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Abstract: The impact of coastal low-level jets (LLJs) should be taken into account in the planning and operating phases
of offshore wind farms as these elevated wind maxima introduce additional kinetic energy and vertical wind shear at
operational heights of typical offshore wind turbines. In this study, the spatial distribution of LLJs in the German Bight
was investigated using a twelve-year high-resolution data set computed with the Weather Research and Forecasting Model
(WRF). The data set was divided into sectors of different wind directions, and the sectors with offshore oriented wind direc-
tions, i.e., wind blowing from land towards the open sea, are analyzed separately. The results show that the occurrence of
LLJs strongly depends on wind direction. In general, offshore wind directions have higher probabilities of LLJ occurrence,
with a systematically reduced LLJ probability immediately behind the coastline and the highest probability approximately
100-150 km offshore. On average, the probability of LLJ occurrence is highest around a height of 200 m in the vertical
profile. The probability distribution of the strength of the LLJ wind speed follows the pattern of the LLJ probability, but the
LLJ is less pronounced over water than over land. The seasonal changes in LLJ probability are driven by atmospheric sta-
bility, with larger probabilities in spring and summer and smaller probabilities in autumn and winter. On average, the high-
est LLJ probabilities occur in spring and summer during daytime and the lowest in autumn and winter during nighttime.
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1 Introduction

The phenomenon of the low-level jet (LLJ) is defined as a
maximum wind speed in the atmospheric boundary layer
with lower wind speed above it (Baas et al. 2009). LLJs
have been studied for decades (Blackadar 1957). When
stable atmospheric conditions emerge, and a surface-based
temperature inversion occurs, the layers above the inversion
become decoupled from the surface friction and are subject
to inertial oscillations, resulting in a sudden increase in wind
speed for a certain altitude interval. The flow in the residual
layer accelerates to super-geostrophic magnitudes, forming a
LLJ (Blackadar 1957). The classical conceptual description
for LLJs over land is based on an inertial oscillation occur-
ring in the time domain (time elapsed since sunset). LLJs
forming with offshore wind direction over the sea are an ana-
logue in the space domain depending on the distance from the
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coastline, where temperature inversions are formed mainly
by advection of warmer air masses (Schulz-Stellenfleth et al.
2022). Both phenomena can be seen as inertial oscillation.
Super-geostrophic wind speeds are more likely for onshore
LLJs, because onshore surface friction reduces to nearly zero
with the formation of a stable surface layer at sunset, while
some low surface friction remains even after crossing the
coastline.

There are various other causes that can lead to the for-
mation of a low-level jet, including the passage of frontal
systems (Doyle & Warner 1993) and katabatic wind systems
(Heinemann & Zentek 2021). However, the focus of this arti-
cle is on the classical development of LLJs, which is related
to changes in the atmospheric stratification from turbulently
mixed to stably stratified, as described above. Such tempera-
ture inversions typically occur during the evening transition
on cloudless days above land, when the surface cools down

© 2024 The authors

Gebriuder Borntraeger Science Publishers, Stuttgart, www.borntraeger-cramer.com


mailto:mares.barekzai@posteo.de
https://www.schweizerbart.de
http://www.borntraeger-cramer.com

2 Mares Barekzai et al.

quickly after sunset (Davies 2000). The temperature inver-
sion often intensifies and rises to higher altitudes during the
night (Surridge 1986).

On a yearly average, LLJ phenomena occur on 13-52%
of all nights in Europe, depending on the location and the
applied criteria for identification (Baas et al. 2009; Emeis
2014; Lampert et al. 2015; Marke et al. 2018). The frequency
of LLJ events is most significant in summer because onshore
LLJ events are related to strong nocturnal temperature inver-
sions induced by surface cooling (Lampert et al. 2015). The
statistics of LLJs are expected to vary with climate change
(Gross 2012).

LLJ statistics based on ERA-Interim reanalyses data
reveal a frequent occurrence of strong LLIJs at the western
coast of the continents (Ranjha et al. 2013) and in coastal
areas (Tuononen et al. 2015). Both of these studies do not
identify the coast of the North Sea as an area of particular
LLJ activity, but they apply the strict criteria of 2 m/s and
25% wind speed reduction from the core to the minimum
above, which exclude the identification of less pronounced
LLJ events.

The maximum altitude of the LLJ is often located below
the top of the temperature inversion (Andreas et al. 2000;
Tjernstrom et al. 2004; Wagner et al. 2019). Coastal areas
typically have a maximum wind speed altitude below 200 m
(Kalverla et al. 2019), within the altitude range of offshore
wind turbine rotor blades. Therefore, understanding the LLJ
phenomenon recently gained worldwide importance, espe-
cially with the increasing hub heights and rotor diameters of
wind turbines. Wind energy already plays a significant role
in current and future worldwide energy supply (Veers et al.
2019). LLJs can increase wind power production, particu-
larly in the wind speed range below the rated speed (Wagner
et al. 2009). However, LLJ events are associated with
enhanced wind shear, which is typically in the height range
of the rotor blades (Wagner et al. 2011, 2014). LLJs have
positive and negative shear regions in their velocity profile.
The positive shear regions are continuously turbulent, while
the negative shear regions have limited turbulence (Gadde &
Stevens 2021).

In wind farms, large eddy simulations (LES) show that
when the LLJ wind speed maximum is above the turbines,
wake recovery is relatively fast (Gadde & Stevens 2021).
This is due to the high turbulence below the LLJ and the
downward vertical entrainment created by the momentum
deficit due to the wind farm’s conversion of kinetic to elec-
tric energy (Gadde & Stevens 2021). In contrast, when the
LLJ is below the turbine rotor swept area, the wake recovery
is very slow due to the low atmospheric turbulence above
the LLJ. The energy budget analysis reveals that the entrain-
ment fluxes are maximum and minimum when the LLJ wind
speed maximum is above and in the middle of the turbine
rotor swept area, respectively. Surprisingly, the negative
shear creates a significant entrainment flux upward when the
LLJ maximum wind speed is below the turbine rotor swept

area, facilitating energy extraction from the jet, which is ben-
eficial for the performance of downwind turbines (Gadde &
Stevens 2021). Additionally, this enhanced shear is a source
of atmospheric turbulence, leading to increased stress and
changes in vibrations, and finally fatigue loadings of rotor
blades (Gutierrez et al. 2016), thus reducing the lifetime of
wind turbine structures.

Understanding wind speed profiles that deviate from
the standard reference logarithmic profile (IEC 2022) is
crucial not only for the current extraction of wind energy
using conventional wind turbines, but also for new methods,
such as floating platforms (Manzano-Agugliaro et al. 2020)
and tethered kite systems with flexible altitude of operation
(Perkovic et al. 2013). The frequency and intensity of LLJs
may have implications for the design and operation of wind
energy systems, especially in the context of changing cli-
matic conditions.

In Europe, the typical core altitudes of LLJs are between
140-375 m, and the typical LLJ wind speed is between
4-12 m s7! (Lampert et al. 2015; Marke et al. 2018; Weide
et al. 2022). This wind speed range is typically below the
rated speed of wind turbines, and therefore contributes with
cubic relationship to the power output. LLJ events mainly
occur during the night over land, when solar energy is not
available (e.g., Weide et al. 2022). Thus, wind energy gener-
ally has a larger share in the generation of renewable energy
at nighttime.

Coastal areas are strongly influenced by the synop-
tic wind direction and the temperature difference between
land and water, which leads to the formation of temperature
inversions and low-level jets. During spring and summer,
the surface temperature of the water is typically lower than
that of the land during daytime. In addition, the aerody-
namic roughness of the sea expressed in terms of the aero-
dynamic roughness length z is several orders of magnitude
smaller than the one of the surrounding land (Stull 1988).
Consequently, when the flow is directed from land to sea, air
masses warmed up above land are advected over the colder
water surface, resulting in a pronounced temperature inver-
sion. This phenomenon has been extensively studied for the
Baltic Sea (Smedman et al. 1996; Dérenkdamper et al. 2015;
Svensson et al. 2016), and these flow conditions result in
the development of LLJs in particular during daytime (e.g.,
Rausch et al. 2022). The drop in roughness at the coastline
during offshore oriented wind direction enhances the LLJ
formation, because it additionally contributes to the forma-
tion of a new surface layer with low turbulence intensities
over the cooler ocean waters (e.g., Smedman et al. 1996).
The favorable conditions for LLJ conditions, stable atmo-
spheric stratification, have important implications for wind
energy, as wakes behind wind farms decay much slower
under stable conditions (Canadillas et al. 2020) and reduce
the available wind resource for downwind wind farms (Platis
et al. 2020). LLJ phenomena can change the horizontal dis-
tribution of wind speed, as they are more pronounced at the



coast than above open water, and may introduce effects like

the decrease of wind speed with distance from the coast

(Djath et al. 2022).

With the increasing share of power production by wind
energy, the forecast and control of power output on time
scales of hours to days are becoming increasingly important
(Veers et al. 2019). As the LLJ occur frequently and often
persist over several hours (Aird et al. 2021; Weide et al.
2022), it is important to represent them well in numerical
simulations for longterm site assessment and short-term
power output prediction.

However, recent model validation efforts have shown
that numerical simulations with models such as the Weather
Research and Forecast Model (WRF) have difficulties in cor-
rectly representing the temperature profile in stable condi-
tions (Kilpeldinen et al. 2012; Sandu et al. 2013; Siedersleben
et al. 2018). For the Baltic Sea, an intercomparison of dif-
ferent measurement locations and four reanalyses data sets
(MERRA2, ERAS, UERRA, and NEWA) with different res-
olutions showed a general underestimation of the LLJ wind
speed (Hallgren et al. 2020), which is most probably related
to too high minimum levels of turbulence in the numerical
models as described by Sandu et al. (2013). The occurrence
of LLJ events was best reproduced by UERRA (Hallgren
et al. 2020). A recent intercomparison of LLJ radiosonde
data and ERAS reanalyses for the Arctic showed that the
simulation data were able to represent reasonably well the
LLJ occurrence and the LLJ wind speed, but strongly over-
estimate the altitude of the LLJ (Lopez-Garcia et al. 2022).

Furthermore, LLJ wind profiles also interact with and are
modified by offshore wind park wakes (Larsén & Fischereit
2021). Increased wind shear and turbulence associated
with the jets may sometimes counteract wake development
(Doosttalab et al. 2020).

The following open research questions relevant for wind
parks in the coastal area of the German Bight are investi-
gated with a high resolution data set for a time period of
interest for offshore wind energy are investigated here:

* How does LLJ occurrence change with distance from the
coast line in the German Bight?

* During which time of day and season is LLJ occurrence
most pronounced?

* Is the occurrence of LLJ particularly enhanced for off-
shore wind directions, with warm air masses advected
from land to the colder sea?

This article, which is one of two accompanying papers, pres-

ents a comprehensive analysis of the spatial distribution of

low-level jet occurrences in the German Bight. The analysis
is based on an exceptionally high resolution data set that pro-
vides a detailed spatial representation of the coastal areas.

This is of particular importance due to the plans for drasti-

cally increasing offshore wind parks in the near future. For

example, the aim of Germany is to raise the installed capacity
from 7.7 GW in 2022 to 30 GW in 2030 and even 70 GW in

2045. For the first time, the analyses extract the wind direc-
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tions that are most strongly influenced by the coastal effect,
which are wind directions from the South (S), South East
(SE), and East (E), and compare statistics of the low-level jet
occurrence to the entire dataset. The partner paper (Barekzai
et al. 2024) has a specific focus on the modification of the
wind field due to the coastal effect.

In this article, the introduction of the model setup is pro-
vided in Sect. 2, with a definition of the conditions for iden-
tifying LLJ events, a description of the concept of transect
analysis, and an assessment of the performance of the simu-
lation experiments. Sect. 3 provides statistical analyses of
LLJ occurrence depending on season, wind direction, and
distance from the coast. In Sect. 4, the results are discussed,
and conclusions are drawn for the impact of LLJs on wind
parks in the German Bight.

2 Methods

2.1  WRF setup

For well resolving coastal effects, the analyses were done
based on a 12-year dataset of numerical simulations using the
version 4.2.1 of the Weather Research and Forecast Model
(WRF) with a horizontal resolution of 2 km, developed by
the National Center of Atmospheric Research (Skamarock
et al. 2019). The WRF model is widely used in the wind
energy research community, e.g. for the generation of wind
atlases (Hahmann et al. 2020; Ddorenkdmper et al. 2020),
analysis of specific conditions (Dérenkdmper et al. 2015),
gap filling (Gottschall & Ddorenkdmper 2021) and for wind
farm wake analyses (Siedersleben et al. 2018; Pryor et al.
2019; Cafiadillas et al. 2022).

The study by Hahmann et al. (2020) provides a compre-
hensive overview of the model’s sensitivities and serves as
a basis for the setup used in this study that was further opti-
mized based on experiences of modelling the North Sea off-
shore wind climate (e.g., Gottschall & Dérenkdmper 2021;
Cafiadillas et al. 2022).

A nested domain approach was used, with resolutions of
18 km, 6 km and 2 km, to reduce the computational cost. The
further optimization was based on offshore mast measure-
ments, which led, for instance, to using a different nudging
approach: grid nudging instead of the spectral one in NEWA.
Another difference is the 2 km instead of 3 km (NEWA case)
horizontal resolution. The setup was validated further off-
shore in the presence of wakes in (Canadillas et al. 2022).
Fig. 1 shows the distribution of the simulation domains. The
boundary conditions for atmospheric variables were pre-
scribed using the ERAS data set (Hersbach et al. 2020) with
0.25° x 0.25° (= 30 km) spatial resolution and 6-hour tempo-
ral resolution. Grid nudging on wind speed, temperature and
humidity was applied only on the outermost (D01) domain
above the 20 model level. In addition, a model option was
selected to apply the grid nudging only above the boundary
layer height in cases it falls above the 20t level. The six-
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Fig. 1. Domain configuration of the WRF setup. The domains
D1, D2, and D3 have a horizontal resolution of 18 km, 6 km, and
2 km, respectively.

hourly nudging on the coarsest domain above the boundary
layer on the one hand keeps the downscaled wind fields close
to the reanalysis, on the other hand it allows the mesoscale
model’s physics to develop. For the sea surface variables, the
OSTIA dataset was used (Donlon et al. 2012) with 0.05° %
0.05° (= 6 km) spatial resolution on daily averages.

The setup used 61 vertical levels, with a dense distribu-
tion of levels across the rotor disc. The post-processed verti-
cal levels from the dataset are 25 m, 50 m, 75 m, 90 m, 100 m,
125 m, 150 m, 175 m, 200 m, 250 m, 300 m, 350 m, 400 m,
500 m, and 1000 m. The temporal resolution of the dataset
is 10 min. The setup is based on several years of experience
focussing on wind energy applications (e.g. Dorenkdmper
et al. 2015; Hahmann et al. 2020; Dérenkdmper et al. 2020;
Gottschall & Dorenkdmper 2021).

Roughness changes are accounted for in the WRF model
by different land-use characteristics that besides other vary-
ing surface parameters also come along with a different
roughness length. Above the sea the roughness length varies
according to the Charnock relation and is estimated as a func-
tion of the mean wind speed (Charnock 1955). Accordingly,
the Charnock coefficient is a constant for a given wind speed.
However, it is known that the Charnock coefficient can be
significantly affected by the wave state (Li et al. 2021).
A wave model was not implemented in this study, as it is
assumed that the wave effects should be very small at the
altitudes studied. Dorenkdmper et al. (2015) give an example
on how roughness changes are treated and what flow features
can result from this.

Table 1. Relevant parameters of the mesoscale model set-up.
The references for the different schemes and models are sum-

marized in WRF Users Page (2020).

Parameter

Setting

WRF model version

4.2.1

Planetary Boundary Layer MYNN level 2.5
(BLH) scheme

Land use data MODIS

Surface layer scheme MYNN

Microphysics scheme

WREF Single-Moment 5-class

Shortwave and long-wave
radiation

RRTMG

Atmospheric boundary ERAS
conditions
Sea surface conditions OSTIA

Horizontal resolution

18 km, 6 km, 2 km

Vertical resolution

60 eta-level

Nudging grid nudging above BLH
Model output interval 10 min
Nesting one-way

Land surface model

Unified Noah Land Surface
Model

Duration of individual

240 (+24 spin-up) hours

simulation

A summary of the model configuration decisions is pro-
vided in Table 1. A 12-year period from 2010 to 2021 was
simulated, covering the period of wind farm operation in the
German Bight since the erection of the first offshore wind
farm alpha ventus. Compared to the New European Wind
Atlas (Hahmann et al. 2020; Dérenkdmper et al. 2020) with a
spatial resolution of 3 km times 3 km and a temporal resolu-
tion of 30 min, covering a time period from 1989 to 2018, the
WREF setup here has a higher spatial and temporal resolution,
and covers a more recent time period of 12 years.

The WRF performance was evaluated with respect to
wind measurements for an altitude of 100 m at two locations
in the area of interest, as reported by Cafiadillas et al. (2023):
For the coastal area, represented by the island of Norderney,
the correlation coefficient r between a wind lidar and WRF
for a one-year data set (taking into account wind from South)
was r=0.85. For a four-year data set of wind speed measure-
ments at the offshore site FINO1 (wind from South), the cor-
relation coefficient was r = 0.84

A dedicated WRF sensitivity study for the Baltic Sea
indicates an underestimation of the LLJ strength, particu-
larly for very stable conditions; it was therefore important
to include information on both land and sea surface (Li et al.
2021b), which was taken into account for this study.



2.2 Detection of low level jets

Low-level jets are known to exhibit highly variable character-
istics, and a strict definition of the phenomenon remains elu-
sive. It is currently proposed that LLJ events may be defined
via wind shear rather than a fixed threshold for the decrease
of wind speed (Hallgren et al. 2023), or using site-specific
values for threshold wind speed or wind shear (Hallgren
et al. 2023). In particular for numerical simulations, which
have generally smoother profiles than experimental data
sets, a lower threshold is frequently used. E.g. Hallgren et al.
(2020) used a criterion of 1 m s7!, for assessing the perfor-
mance of MERRA2, ERAS, UERRA, NEWA in representing
LLJ in comparison with lidar, and Rubio et al. (2022) and
Ziemann et al. (2020) used a criterion of 0.5 m s7! and a ratio
of at least 1.05 between the wind speed at the jet core height
Vnax and the subsequent minimum wind speed v,,;,, called in
the following peak prominence. Kalverla et al. (2020) com-
pared the ability of three wind atlases to represent the LLJ
measured at the meteorological mast [jmuiden off the Dutch
coast based on a criterion of 2 m s7!, and the wind atlas with
the highest spatial resolution of 2.5 km, the Dutch Offshore
Wind Atlas (DOWA), resulted in the best identification of
LLJ events compared to the observations. Global classifica-
tions of LLJ events with a criterion of 2 m s™! fail to include
the North Sea entirely, compared to stronger coastal LLJ
events at the west coast of the continents (Luiz & Fiedler
2024). Generally, the identification of LLJ events is highly
sensitive to the applied criteria for LLJ detection (Rubio
et al. 2022), with lower absolute or relative thresholds result-
ing in more LLJ events, and on average lower wind speed,
but similar jet core height (Aird et al. 2021). Further, there
is a large effect of the height interval taken into account for
applying the LLJ criteria (Kalverla et al. 2019), and the verti-
cal resolution of the data has a high impact on the frequency
of occurrence, the peak prominence and altitude of the LLJ
(Aird et al. 2021). For the purpose of this study, an LLJ is
defined as a maximum in the wind profile with a low peak
prominence (pp) of at least 0.25 m s7! compared to the wind
speed minimum above, as illustrated in Fig. 2. The maxi-
mum search height for the minimum is 1 km. If there are
two minima, only the lower one is taken into account. This
includes also LLJ events for very low peak prominence for
two reasons: First, the LLJ strength above the North Sea
is smaller compared to onshore sites, and including these
events provides a larger data base, which is then subdivided
into events occurring for different wind directions. A change
in the LLJ criterion from 0.25 m s to the typically applied
criterion of 2 m s™! would result a loss of approximately 57%
of the LLJ events, in particular above the North Sea. Second,
the aim of the article is to understand the horizontal variabil-
ity of LLJ events in the area of the coastal transition, where
the values of LLJ strength do not play a major role, without
the intention to compare to other sites. The pp is calculated
as the difference between the maximum wind speed of the
jet core and the baseline wind speed given by the wind speed
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low level jet

peak prominence .

Ed
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Fig. 2. A sketch of a standard wind profile (power law or loga-
rithmic, gray line) and a low level jet wind profile (black line). The
area between the dashed line drawn down from the wind speed
minimum above the jet and the LLJ maximum is termed jet core
and describes the vertical position of the jet. The wind speed dif-
ference between the dashed line and the jet maximum is termed
peak prominence (based on Fig. 3 in (Hallgren et al. 2020)).

minimum above the jet. In the analysis, the pp is not only
calculated for the height of the maximum, but also over the
vertical range with enhanced wind speed compared to the
baseline (see Fig. 2). The vertically resolved LLJ distribu-
tion is normalized to the wind speed maximum, enabling the
evaluation of LLJ characteristics over ranges of heights. This
approach differs from the definition of an LLJ in Lampert
et al. (2015); Kalverla et al. (2019), where an LLJ is defined
as a wind maximum below an altitude of 500 m with a peak
prominence of at least 2 m s™! and a ratio of 25% between
the wind speed maximum and minimum. This definition is
adequate for atmospheric profiles measured by LIDAR, but
the WRF simulation results are smoother, allowing for a
more inclusive LLJ criterion (e.g., 0.5 m s7! in Ziemann et al.
2020). Moreover, the simulations capture the LLJ’s horizon-
tal extent, which can span over large distances and therefore
many square kilometers (Rausch et al. 2022) and model grid
cells. The analysis focuses on two LLJ characteristics: LLJ
peak prominence (pp) and LLIJ probability (Prrj). Prry is
calculated by normalizing the pp at the jet core to 1, resulting
in the vertical distribution of the low-level jet. The number
of LLJs (nyzy) vertically integrated between an altitude of
0 m and 200 m or 500 m, and measured over a certain time
interval, is determined using Equation 2.1. Finally, the LLJ
probability P;; ;is calculated integrating the number of LLJs
(1) over a certain time interval Azg,, proportional to the
number of evaluated time steps (#,), see Equation 2.2.
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2.3 Transect analysis

The wind speed datasets were divided into wind direction
sectors of 45 degrees, as illustrated in the wind rose in Fig. 3.
For the whole dataset and a subset containing only the three
wind directions originating from land and blowing over
the North Sea, namely S, SE and E, collectively referred to
as “offshore” wind directions, several parallel transects of
50 km width were defined along each direction, labeled as
S1-3, SE1-4 and E1-5 (see Figs. 4 and 5). The grid cells
encompassed within the transects were analyzed as follows:
for each transect, the atmospheric variables were averaged
perpendicular to the alignment of the transect. These aver-
ages were then combined by taking the mean of the parallel
transects, and the standard deviation was determined. This
means that for taking into account the whole data set, the
standard deviation is much lower than for only specific wind
directions. The transects were aligned based on the average
position of the coastal transition of the respective transect.
This approach enables the investigation of the horizontal
development of the atmospheric boundary layer and specifi-
cally the wind profile with fetch length, based on statistically
representative data sets. To carry out the analysis, the data
set was filtered by principal wind direction (E, SE, S), height

Fig. 3. The WRF wind rose shows the distribution of modelled
wind directions for the 12-year period from 2010 to 2021, parti-
tioned into eight compass directions. The results are evaluated
below a height of 200 m and over the area with the corner coor-
dinates latitude € (54, 55) and longitude € (6, 8). Each circle
represents an occurrence of 2.5%.

(100 m, 200 m, 300 m), individual years between 2010 and
2021, seasonal changes, and day and nighttime.

3 Results

In this section, different low-level jet characteristics are ana-
lyzed in relation to the prevailing wind direction. To analyze
the influence of offshore versus onshore wind directions, the
three offshore wind directions South (S), Southeast (SE), and
East (E) are grouped together. The statistics of low-level jets
are calculated in the region of the German Bight, as shown
in Fig. 4. Furthermore, the datasets were divided per season
according to months in the following way: winter (Dec, Jan,
Feb), spring (Mar, Apr, May), summer (Jun, Jul, Aug) and
autumn (Sep, Oct, Nov). For day and night-time the dataset
is divided using the definition of true sunrise and sunset for
each day of the year with the center of the WRF domain as
reference location and within the 10 min temporal resolution.
The average wind direction is calculated over an area given
by the domain center between 7° and 8° latitude, 53.5° and
54.5° longitude and evaluated below an altitude of 200 m.
Fig. 3 presents the relative frequencies of these wind direc-
tions over the German Bight. The data were obtained from
12 years of simulation results, which show that the offshore
wind directions together have a frequency of approximately
30% in the German Bight.

3.1 Spatial distribution of LLJ occurrence in the
German Bight

Fig. 4 displays the spatial distribution of the probability of
a low-level jet P;;j, integrated below a height of 200 m,
averaged over the 12-year period. The integrated time inter-
vals are classified by wind direction, including all directions
(Fig. 4a), E (Fig. 4b), S (Fig. 4c), and SE (Fig. 4d). The aerial
overlays in panels b), c), and d) will be used in the subse-
quent transect analyses in the following sections. The LLJ
probability for easterly (Fig. 4b) and south-easterly (Fig. 4d)
wind directions is significantly higher than that for all wind
directions (Fig. 4a). For easterly wind directions (Fig. 4b),
there is a substantial increase in LLJ probability along the
southern coastline, along the wind direction, with the highest
LLJ probability in the South. The highest LLJ probabilities
Py over water are close to 0.23. For south-easterly wind
directions (Fig. 4d), the highest LLIJ probability is shifted
towards the center of the German Bight, close to the island
Heligoland. Furthermore, the highest probabilities over land
are found with Py;; close to 0.24. In contrast, for ecasterly
(Fig. 4b) and south-easterly (Fig. 4d) wind directions, the
LLJ probability is reduced to as low as 0.1 right downwind
the easterly coastline, which is oriented approximately per-
pendicular to the wind direction. For southerly wind direc-
tions (Fig. 4c), there is overall less LLJ activity and therefore
a less pronounced reduction in LLJ probability after the
coastline perpendicular to the wind direction, and a less pro-
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Fig. 4. The spatial distribution of the relative LLJ frequency P;; . The results are based on WRF simulations over the German Bight,
evaluated and integrated for heights below 200 m and averaged between 2010 and 2021. Panel a) is averaged over “all wind direc-
tions” (with arrows for the mean wind direction), panel b), c) and d) are evaluated for easterly “E”, southerly “S” and south-easterly “SE”
wind directions, respectively. The highlighted and labelled areas (S1-3, SE1-4 and E1-5) are the basis of the subsequent transect

analysis.

nounced LLJ peak along the eastern coastline parallel to the
wind direction. Finally, when comparing LLJ activity over
land and water, southerly (Fig. 3¢) and all wind directions
(Fig. 4a) show more LLJ activity over land than over water,
while easterly (Fig. 4b) and south-easterly (Fig. 4d) wind
directions show more LLJ activity over water than over land.

Fig. 5 presents the spatial distribution of the average peak
prominence of the LLJ at the height of 100 m. This figure
follows the same structure as Fig. 4, and the concept of peak
prominence is explained in Section 2. On average, the peak
prominence is larger over land than over water. The average

peak prominence for all wind directions (Fig. 5a) exhibits an
area of lower peak prominence following the shoreline. The
peak prominence is higher for easterly (Fig. 5b) and south-
easterly wind directions (Fig. 5d) compared to the average.
For easterly wind directions, an area of enhanced peak
prominence is observed offshore near the southern coast in
the same region as the LLJ probability maximum (Fig. 4b).
The peak prominence decreases after the shoreline along
the wind direction and increases again further offshore.
Southerly wind directions (Fig. 5c) show a peak prominence
lower than the average over water. For south-easterly wind
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Fig. 5. The spatial distribution of the average LLJ peak prominence pp in m s7', evaluated at the height of 100 m. The threshold or
minimum peak prominence is 0.25 m s~ (further information in Fig. 4).

directions (Fig. 5d), the peak prominence is highest over
land. Moreover, the peak prominence decreases after the
coastline and increases again further offshore, but this effect
is less pronounced than for easterly winds. In general, areas
of enhanced LLJ probability also exhibit an increase in peak
prominence.

3.2 Low-level jet development with fetch

Fig. 6 shows the probability of low-level jets for the tran-
sect analysis at the heights of 100 m, 200 m, and 300 m.
The panels compare the results for all wind directions
(Fig. 6a) with the results for offshore wind directions only
(Fig. 6b). The results are averaged for easterly, southerly,
and south-easterly wind directions along the transects

E1-5, S1-3, and SE1-4, respectively. In the vertical direc-
tion, the results are integrated over an interval of 50 m
(25 m below to 25 m above the indicated altitude). Fig. 4
shows the evaluated transect areas, and further information
can be found in Sect. 2.

The LLJ probability for all wind directions (Fig. 6a)
decreases after the coastal transition and levels off further
offshore for all heights. The largest LLJ probability, on aver-
age, is found at a height of 200 m. The LLJ probability for
all wind directions ranges from approximately 0.03 to 0.045
for all heights. The LLJ probability for offshore conditions
(Fig. 6b) is higher by a factor between 1.5 and 2 than for
all wind directions. The LLJ probability for offshore wind
directions increases towards the coastline, decreases after the
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Fig. 6. Transect analysis of the LLJ probability at different heights. The results are integrated over a range of 50 m around the heights
100 m (green), 200 m (red), and 300 m (blue). The temporal averages are taken between 2010 and 2021 and spatially averaged over
the transect areas shown in Fig. 4b), ¢) and d). Transect data is averaged, and the coastline is aligned, resulting in the spatial dimen-
sion x, which is negative over land and positive over water. The panel a) is averaged over all wind directions and b) is averaged only
over offshore wind directions, i.e. southerly wind directions are evaluated along the transects S1, S2, S3, easterly wind directions are
evaluated along E1, E2, E3, E4, E5, south-easterly wind directions are evaluated along SE1, SE2, SE3, SE4. The areas shaded in
brighter color indicate the standard deviation, which is generally lower if more data are included in the statistics (in particular for the

whole data set containing all wind directions).

a) all wind directions
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Fig. 7. Transect analysis of the LLJ peak prominence pp. Results are evaluated at the heights 100 m (green), 200 m (red), and 300
m (blue). LLJs are included with a minimum pp of 0.25 m s='. The areas shaded in brighter color indicate the standard deviation.
The panel a) is averaged over all wind directions and b) is averaged only over offshore wind directions (more information in Fig. 6).

coastal transition, and starts increasing again at a distance of
around 50 km after the coastline, above water, for all alti-
tudes (Fig. 6a). At the height of 100 m, the LLJ probability
for offshore wind directions drops from 0.06 to 0.04 after
the coastal transition and recovers to a value of 0.055 after
a distance of 100 km offshore (Fig. 6b). Again, the highest
probability is found at the height of 200 m. The LLJ prob-
ability for offshore wind directions is approximately in the
range of 0.04 and 0.065 for all heights (Fig. 6b).

Fig. 7 shows the peak prominence of the transect analysis
for the heights 100 m, 200 m, and 300 m. The peak promi-
nence is smaller if all wind directions are included in the
average value (Fig. 7a), and drops off after the coastal transi-
tion from around 2 to 1.5 m s™! at a distance of around 50 km
offshore and stays approximately constant. For offshore
wind directions (Fig. 7b), the peak prominence decreases
from 2.5 to 1.75 m s7! after 50 km, but increases slightly
further offshore.
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The highest LLJ probability and variability for offshore
wind directions are observed for wind from Southeast (see
Appendix, Fig. A.1). Furthermore, also the highest peak
prominence is observed for wind direction from Southeast
(see Appendix, Fig. A.2). For all wind directions, the LLJ
probability over water is almost constant, with values between
0.03 and 0.04. Offshore wind directions show the highest
LLJ probability values for the SE transect orientation (see
Appendix, Fig. A.1). After a small reduction following the
coastal transition, there is a peak in probability of 0.065 after
a distance of 100 km offshore. The E transect orientation (see
Appendix, Fig. A.1b) shows a strong reduction in probability
from 0.06 to 0.038 after the coastal transition, followed by a
significant increase back to 0.06 after a distance of 150 km
offshore. The S transect orientation (see Appendix, Fig. A.1b)
shows a strong reduction in probability after the coastal transi-
tion, from 0.06 to 0.038, followed by a gradual increase and
a less pronounced peak of 0.045 after a distance of 100 km.

For all wind directions, the LLJ peak prominence
decreases after the coastal transition and remains constant
at around 1.5 m s~!. However, for each of the three transect
orientations, there is a strong drop in peak prominence after
the coastal transition, followed by a constant value further
offshore (see Appendix, Fig. A.2). Specifically, the E and SE
orientations have a peak prominence of around 1.8 m s,
while the S orientation has a peak prominence of 1.3 m s7!
after a distance of 100 km offshore.

3.3 Interannual variability of low-level jets

The interannual variability of the low-level jet probability
for the years 2010 to 2021 reveals that in some years, such
as 2011 and 2018, there is a reduced average LLJ frequency
near the coast, but an increased probability with a maximum
approximately at a distance of 75 km from the coast (see
Appendix, Fig. A.3). For offshore wind directions, a rela-
tively uniform development of the LLJ probability with dis-
tance is observed, but the probabilities of the individual years
differ in how much they decrease after the coastal transition
and how much they increase after approximately 100 km
over the water. The range of LLJ probability occurrence
found for a distance beyond 100 km offshore is between
0.045 and 0.065. The years of 2013 and 2021 show the low-
est LLJ probability for offshore wind directions. The inter-
annual variability of the LLJ peak prominence development
with fetch is qualitatively similar for all wind directions and
offshore wind directions only (see Appendix, Fig. A.4). The
peak prominence for offshore wind directions is enhanced by
approximately 0.2 m s™!, with a higher variability.

3.4 Seasonal and diurnal variability of

low-level jets
The seasonal and diurnal variability of LLJ occurrence
are shown in the Fig. 8 and 9. The results indicate that the
frequency of low-level jets is generally higher for offshore
wind directions compared to all wind directions, both above

land and water (Fig. 8). Additionally, the LLJ frequency
increases from land to water during spring and summer.
The LLJ frequency is most pronounced for offshore wind
directions during spring and summer, therefore for stable
conditions with colder water surface and warmer advected
air masses. Conversely, autumn and winter have a much
lower LLJ probability above water, with the LLJ frequency
decreasing from land to water. The largest LLJ frequencies
are recorded during summer days at 100 m height, with a
value of 0.1.

Concerning the diurnal LLJ probability, a similar devel-
opment is observed for day time (Fig. 9), namely a strong
increase of LLJ probability with distance to the coast. For
night time, the overall LLJ probability is enhanced for all
distances for offshore wind directions compared to all wind
directions, with highest LLJ probability above land.

The LLJ peak prominence is most pronounced above
water during spring and summer days for offshore wind
directions, and above land during spring and summer nights
(not shown).

4 Discussion and conclusions

Although the LLJ statistics are not directly comparable to
other studies with different LLJ criteria, the general features
can be compared. LLJ were more frequently observed above
land than above sea, which is in agreement with previous
findings (Tuononen et al. 2015). The WRF studies confirm
that low-level jet events occur more frequently during stable
conditions, as shown by Rausch et al. (2022), which depend
on wind directions (Schulz-Stellenfleth et al. 2022), times of
day (Rausch et al. 2022), and seasons (Hallgren et al. 2020).
LLJs are most common over water for offshore wind direc-
tions in spring and summer during the day, when warmer air
masses from land are advected over colder water surfaces
(Schulz-Stellenfleth et al. 2022). Also the study of Wagner
et al. (2019) identified most LLJ events at the meteorologi-
cal mast FINO1 for wind directions from the sector East to
South. For all wind directions, LLJ occurrence is enhanced
over land during the night, which corresponds to the for-
mation of a temperature inversion due to nocturnal cool-
ing, a phenomenon that is generally observed for onshore
sites (Lampert et al. 2015). The peak prominence for differ-
ent seasons, wind directions, and times of day is generally
higher over land than over water. It is important to note that
the wind speed is generally higher over water, which is not
taken into account in the definition of peak prominence in
this article. Normalizing to a reference wind speed would
further decrease peak prominence over water.

The studies confirm the significance of LLJ events
for coastal wind energy, which extends beyond just a few
kilometers from the coast. This is consistent with frequent
observations of LLJ occurrences at offshore sites, such as
meteorological towers (Kalverla et al. 2019) and at the island
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until 2021. Panel a) is averaged over all wind directions, and panel b) is averaged only over offshore conditions. The colours represent
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Fig. 9. The diurnal variability in the LLJ probability integrated over a height range of 50 m around the height of 100 m, from 2010 until
2021. Panel a) is averaged over all wind directions, and panel b) is averaged only over offshore conditions. Night time (sun down) data

are shown in blue, day time (sun up) in yellow.

of Heligoland (Rausch et al. 2022). With peak prominence of
LLJs typically ranging from 1 to 3 m s™! for offshore wind
directions and an enhanced LLJ occurrence extending more
than 50 km downstream, particularly during the daytime of
spring and summer, the phenomenon should be taken into
account in wind potential assessments, in particular as LLJs
strongly interact with wind park wakes that reach far down-
stream, depending on the jet core height (Gadde & Stevens
2021).

In conclusion, the WRF analyses provide the following
answers to the research questions formulated in Sect. 1:
* On average, LLJ events can be expected most frequently

at the coast, with generally decreasing probability of

occurrence with distance from the coast. However, for
offshore wind directions, the LLJ frequency of occur-
rence is enhanced both above land and above open
water, with lower LLJ probability directly at the coastal
transition, but an increase up to large distances of more
than 100 km.

* LLJ events above the German Bight occur most frequently
during spring and summer, and during day time.

e LLJ occurrence above the German Bight is strongly
related to wind direction, and is enhanced for wind direc-
tions advecting warmer air masses from land over sea
with colder surface temperature.
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The results are in agreement with other studies, and in addi-
tion provide a clear picture of spatial distribution of the LLJ
occurrence for the whole area of the German Bight.
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A Appendix

In the following, additional graphics are provided for more
detailed studies of the variability between transects concern-
ing LLJ probability (Fig. A.1) and LLJ peak prominence
(Fig. A.2), and the interannual variability of LLJ probability
(Fig. A.3) and LLJ peak prominence (Fig. A.4).

Fig. A.5 and Fig. A.6 present a comprehensive overview
of all experiments, including the distinction between all and
only offshore wind directions, day and night, and the four
seasons.

a) all wind directions b) offshore
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Fig. A.1. The variability between transects in the LLJ probability is integrated over a 50 m strip around the height of 100 m for the
alignment of the transects along E (orange), SE (violet) and S (rose). The transects areas are shown in Fig. 4 panel b), c) and d). The
panel a) is averaged over all wind directions and panel b) contains only over offshore conditions. The areas shaded in brighter color
indicate the standard deviation.
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Fig. A.2. The variability between transects of LLJ peak prominence pp evaluated at a height of 100 m for the alignment of the tran-
sects along E (orange), SE (violet) and S (rose). The transects areas are shown in Fig. 4 panel b), c) and d). The panel a) is aver-
aged over all wind directions and panel b) is averaged only over offshore conditions. The areas shaded in brighter color indicate the
standard deviation.
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Fig. A.3. The interannual variability in the LLJ probability integrated over a stripe of 50 m around the height of 100 m, from 2010 until
2021. Panel a) is averaged over all wind directions, and panel b) is averaged only over offshore conditions.
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Fig. A.4. The interannual variability LLJ peak performance pp evaluated at a height of 100 m from 2010 until 2021. The panel a) is
averaged over all wind directions and panel b) is averaged only over offshore conditions.
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Fig. A.5. A summary of the all experiments showing the LLJ probability for different altitudes (100 m green, 200 m red, 300 m blue).
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The areas shaded in brighter color indicate the standard deviation (further information in Fig. 6).




Coastal low-level jets 15

40 !w 4,
35 35
EL) 30
L 28
qu I.n
£ 20 £ 20
E1s w—i'l“."“-mb_ Eis
10 i
0s s
B W ie0 i me me MR
x [lem]
4 spring a4
X is
30 i
s s
I‘ Iw
£ W 20
= [l —
&y Eis
1.0 10 Ly 0
0s 05 05 05
Tl 50 w0 10 200 250 ] 50 W s wa s s £ wo 18 a2 ] 0 w0150 2000 250
% [km] x [km] x [km] x [ken]
autumn offshore autumn 48 winter offshore winter
35 35 35 15
30 3

05 L]
00T £ [ [ 200 250 ] 50 100 (£ o 0 s 0 [ [E] 00 250 ] 0 00 150 200 30
% [km] x [km] x [km] x [km]
w0 spring days a offshare B an spring mights a0 nﬁwmﬂngmshb
35 35
30 3.0
L 28
Y '
E 0 » E 29
= 200y = )
2, M 2,5 I
1.0 [E
0¥ 03
L I T STy L R T e T L T T BT}
x [lem]
N summer days .
33 35
30 3.0

0 05
BT w0 1w mwe me "
* [km]
. Autumn 22 a
35 35
30 3.0
B =
L} 1
" s
£ 10 E 2.0
Eis . E1s
10 %.zmm—ﬁm- 19
ns s
~50 50 100 150 200 250 ~50
x [km]
s winler .
38 13
30 )
—25 s
L} 1
" "
£ 20 E 20
4 E

15 s . 15
i ———
10 1y 19

=50 50 100 150 200 250 50 0

106
x [kem] x [km]

150 00 250 ~50 50 150 200 250

]
x [km]

Fig. A.6. A summary of the all experiments showing the LLJ peak prominence pp. (100 m green, 200 m red, 300 m blue). The areas
shaded in brighter color indicate the standard deviation (further information in Fig. 6).
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