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Abstract. A dataset of 85 Lagrangian surface drifter trajectories covering the central North Sea area and the Skagerrak from
2017 — 2021 of 17 deployments is presented. The data have been quality controlled, uniformly structured and assimilated in a
standard NetCDF format. Using appropriate methods presented in detail here, surface currents were calculated from the drifter
position data and gridded surface current maps with 0.125° spatial resolution were derived. The maps present for the first time
mean currents of the south-eastern North Sea and the Skagerrak from Lagrangian observations. Tidal energy spectra were
analyzed separately for the southern and northern areas of the North Sea, and tidal ellipses were calculated to determine the
tidal impact on surface currents. Significant differences between the shallow shelf and the deeper areas of the North Sea are
evident. While the shallow nearshore areas are dominated by tidal currents, deeper areas such as the Skagerrak register a high
mean residual circulation driven by high density gradients.

Measurements using Eulerian approaches and remote sensing methods are restricted in temporal and spatial coverage, in
particular, to capture submesoscale dynamics. For this reason, Lagrangian measurements, to a large extent, provide new
insights in the complex submesoscale dynamics of the North Sea. Exemplarily, the Skagerrak region is used to illustrate the
ability of reconstructing mesoscale and submesoscale current patterns using drifter observations.

This unique dataset covering the entire south-eastern North Sea and the Skagerrak offers further analysis possibilities and can
be used for the investigation of various hydrodynamic and environmental issues, e.g., the analysis of submesoscale current

dynamics at ocean fronts, the determination of the kinetic eddy energy and the propagation of pollutants in the North Sea.
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1 Introduction

The North Sea is one of the most intensely used coastal areas worldwide, connecting the major ports of Europe with the world
oceans. The region is of particular interest to various stakeholders due to the economic and industrial value of its numerous
riparian states. Industrial coastal activities, busy shipping lanes and growing offshore activities in the context of power
generation with offshore wind farms increase the anthropogenic pressure on the marine ecosystem.

The North Sea is a semi-enclosed shelf sea opening in the north into the Norwegian Sea and in the western part into the English
Channel. It is highly influenced by freshwater runoffs of the rivers Elbe, Scheldt, Rhine and Weser. Due to its shallow water
depth in the majority of the area, it is highly impacted by strong tidal dynamics (Otto et al., 1990). Tides influence turbulence
intensities and the energy cascades in shallow areas, which can create strong vertical mixing, enhancing the formation of tidal
mixing fronts in the entire water column (Otto et al., 1990; Ricker et al., 2021). Furthermore it was shown that tidal motions
have a scale-dependent influence on the relative diffusivities in tidal controlled shelf environments (Meyerjiirgens et al., 2020).
However, the particle motions are controlled by both the tides and the residual currents, the latter are mainly caused by density
gradients.

Numerical models depend on in situ measurements to be developed further and for calibration purposes (Ricker et al., 2021;
Ricker and Stanev, 2020). From 1970 to 1990, many investigations on tidal dynamics and surface currents, and thus the
transport in the North Sea, have been reported in the literature (Becker et al., 1999; Otto et al., 1990). A dense network of
monitoring stations was established in the last decades in the North Sea region, which makes it one of the best-observed coastal
areas worldwide (Baschek et al., 2017). Nevertheless, further investigations are valuable because today's technical progress
offers a higher quantity and quality of data and, in terms of spatial distribution, there still exist significant data gaps in the
North Sea (Siindermann and Pohlmann, 2011). Previous studies of surface currents and tidal dynamics in the North Sea have
consisted in deploying moorings with current meters that have taken long-term measurements using Eulerian measurement
techniques (Davies and Furnes, 1980; Maas and van Haren, 1987). Other applications cover Acoustic Doppler Velocity
Profilers (ADCP) mounted on ferries to gather current data on ferry routes (Vindenes et al., 2018). Similarly, near-shore high-
frequency radars or satellite altimeters have been used to study surface currents (Baschek et al., 2017). One major drawback
of all these measurement techniques is their focus on fixed points of regions covering distinct timescales, or in the case of
satellite altimeters, measurements are continuous in space and time, but with coarse resolution.

In contrast, Lagrangian measurement techniques, which have been rarely used in the North Sea (Meyerjlirgens et al., 2019),
are variable in space and time. They can capture small spatially and temporally rapid movements, as well as large-scale
temporal variations (Lilly and Pérez-Brunius, 2021a). Lagrangian measurements can cover mesoscale ocean circulations,
small-scale and submesoscale fluid dynamics to improve the understanding of complex surface current and energy dynamics
(Lumpkin et al., 2017; Ozgékmen et al., 2012). The processes at submesoscales (0.1 — 10 km length scale) can be observed at
fine spatial and temporal resolution with Lagrangian techniques (McWilliams, 2016). Differential kinematic properties and

dispersion characteristics of the submesoscale current field can be determined, allowing an understanding of the structure and
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dynamics of the ocean surface, for example, at density fronts (Essink et al., 2020; Tarry et al., 2022). Furthermore, several
studies analyzed the propagation of particles and Lagrangian surface drifters at the sea surface to understand the ecological
implications of plastic litter (Van Sebille et al., 2020; Meyerjiirgens et al., 2023) and oil spills (Liu and Weisberg, 2011) in
open ocean and coastal areas. For this reason, a satellite-tracked high-resolution surface drifter, which is adjustable with various
wind slip characteristics, was developed that follows surface currents at 0.5 m depth and can be used in tidally influenced
coastal and estuarine areas (Meyerjiirgens et al., 2019) as well as in open ocean environments (Martin et al., 2023).

This study presents drifter data collected from 2017 to 2021 in the North Sea. Previously, only individual datasets have been
analyzed for individual scientific objectives. This paper provides an overview of the coverage of all collected data, resulting
in a comprehensive Lagrangian dataset that contributes to a better understanding of the circulation and tidal dynamics in the
North Sea. The large number of Lagrangian observations based on drifter studies provide data covering large temporal and
spatial scales and is presented for the North Sea for the first time due to a significant lack of studies using drifters in the past.
Thus, this study presents a comprehensive dataset and investigates the tidal dynamics and provides furthermore a Lagrangian
observational view for the first time for the North Sea. The particular focus will be on presenting the dataset and describing
the processing methods in detail. In addition, the calculated current velocities will be compared with other data to prove the

reliability of the methods.

2 Study Area

The North Sea is a semi-enclosed shelf sea surrounded by Great Britain and central northern continental Europe. At the
northern edge, it is connected to the Norwegian Sea and the North Atlantic by a broad opening, whereas in the south, it is
narrowly linked by the English Channel to the North Atlantic (Fig. 1). In addition, to the high saline Atlantic water, the North
Sea gains a substantial inflow of the low saline Baltic water and freshwater inflows from river runoffs (Otto et al., 1990).
The average depth of the North Sea is around 80 m, becoming shallower from north to south toward the coast (Otto et al.,
1990; Vindenes et al., 2018). The Norwegian Trench and the Skagerrak as an extension are the deepest region with a sill depth
of approximately 270 m and a maximum depth of 700 m (Vindenes et al., 2018).

The tides in the North Sea are initiated by tidal waves from the North Atlantic. This emerges from the Norwegian Sea, moves
along the coast of Great Britain and propagates around three amphidromous points in the North Sea. These are located at the
south-western tip of Norway, at the eastern tip of Dogger Bank and near the entrance to the Southern Bight. The dominant
tidal component is the tidal motion of the semidiurnal Mz tide and provides a good initial approximation of the tidal motion.
Tidal currents can reach maximum velocities above 1 m s for spring tides in the shallow southern part of the North Sea and
along the coast of Great Britain (Dietrich, 1950; Valle-Levinson et al., 2018). In the deeper northern part, maximum velocities
of some tens of cm s! are reached (Otto et al., 1990), and lowest in the Skagerrak with a magnitude of 1 cm s™! (Danielssen,

1997; Rodhe, 1987).
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Figure 1: A map of the North Sea and its surroundings, showing the major mean ocean circulation pattern in the North Sea.
Acronyms: Baltic Sea (BS), Danish Coast (DC), German Bight (GB), Great Britain Coast (GBC), German Coast (GC), Norwegian
Coast (NC), Norwegian Trench (NT), Swedish Coast (SC), Skagerrak (SK) (based on Otto et al. (1990)).

In addition to the cyclic tidal components such as Ma, averaging the tidal currents result in residual currents. These are partly
due to nonlinear tidal interactions. In the shallow coastal regions of the North Sea, nonlinear tidal interactions can occur due
to shallow water tides that deform the original sinusoidal character of the tide (Otto et al., 1990). Overtides are generated due
to advection terms, such as the M4 tide, which occurs twice as often as the semidiurnal M: tide, and odd harmonics (e.g., Me)
are generated due to bottom friction (Le Provost, 1991; Stanev et al., 2016). They can be essential for tidal dynamics in shallow
water areas. Other residual currents are due to prevailing westerly winds and varying density gradients due to freshwater inputs,
mainly from the Rhine, Ems, Weser, and Elbe rivers (Otto et al., 1990; Ricker et al., 2020).

The residual currents lead to a permanent displacement of water masses, forming a cyclonic residual circulation (Otto et al.,
1990; Burchard and Badewien, 2015). Thus, the circulation turns eastward at the southern part of the coast of Great Britain,
flows further along the coast of Germany, and then flows northward along the Danish coast into the Skagerrak (Fig. 1). It
should be noted that strong, persistent winds from the south and east can weaken or even reverse the circulation pattern
(Howarth, 2001). In the shallow area of the North Sea, the residual circulations are assumed to be smaller compared to tidal
currents and wind-induced currents. In contrast, in deeper areas, such as the Skagerrak, the surface currents are driven by
strong density differences resulting from strong inflows from the North Atlantic, North Sea, Baltic Sea, and river runoffs, so

the residual circulations are more extensive in this area (Howarth, 2001).

4
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3 Material and Methods

The dataset presented here was obtained using GPS (Global Positioning System) data from satellite-tracked surface drifters,
which state-of-the-art design is compact, cost-effective, and light-weight (Fig. 2). The drifters are designed to follow the upper
0.5 m surface currents by four cruciform drag-producing vanes to minimize the direct wind slip effect. The drag area ratio
which is a measure for the direct wind slip were calculated by Meyerjiirgens et al. (2019) accounting for 0.27 % resulting in

wind-induced velocities ranging from 0.0027 — 0.027 m s! by wind speed amplitudes of 1 — 10 m s™'.

=%

] | B To

Figure 2: A drawing of the Lagrangian satellite-tracked high resolution surface drifter.

In contrast to many other drifters, this one can be deployed in shallow water environments and can be resuspended in coastal
areas after it has washed ashore. A detailed description of the drifter can be found in Meyerjiirgens et al. (2019).

This section describes the data processing and quality control, and further presents the methods to analyze the tidal dynamics
and the surface current fields. First, the various deployments of the drifters are presented (Sect. 3.1). In Sect. 3.2, the drifter
data processing including quality control, outlier removal and interpolation schemes are presented. In the next section, the
method used to calculate the drifter velocities and the residual currents is explained (Sect. 3.3). Finally, in Sect. 3.4 the analysis

of the tidal dynamics including the calculation of the power spectral density is given.

3.1 Drifter Deployments

The drifters were deployed on different ship expeditions from 2017 to 2021 and measured in some cases for several months
(Tab. 1).
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Table 1: Information for the surface drifter datasets in the North Sea. From left to right: name of experiment; deployment area;
original sample interval in minutes; number of trajectories; number of S-minute data points after interpolation; percentage how
often drifters did not transmit over an hour; date of first data point within a deployment; date of last data point within a deployment;
mean duration of a deployment in days; plus or minus the standard deviation of trajectory durations in days; maximum trajectory
duration in days. Datasets were sorted by year (based on Lilly and Pérez-Brunius (2021a)).

Surface drifter data from the North Sea

Name Area Interval /min Traj. Points Fill/%  First Date Last Date Duration/d Max/d
Marl7 German Bight 10 6 39188 0304 13-Mar-2017 22-Apr-2017 23+14 40
Augl7 German Bight 10 2 7501  0.536  02-Aug-2017 24-Aug-2017 13413 22
Octl7  German Bight/Southern Denmark 10 5 17391  0.282  08-Oct-2017  27-Oct-2017 12+4 15
Febl8 North Sea 10 6 164636 0239  24-Feb-2018  25-Jun-2018 95+19 116
Octl8 German Bight/Denmark/Norway 10 15 265168 1.373  21-Oct-2018  22-Jan-2019 61+22 93
Marl9 Southern German Bight 10 7 8896  0.483  22-Mar-2019  27-Mar-2019 4+0 5
Jull9  German Bight/Denmark 10 11 94993  0.638 12-Jul-2019  12-Aug-2019 30+1 31
Jul2l ~ German Bight 5 6 48636  0.157  22-Jul-2021  25-Aug-2021 28+4 35
Sep2l  (Eastern) German Bight 5 10 45066  0.122  12-Sep-2021  05-Oct-2021 16+6 23
Oct2]l  Skagerrak 5 17 117635 0.214  07-Oct-2021  24-Nov-2021 24+14 48
ALL  North Sea 5 85 809110 0.435 13-Mar-2017 24-Nov-2021 31410 116

They are equipped with a GPS tracker that transmits the coordinates of the drifter position and time by satellite. Depending on
the measurement strategy a transmission interval of 5 or 10 minutes was set. As a result, 85 high-resolution trajectories could
be measured during the entire period, which are shown in Fig. 3. In 2017, the drifters were deployed in clusters in different
areas of the German Bight (Fig. 3a). Similarly, in 2018, all drifters were deployed in the German Bight, but the measurements
captured a larger area because the drifters covered a period of at least 39 days (Fig. 3b). Many drifters were transported
northward into the Skagerrak with the typical circulation trend of the North Sea, but due to a strong sustained easterly wind in
early 2018, some drifters moved eastward (Ricker et al., 2020; Stanev et al., 2019). A short drifter deployment in the southern
German Bight was realized in spring 2019, as well as a longer measurement of about 30 days along the German-Danish coast
in summer (Fig. 3¢c). After a break in measurement in 2020, three larger measurement campaigns followed in 2021, two in the

German Bight, the third for the first time in the Skagerrak, where 17 drifters were deployed along a transect (Fig. 3d).
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Figure 3: Processed and interpolated surface drifter data in the North Sea from 2017 (a), 2018 (b), 2019 (c¢) and 2021 (d). The starting
140 points of the trajectories are indicated by red dots.

3.2 Data Processing

In order to use the data, several processing steps had to be taken. First, the raw data were cut so that beachings were removed.

In the next step, outliers were eliminated from the latitude and longitude data with a hampel median filter. The filter calculates
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the median and standard deviation for each sample value for a window of 18 surrounded samples (9 per side). All drifter
positions that deviate from the median by more than three standard deviations are replaced by the median in the time series
dataset. In the present study, 0.041 % of the total dataset deviates from the median by more than three standard deviations,
indicating that the dataset has only a small number of outliers that had to be replaced. As drifter positions were measured at
irregular time intervals, in a final step all data was interpolated using a piecewise cubic interpolation method (Fritsch and
Carlson, 1980), also known as the pchip method. For an overview, the individual interpolated data points, with the 5-minute
intervals, were summed to show the total number of data collected by the drifter after the interpolation (Tab. 1). The percent
of filled data describes how often data gaps of more than one hour occurred. These data gaps are caused by data transmission
errors, which can occur especially in bad weather conditions. During strong winds and high waves, the drifters are washed
over more frequently, which can restrict the communication between the satellites and the GPS trackers of the drifters. The
interpolated data is considered 'filled' if no data has been supplied in the raw dataset for more than one hour. This affects, as
seen in Tab. 1, an average of only 0.435 % of the collected data. This proves their reliability and the high quantity and high-
resolution of data sent by the drifters.

Finally, all data were sorted by assimilating into a standard NetCDF format. The dataset contains drifter position data (lat, lon,
datenum, time), drifter derived current velocities (u, v) and two vectors (beached, filled) describing when a drifter was beached
and when the dataset was filled because no GPS position was sent for more than one hour. All data are associated with a drifter
ID (drifter_id) and a deployment ID (deploy_id) to identify which data belongs to a drifter and when multiple drifters have

been deployed in a single deployment.

3.3 Velocity Calculation

The current velocities can be calculated with a forward difference scheme (Eq. 1, 2):

xq(t+6t)—xq(t)

d= st .
and
_ yd(t+62—yd(t) @)

where x,4(t) and y,(t) are the zonal and meridional coordinates, &t is the time interval and us and vs are the zonal and
meridional velocity components.

The first step involves the extraction of the position data for a selected region. This can be done by setting limits for the latitude
and longitude values or by selecting the desired expeditions or deployments from the NetCDF structure. In the next step, the
longitude and latitude coordinates in degrees must be converted to zonal and meridional coordinates (x;(t), y;(t)). Afterwards,
the forward difference method is used to calculate the zonal us and meridional v4 velocity components from the zonal and
meridional coordinates determined at time ¢ (Eq. 1, 2). The complex-valued velocity cv =uy + V=1-v, in m s is

determined from the zonal and meridional velocity components s and va.
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It is important to note that the velocity components u« and vz include both, the tidal and the residual currents. To represent the
mean residual circulations, the tidal component must be extracted. Therefore, a moving average filter is used over a 24.83 -
hour period, which low-pass filters the velocity time series. With this time period the dominant tidal constituents for the North
Sea, such as Mz and Sz, are removed. The moving average filter removes these tidal constituents from the zonal and meridional
current velocities us and va.

In order to get an overview of the mean surface velocities in an area, a grid is created that is composed of several cells. The
individual velocities are assigned to the corresponding cell and an average value is calculated for each cell; data gaps are
represented as NaN (Not a Number). For the data in this study, a latitude range of 54° N to 60.5° N was chosen and a longitude
range of 4° E to 12.5° E with a cell resolution of 0.125° in both directions.

Furthermore, the velocity calculation can be used to consider both mesoscale and submesoscale dynamics. Within the grid, the
latitude and longitude cell resolution must be adjusted accordingly for the velocity calculation. For the Skagerrak data, cell
resolutions of 15 km, 7.5 km, 5 km, and 3 km were chosen, revealing the differences between submesoscale and mesoscale
processes. Cells where no drifter data are available are replaced by approximated values. The 5 cells in horizontal and vertical
direction surrounding the data gap are used for the approximation. With these values from the 5-by-5 moving window, a mean

value is calculated, which replaces the data gaps.

3.4 Tidal Analysis
3.4.1 Power Spectral Density

The raw velocity time series signal of us and vz are used to observe the tidal effects. Due to their periodic behaviour, the tidal
currents can be decomposed into their harmonic fundamental components with their representative frequency. If a time series
is of appropriate length, the tidal constituents at any location can be determined. The main tidal constituents of the North Sea
that have been considered in more detail in other studies are listed in Tab. 2 (Meyerjiirgens et al., 2019; Otto et al., 1990;
Vindenes et al., 2018). For the representation of tidal currents in the frequency domain, the power spectral density (PSD) is
suitable. The power spectral density is used when non-periodic components are present in the signal in addition to periodic
components. These signal types are called as random signals. This is useful for the signals in this study, since non-linear
influences, such as different wind strengths, can also affect the signal. As in a standard Fourier transform, the signal is
decomposed into the individual frequencies, but at the same time the power spectral density describes the proportion of
different frequencies over the total power and indicates the energy distribution of a signal (Dempster, 2001). The power spectral
density is normalized to a single hertz bandwidth, giving a uniform value regardless of the bandwidth.

The first step is to select the region where the tidal currents are to be analyzed. In this study, the latitude ranges < 55° N, 55°
N - 57° N and > 57° N were chosen. Already Otto et al. (1990) divided the North Sea in their study into a southern, a central
and a northern section, in which different dynamics are to be expected. The velocity time series are assigned to these regions.

Trajectories that are located in multiple regions are divided into individual time series data and assigned to the appropriate
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region. In addition, a minimum signal length should be established. The velocity time series should be of a sufficient length to
filter tidal constituents as accurately as possible and short enough that a large number of time series can be included in an
analysis to provide a suitable power spectral density. Since a power spectral density is always decomposed into a respective
power of two of the signal length, in this analysis a time series with a minimum of 4096 intervals (2! = 4096) was chosen,
which corresponds to a period of about 14.2 days. For each velocity time series of the corresponding length, the power spectral
density is determined. In the last step, the individual power spectral densities from the same region are averaged so that a mean

power spectral density can be presented for each region (< 55° N, 55° N - 57° N and > 57° N).

Table 2: Main tidal constituents of the tides in the North Sea. Period is given in hours, frequency in cycles per day.

Description Symbol  Period/h  Frequency /d™!
Principal lunar semidiurnal constituent M, 12.4206 1.9323
Principal solar semidiurnal constituent Sz 12.0000 2.0000
Shallow water overtides of principal lunar constituent M, 6.2103 3.8645
Shallow water overtides of principal lunar constituent Mg 4.1402 5.7968
Shallow water overtides of principal lunar constituent Ms 3.1052 7.7291
Luni-solar diurnal constituent K 23.9345 1.0027
Lunar diurnal constituent 0, 25.8193 0.9295
3.4.2 Tidal Ellipses

Similar to the calculation of the power spectral density, the unfiltered time series of complex-valued velocities cv are taken to
calculate and display tidal ellipses. They are used to analyze the individual tidal constituents using the tidal harmonic analysis
toolbox ¢_tide by Pawlowicz et al. (2002). It should be noted that only sufficiently long time series are taken. In this study, a
length of at least 3000 intervals (10.4 days) was specified, since a Fourier transform yields plausible results above this length.
The tidal extraction results can be plotted using the tidal ellipse parameters of a tidal constituent provided by ¢ tide. The tidal
ellipse is characterized by the major axis constituent finaj, the minor axis constituent finin, and the ellipse orientation finc,
which describes the inclination angle (Fig. 4). The major axis represents the maximum and the minor axis the minimum tidal
current velocity of the respective tidal component. The ellipse orientation describes the angle between the eastward direction
and the major axis counter clockwise. In the last step, all tidal ellipse parameters of the individual time series are averaged so
that an averaged ellipse is determined for an area. This study focuses on the analysis of the lunar semidiurnal Ma tide, as this

tide is the most dominant tidal component of the North Sea. Other tidal components can be computed using the same procedure.

10
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Figure 4: Illustration of a tidal ellipse. finaj is the major axis, finin the minor axis, they describe the maximum and minimum
velocity of the tidal currents. finc is the inclination of the ellipse and describes the angle between the east direction and the major
axis counter clockwise (based on Vindenes et al. (2018)).

4 Results

The trajectories in Fig. 3 reflect the circulation pattern in the North Sea. Southern drifters, for example from spring 2019 (Fig.
3c), are transported eastward along the northern German islands. The drifters in the eastern German Bight are transported
along the Danish coast into the Skagerrak. In this area, the drifters spread with the eastern inflow from the North Atlantic, or
along the northern slope in the opposite direction with the Norwegian Coastal Current. Individual drifters from 2018 were
transported contrary to the typical circulation pattern to the west and not into the Skagerrak, due to a strong sustained easterly
wind during this period (Ricker et al., 2020; Stanev et al., 2019) (Fig. 3b). These are extreme events in the North Sea and
would bias the results. We have removed these extreme events for the analysis of the mean residual circulation of the surface
currents, but in case of interest these data can be found in the supplements (Fig. S1). Using the method from Sect. 3.3, mean
residual surface velocities can be determined for the North Sea based on the drifter data, which are shown in Fig. 5. The arrows
indicate the directional components of the mean residual velocities of u and v, and the length describes the magnitude of the
velocity. The difference between the shallow shelf and the deeper areas of the North Sea are apparent. The shallow areas
indicate very low residual velocities of u and v, ranging from about 0.01 - 0.1 m s™!. This is due to the high residence time of
a drifter inside a cell, which results in counteracting residual velocities. Despite the low residual velocities, the circulation
pattern from south to north can be recognized on the west coast of Germany and Denmark. Furthermore, based on the slight
increase of the meridional velocity component, it can be shown that the mean residual velocity increases from south to north

(Fig. 5b). In the deeper part of the North Sea, as in the Skagerrak, much higher residual circulations are apparent (Fig. 5). The

11
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eastern inflow of the North Atlantic (orange-red) and the Norwegian Coastal Current (blue) are strongly visible with their
velocities around 0.6 m s, It should be noted that maximum values of up to 0.8 m s were measured in a small number of
cells. Changes in direction at the Norwegian-Swedish coast, as well as small eddies and the outflow into the Baltic Sea, are
clearly visible. In addition to the described circulation pattern, small-scale directional changes of the drifter motions can be

recognized, which can be for example further wind-driven currents or the convergence of drifters caused by ocean fronts.
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Figure 5: Mean velocities of the residual circulations for (a) the zonal component # and (b) the meridional component v. The arrows
indicate the direction of the mean velocities, the magnitude describes the strength of the velocity.

The differences between the shallow shelf and the deeper regions can also be seen in the tidal ellipses of the semidiurnal M»
tide (Fig. 6). For each blue ellipse, a latitude range of 2° was considered between 4° E - 9° E and for each red ellipse, a
longitude range of 3° between 57° N - 60° N. The tidal dominance in the shallow water shelf is evident. It can be concluded
that the shallower the North Sea and the greater the distance to the three amphidromous points, the higher the mean tidal
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currents become. Maximum mean current velocities are observed of up to 0.49 m s! in the southern German Bight and 0.12
m sl around the Danish coast. Furthermore, the elliptical orientation of the tide decreases from 145.4° to 123.6°, which means
that the north-south motion increases. In the deep North Sea, the tidal wave has little effect on the circulation. In the Norwegian

Trench only velocities of 1.3 — 6.5 cm s™! are reached, in the Skagerrak velocities of 0.7 — 4.1 cm s\,
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Figure 6: Calculated Mean tidal ellipses for the North Sea. The colours of ellipses describe the size of the cells used for the calculation:
blue: 2° lat, 5° lon; red: 3° lat, 3° lon.

In addition, the analysis of the mean power spectral density provides further insights into the tidal analysis (see Sect. 3.4.1).

The zonal component shows that in the southern region of the North Sea (< 55° N) the tides are most dominant (Fig. 7a). The
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peak of the dominant tidal constituent M2 with 1.93 cycles per day is apparent. Furthermore, the shallow water tidal
components M4, M and Ms are shown with smaller peaks, as well as the solar semidiurnal tide constituent Sz. In latitude range
of 55° N - 57° N, the peaks of the zonal M2, M4 and Mg tides are also clearly visible, but the magnitude of Ms is smaller. In
the Skagerrak area, a weak elevation can be recognized in the area of the Sz and Mz tidal components. Other irregularities are
difficult to distinguish from the rest of the noise. The mean power spectral densities of the meridional velocity time series
show similar characteristics, but the peaks are not as dominant as those of the zonal mean power spectral densities and no peak
is present in the frequency range of Ms (Fig. 7b). Despite the fact that the overall meridional tidal motion is smaller, it increases
towards the north (55° N - 57° N). In the deep area of the Skagerrak, the tidal currents are also not differentiable from the noise

for the meridional components.
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Figure 7: Mean power spectral density on (a) the zonal # and (b) the meridional v drifter velocities in the North Sea averaged over
all trajectories. The periods of the semidiurnal and shallow water tidal components are indicated by the vertical lines.

The computation of the drifter velocity can also be used to highlight differences between mesoscale and submesoscale
dynamics by adjusting the latitude and longitude resolutions (see Sect. 3.3, Fig. 8). With a cell resolution of 15 km, there are
on average 358 drifter position data per cell available from which the velocity can be calculated. With 7.5 km cell resolution

90 values, with 5 km 40 values and with 3 km 17 values are available. The generally larger mesoscale current pattern due to
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the inflow of the North Atlantic and the Norwegian Coastal Current, becomes apparent with a 15 km cell resolution (Fig 8a).

With finer resolution, the submesoscale directional changes and eddies can be illustrated (Fig. 8d).
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Figure 8: Mean velocities of the residual circulations in the Skagerrak with a) 15 km, b) 7.5 km, ¢) 5 km, and d) 3 km cell resolution.
285  The arrows indicate the direction of the mean velocities, the magnitude describes the strength of the velocity.

5 Discussion

In this study, a comprehensive Lagrangian dataset is presented for the North Sea region for the first time. The dataset is valuable
for various kinds of marine science research topics, e.g. marine litter transports and carbon or nutrient exchange processes, and
provide important insights into the tidal dynamics, and complex surface current patterns in the region. Lagrangian surface
290 drifters offer the ability to cover different areas with a single system because it moves with the current. The drifters provide
the opportunity to gain an understanding of the transition processes between the mesoscale ocean circulation and the small-
scale and submesoscale fluid dynamics (Lumpkin et al., 2017; Ozgdkmen et al., 2012). Large-scale and long-term fluctuations

are captured, as well as small-scale and rapid motions (Lilly and Pérez-Brunius, 2021a). It is a simple and cost-effective system
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and is completely autonomous after being deployed (Meyerjiirgens et al., 2019). In the past, the coverage of the entire North
Sea in terms of current patterns has been only provided by satellite and remote sensing methods, but these techniques cannot
provide the temporal and spatial resolution to understand the smaller-scaled and highly dynamic processes in the North Sea.
Therefore, satellite and radar remote sensing observations are often combined with in situ platforms, resulting in the further
development of model data for the North Sea (Baschek et al., 2017; Ricker and Stanev, 2020; Stanev and Ricker, 2020). For
this reason, Lagrangian surface drifters provide platforms for area-wide in situ measurements and are essential to support and
promote further development of model analysis and particle tracking approaches.

Computation of gridded-averaged surface current has been proven useful for a large-scale acquisition of current data. Lilly and
Pérez-Brunius (2021a) have used a similar analysis and presentation methods for the Gulf of Mexico. Drifter derived
circulation patterns showing surface currents advection from west to east at the southern German Bight and from south to north
at the German-Danish coast are consistent with studies by Otto et al. (1990) and Huthnance (1991). The strong circulation
pattern in the Skagerrak, which is driven by the mixing of saline Atlantic water (south slope) and fresh water from the Baltic
Sea (north slope) (Rodhe, 1996), is strongly visible in the gridded representation. Model data from Ricker and Stanev (2020),
which has been previously compared with high-frequency radar measurements and drift measurements, show that there is a
transition between two regimes at the 200 m isobath that present strong differences in dynamics between the shallow and deep
ocean. This study confirms that the shelf area as tidal dominated system is characterized by relatively low residual velocities
of up to 0.1 m s}, which are consistent with the study results. The values from the model data in the Skagerrak of up to 0.5 m
sl also show a similar magnitude (Ricker and Stanev, 2020). Although typical values of 0.6 m s! increasing occasionally up
to 0.8 m s™! are higher in this present study, but these values include a wind-driven flow component, so a higher value with a
small deviation is realistic.

In addition, calculating the averaged surface currents with drifter position data allows the representation of submesoscale
dynamics. Capturing submesoscale dynamics are challenging with ship-based measurements alone, due to the direct influence
of the vessel on the surface layer and fine-scale structures. Remote sensing data often lacks in resolution and floats and gliders
are not able to resolve the temporal scales at the submesoscales due to their measurements principles and, in addition, often
exclude the ocean surface boundary layer (McWilliams, 2019). In this context, it is important to capture these dynamics
because increasing evidence shows that accounting for the influence of submesoscales on oceanic energetics and tracer fluxes,
can improve the fidelity of global ocean and climate models (Taylor and Thompson, 2023). Fig. 8 shows that high coverage
of high-resolution drifter data can fill this gap of knowledge. Mesoscale as well as submesoscale processes can be analyzed
simultaneously by adjusting the latitude and longitude cell resolution when calculating the averaged surface currents.

This study demonstrates the application of power spectral density to analyze tidal dynamics. The decomposition of velocity
time series into their frequency domain is an established method. Meyerjiirgens et al. (2020) used a Fourier transform to
represent the frequency domain, which confirms the dominant Mz tidal component for the North Sea, as well as the increased
amplitudes for the frequencies of the shallow water components M4 and Me and the solar semidiurnal Sz component in the

southern region of the North Sea. For comparison, a Fourier transform on the drifter dataset is also shown in the supplements
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(Fig. S2). In this study power spectral density was chosen, because of the additional insights to obtain the energy of a signal.
Similarly, this approach supports the averaging of several time series as a frequency range of length of 2* is generated and all
frequency ranges are multiples of each other independent of the signal length.

The analysis of tidal ellipses has also been used for time series of current velocities. Vindenes et al. (2018) used tidal ellipses
for an analysis of the northern North Sea using current data from ADCPs. It confirmed that the Mz tide is the most dominant
component and that similar magnitudes are obtained for the Skagerrak. The occurrence of the tidal ellipses of K1 and O1 cannot
be confirmed based on the results of power spectral densities, since no peaks emerge from the power spectral densities. It
should be noted that Vindenes et al. (2018) provides very small tidal amplitudes for Ki and O1, which may have been masked
by the noise in the power spectral densities. Furthermore, the measurements were made at different depths. This present study
considers tides at the surface, whereas Vindenes et al. (2018) measured at a depth of 53 m, which may led to different results.
In addition, a small number of time series in the Skagerrak region was used for tidal analysis, because not many trajectories
reached the required minimum trajectory length. Thus, no exact values but trends for the tidal values in the Skagerrak can be
provided. However, the analysis method confirms results by Otto et al. (1990), Ricker and Stanev (2020) or Meyerjiirgens et
al. (2019) that tidal currents are more pronounced in the shallow southern area of the North Sea (Fig. 6). The magnitudes for
the maximum velocities during spring tides can also be confirmed, of up to 1 m s™ in the shallow southern area of the North
Sea, up to 0.1 m s™! in the deeper northern area (Dietrich, 1950; Otto et al., 1990), and magnitudes of 1 cm s™! in the Skagerrak
(Danielssen, 1997; Rodhe, 1987). In addition, the orientation of the southern tidal ellipses shows the distinct east-west motion
in the shallow area of the North Sea, which changes to a north-south motion toward the deeper North Sea, consistent with the

description of Otto et al. (1990).

6 Summary and Conclusion

The results of the Lagrangian dataset provide valuable insights into current and tidal dynamics in the North Sea region. The
calculated values are in agreement with models and in-situ measurements, and provide an area covering measurement method
in contrast to Euler methods and a higher resolution in contrast to remote sensing and satellite methods. A number of
computational methods have been presented that can provide a gridded overview of mean residual circulations and tidal
dynamics in the North Sea, which can also be used for other areas. It is important to note that accurate tidal and current analysis
can only be generated if measurements are made over long time periods shown in this study for the North Sea. The results
show clear distinguish current patterns between the deep part in the Skagerrak and the southern shallow area of the North Sea.
The southern shallow water shelf area shows little residual circulation, but is strongly influenced by the dynamics of the tides.
In contrast, the deep area of the North Sea shows only minor contribution by the tides to the circulation, but strong transport
processes by the residual circulations are dominant, which are influenced by high density gradients.

In the future, these measurements can be complemented by further drifter deployments to provide even higher resolution for

current and tidal analysis for accurate values, to detect long-term variations, and to cover a larger spatial domain.
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In addition, sensory developments of the drifter are beneficial. For example, the sampling rate can be adapted to the deployment
strategy, depending on the drifter deployment duration or whether mesoscale or submesoscale processes are analyzed.
Furthermore, due to the fine sampling rate and by using additional measurement parameters, such as temperature and salinity,
the sensory developments could support for example the analyses of ocean front and slick dynamics, as well as weather forecast
models.

The dataset should be used for further analysis to provide additional insights for various marine research topics. Global marine
litter transport models that previously excluded the North Sea due to the lack of data (Van Sebille et al., 2012; Maximenko et
al., 2012) can be extended and areas of particle accumulation can be located. The dataset can be used to determine eddy kinetic
energy and other submesoscale processes, and likewise analysis methods from well-studied regions, such as the Gulf Stream

region (Lilly and Pérez-Brunius, 2021b; Oscroft et al., 2020), can be applied to the North Sea region.

Data Availability

The drifter dataset is available at https://cloud.uol.de/s/nyFASfTTMYDbSKKO. It is in the publication process at the Pangaea

database, the DOI link will be available in 4-6 weeks and subsequently provided in this manuscript. The dataset contains the
interpolated drifter position data, the drifter derived current velocities and two vectors (“beached” and “filled”) describing

when a drifter was beached and when the dataset was filled because no GPS position was sent for more than one hour.
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