.5 The impact of atmospheric variability on the vertically-integrated
circulation
The averaging below is for 34 tidal cycles, and the results are shown in Fig. 9.
The left panel displays the vertically integrated transport in the North Sea;
the right one displays a zoom of it in the area of the Danish Straits. The Baltic
Sea, where the circulation is not affected by tides, is not considered here. Note,
that in this area the wind driven currents in E-R are drastically reduced in
E-10day.
The numerical simulations support the well-known counter clockwise circulation in the North Sea, with outflow into the northern Atlantic along the
Norwegian Trench and inflow into the English Channel and along the western
coast. The contribution of wind variability becomes obvious in the difference
plots (Fig. 9c,e). In the North Sea, the difference-currents flow in the opposite direction to mean transport in the reference case (Fig. 9a). This gives a
clear demonstration that, in the sensitivity experiments, where the temporal
variability is partially removed from the forcing signal, the circulation weakens. The conclusion is that the net circulation in the North Sea is dominantly
driven by the variability of atmospheric forcing. Thereby the magnitude of
the transports reduces by a few tens of % (Fig. 9c,e); the larger filter-window
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Timeperiod
July
August
September
October(1-27th)
total period
day 100 - 118

E-R
7.322
9.385
10.033
13.688
10.274
13.272

E-R vs. E-2day
2.885
3.659
3.334
3.923
3.453
3.912

E-R vs. E-10day
6.086
7.766
8.481
9.055
7.870
10.110

E-2day vs. E-10day
4.367
5.779
6.694
7.029
6.006
8.018

Table 1: RMSD of transports in Storebælt in 104 m3 s−1 . The First column
shows the standard deviation for E-R as reference.

Timeperiod
July
August
September
October(1-27th)
total period
day 100 - 118

E-R
3.275
5.164
5.952
7.951
5.729
7.667

E-R vs. E-2day
1.875
2.423
2.002
2.087
2.108
2.076

E-R vs. E-10day
3.527
4.995
5.285
5.705
4.910
6.512

E-2day vs. E-10day
2.326
3.662
4.318
4.667
3.806
5.407

Table 2: RMSD of transports in Øresund in 104 m3 s−1 . The First column shows
the standard deviation for E-R as reference.

results in larger differences (Fig. 9c-f). The spatial pattern of the differencetransport does not significantly change when going from E-2day to E-10day;
the magnitude increases in the second case. The key aspect here is that the
time-variability in the atmospheric signal adds to the mean circulation. This
could indicate that the latter shapes the trend of the non-linear ocean response
to atmospheric variability. Similar conclusions can also be formulated for the
transition area between the North Sea and the Baltic Sea. In this area, the
transport during the considered period is directed from the Baltic Sea to the
North Sea (Fig. 9b). The comparison of the (changes in the) averaged vertically
integrated transports (Fig. 9d and Fig. 9f) demonstrates that an important
part of this mean transport is due to variability in the atmospheric forcing.
Although, for the transition area, it is known that the inter-basin exchange is
shaped by the atmospheric forcing and that tidal forcing substantially affects
it (Stanev et al, 2015b), the synergy between the mean transport and the temporally variable motion has not been addressed before. This presents a clear
demonstration that the wind variability, combined with larger-scale patterns
of ocean circulation, could have an important local dynamic consequence in
the area of our study. As shown in the supplementary material, the quantification of the above effects depends on the type of vector-averaging (Fig. S2);
however the overall result presented above does not qualitatively change.
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5 Conclusions
We have analyzed the coupling between the wind driven and tidally driven
ocean circulation, performing three sensitivity experiments with atmospheric
forcing, which differs in the high frequency range (from 0 to 10 days). The
comparison of the ocean responses to different forcing has proven the nonlinear coupling between tides and wind. The analysis of the Kundu correlation
between the wind and surface currents demonstrated the principle differences
between the tidal (North Sea) and non-tidal (Baltic Sea) basins. In the latter
basin, this correlation is generally strong, demonstrating that the atmospheric
forcing provides the basic mechanical driver. In the tidal basins, in particular
in the areas of strong currents, this correlation weakens, which shows that the
work done by wind in these areas is substantially modified/reduced by tidal
currents, the latter changing direction periodically. In these areas, the impact
of atmospheric variability,which largely contributes to the net circulation, is
more pronounced, in particular in the German Bight. This is where the tidal
and atmospherically induced variability of currents is most strongly coupled.
Obviously, there is a clear response of the tidal wave to the local hydrographic
conditions, which are continuously altered by wind. The changes in the tidal
constituents are indicative of the leakage of energy between the two types of
motions. Actually, in the presence of high-periodic oscillations, one can not
separately talk about two types of motions —tidal and wind driven ones—,
because the dynamics become non-linear, and an additive approach can not
fully explain the dominant processes in some areas.
The response of the ocean system to variability in the frequency intervals of
0-2 and 0-10 days showed some regional selectivity; the pattern of atmospheric
forcing and its variability largely differs from the pattern of ocean response.
This demonstrates that the ocean response to atmospheric variability does not
repeat the atmospheric signal. The regional selectivity is different for different
tides. While the response of the M2 tide to the variability of atmospheric
forcing is not largest in the areas where the maxima of the M2 amplitude
are observed, the largest spring-neap response to atmospheric oscillations is
identified in the areas of the largest spring-neap amplitudes. The atmospheric
variability affects the spring-neap variability relatively stronger in comparison
to the M2 tide.
Numerical simulations make it possible to distinguish between areas where
the dynamics are dominated by atmospheric variability with high-frequencies
and the ones where the atmospheric synoptic cycle has a stronger impact. Of
particular importance is the transition area between the North Sea and the
Baltic Sea, where the synoptic variability in the atmosphere (time scales between two and ten days) largely controls the difference in sea levels between
the two basins. Here, one basic consideration would be how well the previous
numerical simulations (either using climatic data or coarse horizontal resolution) represent the exchange between the North Sea and Baltic Sea.
Another fundamental issue that needs further attention is the tendency of
high-periodic atmospheric variability to amplify the basin circulation and the

20

B. Jacob, E. V. Stanev

estuarine transport (compare Fig. 4b and Fig. 4c). This needs to be further
analyzed for larger and physically different ocean areas, not least because some
studies (e.g. Kessler and Kleeman, 2000; Waliser et al, 2003) suggest different
results for the rectified zonal surface currents in the equatorial Pacific Ocean.
Acknowledgements Thanks go to Y. J. Zhang for the support in unstructured-grid modelling. We acknowledge the German Federal Maritime and Hydrographic Agency (BSH) and
the German Weather Service (DWD) for the data made available for this study. This research is part of the initiative Earth System Knowledge Platform (ESKP) supported by the
Helmholtz-Association. We thank the handling editor, Sandro Carniel, and the anonymous
second reviwer for their helpful comments on the manscript.
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Fig. 1: Model bathymetry in the North- and Baltic Sea (logscale in m). The
points A1 and A2 give the locations of the time series of atmospheric variables
shown in Fig. 2g, h and Fig. 3g, h. The red lines in the Storebælt (Great
Belt) and Øresund (zoom 1) indicate the transects for which transports were
analyzed in Fig. 8. The small inset in the upper-left corner (zoom 2) shows
the the unstructured grid in the area of narrowest strait connecting the North
Sea and Baltic Sea.
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Fig. 2: Mean for July-October 2011 sea level pressure (a) and standard deviation of pressure (b). (c) and (d) show the same as (b), but the signal is low-pass
filtered with a window of two (c) and 10 (d) days. The root mean square difference(RMSD) between the original pressure and the filtered one is shown in
(e) for two-day time window filtered data and (f) 10-day filtered data. The
variability of monthly mean surface pressure (black line) and monthly standard deviation of surface pressure (red lines, see legend) for 2011 is shown for
the North Sea (g) and Baltic Sea (h) at the respective locations marked as A1
and A2 in Fig. 1.
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Fig. 3: Mean for July-October 2011 10 m wind velocity magnitude in colors
with velocity vectors over imposed (a) and standard deviation of velocity (b).
(c) and (d) show the same as (b), but the signal is low-pass filtered with a
window of two (c) and 10 (d) days. The root mean square difference(RMSD)
between original wind and the filtered one is shown in (e) for two-day time
window and (f) 10-day filter. The variability of the monthly velocity magnitude
(black line) and monthly standard deviation (red lines) is shown for the year
2011 for the North Sea (g) and Baltic Sea (h) at the respective locations
marked as A1 and A2 in Fig. 1.
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(a)

(b)

(c)

(d)

(e)

Fig. 4: Mean Sea Level (in cm) in the reference run (a). (b) shows the difference
(ζ2dF ilt − ζref , bias) between mean sea level simulated in the E-R experiment
and the one in E-2day experiment. (c) shows the root mean square difference(RMSD) of elevation between the reference run and the one forced by
2-day filtered data. (d) and (e) is the same as (b) and (c), respectively, but
the filter-window is 10 days.
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Fig. 5: Amplitude (color scale) and phase lines (white isolines) of the M2 tidal
constituent (left panel) and the Spring-neap(MSF) amplitude (right panel) in
the North Sea. The amplitude and phase lines are computed from the reference
run (a and b, respectively for M2 and MSF tides) The horizontal maps (c, ...,
f) are computed from the difference signal between the E-R and E-2day (c, d)
and E-10day (e, f), respectively. The non-tidal Baltic Sea is not shown. The
colorbars are cropped to better illustrate the results.
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Fig. 6: Spatially averaged constituents of the tidal variability computed from
the difference signal between the reference run and the ones forced with filtered
data (see legend) in the North Sea (a), and transition zone (b). The inset in a
shows the domains referred to in the text.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 7: Kundu correlation coefficient (ρ, left panel) and veering angle (φ, right
panel) between wind forcing and surface currents in the reference run (E-R, a,
b), and for the scenarios with filtered atmospheric forcing with respect to the
frequency intervals of up to two days (E-2day, c,d ), and the interval from two
to ten days (E-10day, e, f). The veering is to the right for the surface currents
with respect to the wind forcing.
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Fig. 8: Transports in the straits labeled as Storebælt (a) and Øresund (b) in
Fig. 1. Positive values denote inflow into the Baltic Sea.
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(b)

(d)

(f)

Fig. 9: Temporal, component wise average of vertically integrated currents
in the North Sea (left panel) and as zoom in the area of the Danish Straits
(right panel) for the last 18 days of the model run. Subfigure a) and b) show
the magnitude of the average integrated flow (color) and its average direction
(arrows are normalized to a value of one to better illustrate the direction),
whereas c) and d), as well as e) amd f) show the difference in those properties
between the 2 day filter experiment minus the reference (E-R), and the 10 day
filter experiment minus the reference (E-R), respectively.
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