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Abstract: For wind energy, the knowledge of the available wind resource is essential. Therefore,
specific wind phenomena at the altitude range of wind turbines are currently the focus of investiga-
tions. One such specific feature is the low-level jet (LLJ). The article analyses LLJ properties at two
locations in the German Bight: A wind lidar system for measuring wind profiles at heights from
50 m to 500 m a.g.l. (above ground level) was first installed at the offshore island of Heligoland,
Germany, and then at the coastal island of Norderney, Germany, for one year. The LLJ is defined
here as a maximum horizontal wind speed in the vertical profile of horizontal wind speed followed
by a minimum wind speed, independent of the mechanism or origin of the phenomenon. The two
sites showed a similar annual and diurnal distribution of LLJ events with a maximum occurrence in
spring and summer and during the night, and a most frequent jet core height of around 120 m a.g.l.
Based on radiosondes launched from Norderney at midnight and noon, it is shown that LLJ events at
noon are most frequent when atmospheric conditions are stable. A case study shows the horizontal
extent of an LLJ event over at least 100 km by simultaneous wind lidar measurements at four sites in
the German Bight and mesoscale simulations with the weather research and forecast (WRF) model.

Keywords: vertical wind profile; wind energy; coastal effects; low-level jet; wind lidar; wind shear

1. Introduction

Wind energy is a fundamental base for power generation in Germany. In particular
offshore wind farms contributed 24.7 TWh, which is around 4.3% of the overall power
consumption in Germany in 2019 [1]. As wind energy represents a highly variable source
of energy, it is of interest to have accurate predictions of wind resources and to quantify
effects that enhance or decrease power production. Especially in the wind speed ranges
between the cut-in speed of around 4 m s−1 and rated speed of typically 10 m s−1, small
changes in wind speed are important as the power output of wind turbines is proportional
to the cube of the wind speed. For the effect of sea breeze with an increase of wind speed
in this wind speed range and short temporal duration, the effect on offshore wind power
production is not negligible; Ref. [2] gives a value of 10% wind energy enhancement on an
exemplary day due to the presence of the coastal jet, depending on the sea-breeze type and
coastline characteristics. Therefore, a major research effort is currently being undertaken
to improve the understanding and prediction of the offshore wind field [3], and include
in particular effects such as wind farm wakes [4–6], the blockage effect [7], and low-level
jets [8].

A maximum in the vertical profile of horizontal wind speed within the atmospheric
boundary layer (ABL) frequently occurs in combination with stable stratifications and
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temperature inversions, which decouple the surface friction force from layers above the
inversion [9,10]. This phenomenon is referred to as low-level jet (LLJ), with various defini-
tions in the literature concerning the strength of the enhanced wind speed and its origin.
It has been observed for decades worldwide, above land, in coastal areas, and above
sea [9,11–13], and investigated in numerical studies, e.g., [14–17]. With more installations
of wind turbines at increasing altitudes, the LLJ gets into the focus for energy harvest-
ing. For specific places with a pronounced LLJ occurrence, like in the Great Plains east
of the Rocky Mountains, the phenomenon is already taken into account for wind energy
applications [18,19]. In contrast to Europe, there is a sloping terrain in the Great Plains
with increasing altitude towards the west, which results in frequent LLJs with higher
wind speed [20]. The main mechanism of LLJ formation is the development of a surface-
temperature inversion, leading to the decoupling of surface friction from the atmosphere
above the temperature inversion, and resulting in inertia oscillations [21]. Above land,
such a surface-based inversion typically develops by radiative cooling during cloud-free
nights [10], enabling LLJ formation. Other conditions contributing to the formation of
LLJs are the land–sea breeze [2,22], the monsoon [23], frontal passages [14], temperature
gradients induced by sloping terrain [24], and general orography [25].

In the Northern German Plain and the Netherlands above land, several studies show
the frequency of occurrence of LLJ events in a range from 20 to 52% of all nights [10,26,27],
with more LLJ nights in summer associated with strong temperature inversions [27], and
differences due to definitions. The most frequent core height was observed at 200–220 m
for Braunschweig, Germany [27], and the maximum wind speed was most frequently in
the range of 4–9 m s−1. Closer to the coast, at Cabauw, the Netherlands, the most frequent
core height was at lower altitudes (140–260 m) and the maximum wind speed was higher
(6–10 m s−1). A study at the midlatitude site Jülich in western Germany showed a mean
core height of 375 m and a median maximum wind speed of 8.8 m s−1, with a similar
diurnal distribution of LLJ events like in Braunschweig and an overall LLJ occurrence of
13% for a 4-year data set [28].

Above water, the diurnal cycle of the ABL is different due to the larger heat capacity
of the water surface and less strong cooling during nighttime. Temperature inversions are
mainly the result of warm-air advection from the land above the colder sea surface, which
typically occurs during the day and with wind directions from land to sea. Above the
Baltic Sea, LLJ events related to stable stratifications are regularly observed in spring and
summer, when the water temperature is generally lower than the air temperature advected
from land to sea within any direction [29,30]. The maximum wind shear of LLJs is stronger
over land than above sea, associated with a weaker inversion over the sea [31].

Above the North Sea, the most frequent wind direction for the FINO1 (Forschungsplat-
tform in Nord- und Ostsee) research platform has been reported as southwest [5,32–34].
At FINO1, a one-year analysis of LLJ occurrence based on lidar data and measurements at
the meteorological mast showed a high frequency of occurrence of 65% of all days with a
mean wind speed at a jet core height of 11.8 m s−1, a most frequent altitude of core height
of around 250 m and most frequent wind direction at the jet core from northwest [8]. The
most frequent core height, which is the altitude of the wind speed maximum, was observed
at 200–220m. However, these numbers may be biased by the low data availability [8]. In
contrast, at the meteorological mast IJmuiden tower, Dutch coast, LLJ events have been
observed only during 12% of the time based on a 4-year lidar data set, covering the altitude
range from 90 m to 315 m [35].

The most frequent stable stratifications have been reported in the months May to
August [36]. During these periods, there is a high probability of the development of
long-reaching wakes downwind of wind parks, which further modify the wind field
for downstream wind parks, and have been observed by synthetic aperture radar (SAR)
satellite images [4,37,38]. In stable stratifications, wakes with a length exceeding 20 km
have been assessed from SAR data [39,40]. As LLJs may be associated with these stable
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stratifications, they could influence the energy production of offshore wind farms located
close to the coast.

For numerical simulations, the LLJ phenomenon associated with very stable boundary
layers and extraordinary wind shear distributions is a challenging scenario since turbulence
is kept at unrealistic high levels in order to get other features in the model correct [41]. It
is not yet included in the common engineering models used in wind energy to predict
the power output for offshore wind parks, where only neutral boundary layer conditions
are considered with a logarithmic wind profile (e.g., Openwind [42], WindFarmer [43]).
Stable stratification leads to significantly longer wakes with a slower wind speed recovery
compared with unstable conditions: The average wake length (wind speed has recovered to
95% of the freestream wind speed) under stable conditions exceeds 50 km, while under neu-
tral/unstable conditions, the wake length amounts to 15 km [5]. Energy yield assessments
and wake model validations have to put more emphasis on actual stability conditions,
particularly for offshore wind farms. Both the wind speed reduction inside wind farms as
well as the wake length in current engineering models are set for neutral conditions, but
these are found to underestimate the wake effects for stable conditions [5].

The importance of considering wind profiles instead of wind measurements at hub
height has already been recognized in many studies and currently has been included in the
new revision of the IEC 61400-12-1 standard [44–49]. Besides the positive effect of enhanced
power production, the high wind shear associated with LLJs modifies oscillation frequencies
and increases fatigue effects in the rotor blade and whole wind turbine structure [50]. On the
other hand, the enhanced wind shear associated with LLJ may counteract wake effects [51].

The article presents two LLJ statistics obtained with a wind lidar, with a duration of
one year each, one data set at the island Heligoland in the German Bight (24 March 2017
to 23 March 2018), and one at the East Frisian island Norderney, Germany (9 August 2019
to 8 August 2020). The statistics for both time periods are complemented by radiosonde
observations at the site Norderney performed twice per day, which provide information
on stability as well (cf. also Table 1). The LLJ occurrence and typical features for the two
one-year data sets at different sites are discussed.

Table 1. Location coordinates (WGS 84) and data period of the wind lidar systems used in this study.

ID (Location) Latitude Longitude Data Period

HL (Heligoland) 54.1773◦ N 7.8919◦ E 24 March 2017–23 March 2018

NO (Norderney) 53.7125◦ N 7.1522◦ E 9 August 2019–8 August 2020

FI (FINO1) 54.0149◦ N 6.5876◦ E 1 April 2017–31 March 2018

AV (Alpha-Ventus) 54.0000◦ N 6.6233◦ E 1 April 2017–12 December 2017

SPO (St. Peter-Ording) 54.3281◦ N 8.6015◦ E 23 May 2017–19 June 2017

Further, a set of four wind lidars have been operated simultaneously (23 May 2017
to 19 June 2017). To study the spatial extent of LLJ events, two cases are analysed with
different lidar systems distributed throughout the German Bight. One case study of an
LLJ observed during the daytime and under stable conditions is 2 June 2017, and one LLJ
observed during the night is later on the same day. The LLJ events were observed by lidar
measurements at the above-mentioned sites, the daytime event additionally by airborne
observations [52,53] obtained during the project WIPAFF [4] to investigate wakes. The case
was further simulated with the mesoscale weather research and forecast (WRF) model. The
spatial extent of the observed LLJ is discussed.

In Section 2, the methods used in this study are introduced. In Section 3, the study sites
and the observational wind data sets are presented. In Section 4, the numerical simulation
is shown. In Section 5, different LLJ statistics are analysed and discussed. Further, the
spatial extent of the LLJ is estimated. Finally, Section 6 provides conclusions about the
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impact of wind profiles, LLJ importance, and the wind field modifications by coastal effects
for offshore wind energy.

2. Methods
2.1. LLJ Definition

In this study, the definition of the LLJ has the following criteria [26,27]: The vertical
profile of horizontal wind speed consists of a maximum and a subsequent minimum, with
a wind speed difference of at least 2 m s−1 and 25% of the maximum wind speed. The
term LLJ is used here independently of the mechanism leading to the formation of the
enhanced wind speed in the boundary layer, in contrast to other definitions, e.g., [17].
To classify wind profiles as LLJ, the criteria of the wind speed difference between wind
maximum and minimum have to be fulfilled at least for three consecutive lidar profiles
averaged over 10 min. As only one radiosonde profile is available every 12 h, the last
criterion, requiring three consecutive LLJs within 30 min for the lidar data, is not applicable
to radiosonde profiles.

2.2. Atmospheric Stability

For stability analyses, radiosonde data of temperature and humidity were used to
calculate the potential temperature θ and the virtual potential temperature θv:

θ(z) = T(z) · ( p0

p(z)
)

κ−1
κ (1)

Here, p is the pressure, T is the temperature, both depending on altitude z, p0 is the
reference pressure of 1013 hPa, and κ is the heat capacity ratio or adiabatic exponent of dry
air. The virtual potential temperature θv, taking into account the impact of humidity on air
density and thus on vertical motion, is defined as follows:

θv(z) = θ(z) · (1 + 0.61 · q(z)) (2)

Here, q is the specific humidity. Measurement heights between the surface and the
LLJ core height are used to calculate the lapse rate.

3. Study Sites and Data Base

The data sets for this study were recorded using ground-based pulsed Doppler wind
lidar systems of the types WindCube WLS8-8, WindCube v1, and WindCube v2, developed
and manufactured by the former French company Leosphere (now Vaisala). The pulsed
laser infers the horizontal wind speed from so-called line-of-sight (LOS) or radial wind
speeds Vr using a four-Doppler-beam-swing (DBS) scan [54,55]. An internal optical switch
steers the laser beam at four azimuth angles in successive intervals of 90◦ (i.e., 0◦, 90◦, 180◦,
and 270◦) to form a conical scan with a fixed elevation angle with respect to the horizontal.
The LOS or radial speed is then inferred within a range gate of 40 m from the Doppler
shift of the resulting return signal due to atmospheric particle scattering with respect to
the original signal. The pulsed system together with the internal algorithm enables the
simultaneous reconstruction of the mean wind speed and wind direction from several
heights or range gates. The measurement quality is evaluated according to a threshold
based on the carrier-to-noise ratio (CNR), which is dependent upon atmospheric conditions,
such as the aerosol backscatter, turbulence, humidity, and precipitation. Values with a CNR
of less than 22 dB are discarded. Furthermore, events with rain periods are discarded. Only
lidar data with availability of 80% for each 10 min value are used.

The wind lidar systems were installed consecutively at different locations of the
German Bight (Figure 1), the WindCube v1/v2 at FINO1, the Alpha-Ventus offshore wind
park, and St. Peter-Ording, the Windcube WLS8-8 at Heligoland and Norderney. Only data
averaged over 10 min were used for this study.
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The WindCube WLS8-8 system obtained data on wind speed and wind direction at
25 altitudes (40 m to 500 m, with a vertical resolution of 10 m up to 100 m, 20 m up to 400 m,
and 50 m up to 500 m) for the locations Heligoland and Norderney.

The WindCube v1/v2 were operated at different sites: a WindCube v2 (measurement
altitudes from 71 m to 241 m with a vertical resolution of 20 m) at the FINO1 research
platform; a WindCube v1 (measurement altitudes 71 m, 81 m, 91 m, 102 m, 119 m, 139 m,
159 m, 179 m, 199 m, 249 m, 279 m, 319 m) at the substation of the Alpha-Ventus wind farm;
a WindCube v2 (measurement altitudes 71 m, 81 m, 91 m, 102 m, 119 m, 139 m, 159 m,
179 m, 199 m, 249 m, 279 m, 300 m) at St. Peter Ording. All lidar systems were installed and
monitored under remote surveillance by the company UL International GmbH, Germany.
An overview of the operation times at the different locations is provided in Table 1.

Figure 1. Location of measurement sites of the lidars (St. Peter-Ording, Heligoland, FINO1, Alpha-
Ventus, Norderney) [56].

3.1. Heligoland

The WLS8-8 system was located at the island Heligoland at the site of the Alfred
Wegener Institute, Helmholtz Centre for Polar and Marine Research and almost at sea level
(2 m) from 24 March 2017 to 23 March 2018. The data availability, defined as the percentage
of wind profiles where at least half of the data points of the wind profiles were valid, was
98.5%. Since no wind farms are in close proximity to the island, only the orography of the
island itself alters the wind field. The island is elevated up to 60 m with 50 m high cliffs in
the north (Figure 2). The smaller island “Düne” is located to the northeast of the lidar. This
limits the unobstructed wind sector to 90° to 270°, neglecting the flat and narrow southern
part of the island. The site will be referred to as HL.
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Figure 2. Heligoland [56].

3.2. Norderney

At Norderney, the wind lidar was installed at the measurement site of the German
Weather Service (DWD) from 9 August 2019 to 8 August 2020. The data availability, defined
as the percentage of wind profiles where at least half of the data points of the wind profiles
were valid, was 80%. The site will be referred to as NO.

Routine automated radiosondes are launched twice per day by DWD. To compare the
different measurement periods for the one-year data sets at Heligoland and Norderney,
radiosonde measurements up to 500 m altitude are analysed for the LLJ occurrence for both
time periods. Besides wind data, information on temperature and humidity is available
from the soundings.

3.3. FINO1/Alpha-Ventus

The research platform FINO1 was constructed in 2003 to investigate, among other
parameters, wind and wave fields in the North Sea. The platform is located approximately
45 km north of the German island Borkum. At the time of the measurements (2017–2018),
FINO1 was surrounded by the wind farms Alpha-Ventus to the east, Borkum Riffgrund 1
and 2 to the south, and Trianel Windpark Borkum 1 to the west. The wind farm Merkur
which is located next to FINO1 to its west and north was under construction in 2017.
Due to the installed wind farms, FINO1 has only a small sector of open wind field to the
north-northwest which is, however, facing away from the coast.

A Windcube v2 lidar was installed on the platform FINO1, located 24 m above sea
level from 1 April 2017 to 31 March 2018. Another Windcube v2 lidar was installed at the
electrical substation of the wind farm Alpha-Ventus. The transformer station is located
southeast of the wind farm and thus in the immediate vicinity of FINO1. The wind
farms Borkum Riffgrund 2 (south), Borkum Riffgrund 1 (southeast), Trianel Windpark
Borkum 1 (west) and Alpha-Ventus (west to north) surround the measuring station mostly.
The wind farm Nordsee One at the east-southeast of the measurement point was under
construction from December 2015 to September 2017. Individual wind turbines were tested
since December 2017, and the complete wind farm started operation in December 2017. In
conclusion, this means that only the sectors of 0° to 60° and 135° to 180° are facing an open
wind field. Both platforms are 24 m and 29 m above mean sea level (MSL), respectively.
The sites will be referred to as FI/AV, respectively.

3.4. St. Peter-Ording

Another WindCube v2 lidar system was installed at the coast at St. Peter-Ording,
Germany, for a short measurement campaign from 23 May 2017 to 19 June 2017. The lidar
was located approximately 1 km away from the shore with only a flat beach obstructing the
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way. Thus the open wind field ranges from 180° to 330°. The system was located at 10 m
above MSL. The site will be referred to as SPO.

4. WRF Modelling of the LLJ

In the framework of the project WIPAFF [4], airborne in situ meteorological measure-
ments were performed with the research aircraft Dornier 128 above the German Bight [53].
During the flight on 2 June 2017, a low-level jet was measured in parallel with the wind
lidar systems. For this particular day, simulations with the weather research and forecasting
(WRF, 3.8.1) model were performed to validate the model performance in the case of an LLJ
and to complement the lidar and airborne measurements for studying the horizontal extent
of the phenomenon. The full details of the numerical setup are described in [57]. However,
the effect of wind farms is not parameterized here, as the focus is the evolution of LLJs. The
model has three domains with horizontal grid sizes of 15 km, 5 km, and 1.6 km, respectively
(Figure 3). All domains have the same vertical levels, below 200 m the spacing of the vertical
levels is 35 m, whereby the lowest full level is located approximately 20 m above MSL.
The initial and lateral boundary conditions are defined by operational ECMWF (European
Centre for Medium-Range Weather Forecasts) analysis data, having a horizontal grid size
similar to the outermost domain. The model is initialized at 12:00 UTC on 1 June 2016,
resulting in 18 h spin-up time. The model uses the following parameterizations in all three
domains: the WRF double-moment six-class cloud microphysics scheme (WDMS [58]),
the rapid radiation transfer model for GCM (RRTMG) scheme for short- and longwave
radiation [59], the Noah land surface model [60] and the Mellor–Yamada–Nakanishi–Niino
(MYNN) boundary layer parameterization [61] with a modified mixing length in the free
atmosphere [62]. The outermost domain uses a cumulus parameterization [63], whereby
the two innermost domains have a convective allowing grid size.

Figure 3. Locations of the three WRF model domains with grid sizes of 15, 5, and 1.6 km, respec-
tively [57].

5. Results and Discussion

This section consists of different subsections: In Section 5.1, the general wind condi-
tions (Weibull distribution, wind roses) at the sites Heligoland and Norderney are presented.
For estimating the wind resource for a specific site of wind turbine operation, normally
wind statistics covering an entire year are used. Therefore we provide the following analy-
ses for the temporal base of one year. Then statistics of the low-level jet for the two sites
are compared in Section 5.2. Section 5.3 investigates the relation between LLJ and stability.
Section 5.4 presents a case study of the horizontal extent of an LLJ based on several wind li-
dar systems distributed within the German Bight, additional airborne in situ measurements
and numerical simulations.

5.1. Weibull Distribution and Wind Roses for the Sites Heligoland and Norderney

The Weibull wind speed distributions at Heligoland and Norderney (Figure 4), at a
representative hub height (120 m), are similar: The scale factor, which is proportional to the
most likely wind speed, is A = 10.91 m s−1 for Heligoland and 10.39 m s−1 for Norderney.
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This is in agreement with typical long-term values in the North Sea obtained at FINO1 [33].
The shape factor is k = 2.12 for Heligoland and 2.33 for Norderney, which are typical values
for the German Bight [33]. The wind roses are similar as well. However, the most frequent
wind direction for Heligoland was SW, and for Norderney SSW. Note that the data were
obtained during different years. Therefore, the differences may be attributed to generally
different prevailing wind conditions in the different years, or to systematic differences due
to different locations.

Figure 4. Weibull distribution (k = 2.12 and A = 10.91 m s−1) (left) and wind rose (right) at
Heligoland at 120 m for the period 24 March 2017 to 23 March 2018 (upper panels), and Weibull
distribution (k = 2.33 and A = 10.39 m s−1) (left) and wind rose (right) at Norderney at 120 m for the
time period 9 August 2019 to 8 August 2020 (lower panels).

5.2. Statistics on LLJ Occurrence

For the site Heligoland, the data set of a full year from 24 March 2017 to 23 March 2018
is analysed here. LLJ profiles were recorded during 7.19% of the total time.

For the site Norderney, the data set from 9 August 2019 to 8 August 2020 is analysed.
LLJ profiles were recorded during 11.13% of the total time.

Figure 5 shows the occurrence of LLJ events throughout the year based on lidar data,
and for comparison also based on radiosonde data obtained in the same time period (only
available at Norderney). For each day where an LLJ occurred, the altitude interval affected
by the LLJ is marked by a vertical black line. This indicates the altitude with the upper
boundary of the minimum wind speed and the lower boundary where the wind speed has
the same value as the altitude of the minimum wind speed. It can be seen that for both sites,
the distribution of LLJ events follows specific patterns of typically a few consecutive days.
This is in agreement with the typical lifetime of synoptic circulation patterns which either
enable or prevent the formation of LLJ by different atmospheric conditions [10] and was
also observed in the one-year data set of Braunschweig, Northern Germany [27]. For both
sites, most LLJs appeared in spring (March, April, May) and summer (June, July, August),
with fewer in autumn (September, October, November) and even less in the winter months
(December, January, February).

The LLJ profiles identified by the radiosondes at 0 and 12 UTC at the site Norderney
are provided in Figure 5 for the same time periods as the wind lidar observations. A similar
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annual distribution is observed by the continuous wind lidar data from the same site. The
annual LLJ distribution is comparable for both time periods.

Figure 5. Occurrence and altitude distribution of the LLJ events averaged over each day that were
observed by wind lidar at Heligoland from 24 March 2017 to 23 March 2018 (first figure), and determined
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by radiosonde profiles at Norderney from 24 March 2017 to 23 March 2018 (second figure), observed
by wind lidar at Norderney from 9 August 2019 to 8 August 2020 (third figure), and by radiosonde
profiles at Norderney from 9 August 2019 to 8 August 2020 (lower figure). The altitude interval
affected by the LLJ is marked by a vertical black line. Maximum wind speed is marked by a black dot.
Yellow areas show intervals with no valid data.

Figure 6 shows the distribution of LLJ events over the day for Heligoland and Norder-
ney. A minimum occurrence is visible between 9 and 14 UTC. LLJs occur most frequently
during the nighttime. The diurnal distribution is similar for Norderney with a minimum
LLJ occurrence between 10 and 14 UTC.

Figure 6. Total number of LLJ occurrence (10 min averages) in spring (green: March, April, May),
summer (red: June, July, August), autumn (magenta: September, October, November) and winter
(blue: December, January, February) at Heligoland (upper figure) and Norderney (lower figure) for
each hour of the day in UTC based on wind lidar data.

The jet core height distribution of the LLJ maximum for Heligoland is located most
frequently at an altitude of 120 m, thus within the altitude of the rotor blades. LLJ core
heights have been identified between 40 m and 250 m in 86% of all cases. For Norderney,
the altitude distribution is similar with the most frequent occurrence at an altitude of
110 m. The distribution of the maximum wind speed is similar for both cases as well. The
maximum LLJ wind speed typically increases with core height. This feature has been
observed for the radiosonde and continuous lidar data both at Heligoland and Norderney
(not shown). This relationship has also been shown in [64].

5.3. LLJ Dependence on Atmospheric Stability

For the radiosonde data set, temperature and humidity data are available as well.
Figure 7 shows the vertical gradient of the virtual potential temperature, which is an
indicator of atmospheric stability, for the individual LLJ events. There is a trend that LLJ
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events observed around noon occurred mostly during stable conditions. At midnight, LLJ
events are observed most frequently for neutral or even unstable atmospheric conditions.

Figure 7. LLJ events depending on the vertical gradient of the potential temperature based on
radiosonde data from 9 August 2019 to 8 August 2020. The radiosonde ascents at midnight are
indicated by a blue symbol, and the ascents around noon by a red symbol. The yellow horizontal bar
indicates an (arbitrary) range of very small changes in virtual potential temperature, separating cases
with clearly stable conditions (above) and clearly unstable conditions (below).

The LLJ parameters’ relation to stability and others is investigated more in detail in
Figure 8: The LLJ maximum wind speed varies between 2.5 and 17 m s−1, with no clear
dependence on stability. The LLJ core height varies between 70 and 350 m without a clear
correlation with stability.

Vertical wind shear is confined to the range of 0.3 to 0.6. This is significantly higher
than previously reported values for coastal zones, e.g., a vertical wind shear coefficient
of 0.11 was reported for neutral conditions for platforms in the Gulf of Mexico [65]. The
impact of wind shear in the range of 0.1 to 0.4 on the probability of operation for wind
turbines for a fixed Weibull distribution near the surface was investigated in [66]: A higher
wind shear results in a higher probability of operation of wind turbines, in particular for
turbines with high cut-in speed.

The wind direction for neutral and unstable conditions is most frequently from north
to east during the night. This can be explained by colder air masses above land which are
advected to the warmer sea surface.

During the daytime, stable conditions are observed in all wind directions. This is
as expected for wind directions from the sector east to southwest if synoptic-scale flow
dominates over local effects like sea breeze, as warmer air masses from land are transported
above the colder water surface, leading to a surface-based temperature inversion. For
wind from the sector west to northeast, this is unexpected. However, one has to take into
account that for these wind directions, the radiosondes are transported from the island of
Norderney towards the coast, where warmer temperatures are likely. The distance of the
radiosondes from the launch site up to reaching an altitude of 500 m was typically within
the radius of 3 km.
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Figure 8. LLJ properties depending on the gradient of virtual potential temperature as an indicator
for stability. (upper left) Maximum wind speed, (upper right) core height, (lower left) vertical wind
shear, (lower right) wind direction at core hight. The radiosonde ascents at midnight are indicated by
a blue symbol, the ascents at noon by a red symbol. The range of neutral atmospheric stratification is
given in yellow.

5.4. LLJ Extent: Case Study for 2 June 2017

On 2 June 2017, a day with southeasterly wind directions, water temperatures from
12 °C in the central German Bight up to 17 °C along the coastline, and air temperatures
from 13 °C in the central German Bight up to 16 °C over land in northwestern Germany,
an LLJ event was observed by four wind lidar systems and airborne measurements near
the wind park Amrumbank West simultaneously (Figure 9). Figure 10 additionally shows
profiles of a nocturnal LLJ which was established later that day at the locations Heligoland
and St. Peter-Ording.

An interplay of several mechanisms is responsible for the observed acceleration of
wind speed below 300 m. The advection of relatively warm air that has been heated up
on its way above the warmer land surface over the cold North Sea and relatively cold
near-surface air resulted in surface-based temperature inversion with cold air masses below
and warmer air masses above, which constitutes a stably stratified atmosphere. As known
from the nocturnal LLJ, a temperature inversion decouples friction forces and supports the
development of an LLJ. Additionally, the transition between land to open sea is associated
with a dramatic change in surface roughness, resulting in low surface friction forces over
the open water causing higher wind speeds. In contrast, the warm land and the cold ocean
would expect a sea-breeze circulation that counteracts the observed wind direction.

A deeper look into the spatial extent of the LLJ is provided by the use of WRF simulations.
WRF simulations were able to reproduce airborne measurements by a Dornier-128

research aircraft [52,53] (Figure 11) of a stable stratification above land during the morning,
which is persistent above the sea surface at 09:15 UTC (Figure 12). Associated with the
temperature inversion, a belt of increased wind speed is represented during the time
of the observations, confirming the different wind speed observations (Figure 12). The
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vertical cross section aligned in the north–south direction shows the increase of wind speed
corresponding to the height of the temperature inversion (Figure 13).

Figure 9. Time series of the lidar wind profiles for the sites Heligoland, St. Peter-Ording, Alpha
Ventus and FINO1 on 2 June 2017. The locations of the wind lidar systems are provided on the map
(Figure 1). The LLJ event (marked in red) during the time of the measurement flight is visible at
all sites.

Figure 10. Cont.
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Figure 10. LLJ event on 2 June 2017 late evening, measured at the lidar sites Heligoland and St.
Peter-Ording.

Figure 11. Flight track of the research aircraft on 2 June 2017. The coloured parts of the flight track
indicate the location of the vertical profiles of wind speed and potential temperature that were used
for model validation (Figure 12). The main purpose of the flight was to examine the flow situation
around Amrumbank West wind farm.



Atmosphere 2022, 13, 839 15 of 19

Figure 12. WRF simulations and airborne observations on 2 June 2017 at 09:15 showing: (a) vertical
profile wind speed, (b) potential temperature, and (c) water vapour mixing ratio.

Figure 13. Cont.
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Figure 13. WRF simulation of 2 June 2017 showing the cross section in almost north–south direction,
from land to the wind park. (a) shows 08:00 UTC, (b) shows 09:00 UTC. The area above land is
indicated in red, up to a distance of 35 km. The lower figure shows the horizontal distribution of
wind speed in the German Bight at 100 m altitude.

Therefore, the overall extent of the LLJ above the German Bight can be estimated as
at least 110 km in the north–south direction (from Wilhelmshaven to Amrumbank West)
and 130 km in the east–west direction (from St. Peter-Ording to FINO1) from observational
data. This is in agreement with observations above land, where LLJs can extend several
hundreds of kilometres in length and width [67]. WRF simulations even suggest a larger
extent of up to 170 km in the north–south direction and of at least 260 km in the east–west
direction (see wind speed at 100 m altitude in Figure 13).

6. Conclusions

LLJs occur frequently at the coast of the North Sea, with a maximum occurrence in
spring and summer and during the night. As stable stratifications decouple friction force
from the air above and lead to an acceleration of wind speed in the form of an LLJ, the
frequent observations of LLJ events are in agreement with the observations that stable
stratifications above the North Sea are present frequently, around one-third of the year. As
both spatial and temporal variability of the LLJ are significant, wind profile measurements
in the direct vicinity of the wind park are necessary to improve the representation of the
effect. At Heligoland, an LLJ occurred on 42.5% of all days for an entire year during all
seasons, with most events in spring and summer. This is in agreement with the observations
that stable stratifications above the North Sea are present around one-third of the year [34].
With the extent exceeding 100 km in longitudinal and latitudinal directions, several wind
parks can be affected by LLJs. WRF simulations were capable of reproducing the LLJ in the
wind profile at the time and location of the airborne observations, and therefore constitute
a suitable tool for investigating this particular wind phenomenon. Further, they were used
to estimate the extent of the LLJ in the German Bight.
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