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Abstract: The share of wind energy in the global electricity supply continues to grow, with offshore wind farms near 
coastlines forming a major part of this growth. High quality wind forecasts are needed for coastal areas, where wind direc-
tions from land towards the sea are associated with high variability. This raises two questions: How far offshore does the 
impact of the coastal transition reach, and how large is the impact on the wind resource? To address these questions, this 
article analyzes a 12-year data set (between 2010 and 2021) of mesoscale simulations performed with the Weather Research 
and Forecast Model (WRF) over the German Bight. The simulation results are evaluated using a comprehensive statisti-
cal approach for all wind directions and, additionally, only for wind directions from land to sea (offshore wind directions, 
defined here as wind directions from the South, Southeast, and East). The interannual variability of wind speed averaged 
over each of the 12 years is in the order of 1 m s−1 for all wind directions and up to 1.5 m s−1 for only offshore wind 
directions.

On average, the coastal impact decreases with height and with increasing absolute wind speed. For all wind direc-
tions, the wind speed gradients are most pronounced close to the coastline, and decrease with distance from the coast until 
reaching a new equilibrium wind speed. For the selected offshore wind directions, which occur approximately 30% of the 
time for the 12-year data set, a consistent linear increase in wind speed with distance was observed above sea. For all wind 
directions, 95% of the reference wind speed at 200 km distance from the coast was reached after 60 km (40 km, 30 km) for 
a height of 10 m (100 m, 200 m). For only offshore wind directions, 95% of the wind speed at 200 km distance from the 
coast was reached after 100 km (120 km, 130 km) for a height of 10 m (100 m, 200 m).

The results of the spring, summer, and daytime simulations are similar in terms of the horizontal extent of the coastal 
effect and the increase of wind speed. The horizontal extent increases with height and reaches a distance of 180 km at a 
height of 200 m. Winter, autumn, and nighttime simulations are similar in that the horizontal extent of wind speed increase 
is limited to a distance of approximately 50 km up to a height of 200 m. The impact of the coastal effect on wind speed 
decreases with height. For wind directions from Southeast, the linear increase in wind speed does not level off even at a 
distance of 200 km.

The wind speed development for wind directions from the Southeast shows the most symmetric behavior for the coastal 
effect, with wind speed increasing gradually from the southern and eastern coastlines to the open sea. The wind speed devel-
opment for wind directions from the East and South shows geolocation-specific features. The wind from the East shows 
a tunnel effect induced by the geometry of the Danish landmass, while the wind speed for wind directions from the South 
increases more quickly towards the West along the Dutch coast.
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1	 Introduction

The transformation of the energy sector towards regenerative 
sources strongly relies on wind energy (International Energy 
Agency 2022). In particular offshore wind energy experi-

ences a large expansion of wind farm areas and installed 
capacity: For example in Germany, according to the recent 
governmental decisions in 2022, it is planned to install a 
capacity of 30 GW in the Exclusive Economic Zone of North 
Sea and Baltic Sea until 2030, and even 70 GW until 2045 
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(International Energy Agency 2022). For the efficient usage 
of offshore wind farm areas and reliable feed-in planning, it 
is essential to have precise knowledge of the available wind 
resource at the planned site, and to have reliable forecasts of 
the wind speed on the scale of hours and days. Operational 
weather forecast is used for hourly and day-ahead plan-
ning of the expected energy output. As the desired accu-
racy of wind speed is around 3% (European Wind Energy 
Association 2013), knowledge about the wind speed gradient 
from the coast to the open sea for offshore wind directions is 
important to improve the forecast. Despite the expected dras-
tic decline in wind energy cost (Wiser et al. 2021), all phe-
nomena significantly reducing or enhancing the energy yield 
have to be considered carefully for the operation of current 
and the planning of future wind parks (Akhtar et al. 2021), 
and included in economic efficiency calculations (Lundquist 
et al. 2019).

Due to spatial limitations and for sharing expensive 
infrastructure, offshore wind turbines are mostly arranged as 
wind farms containing up to 100 individual turbines, and as 
large clusters of the dimensions of several 10 km to 100 km 
combining different wind farms (Schulz-Stellenfleth et  al. 
2022a). Ideas for using floating platforms or different foun-
dation mechanisms at larger water depth are currently inves-
tigated (e.g., Manzano-Agugliaro et al. 2020). For economic 
and logistical reasons, like shallower water depth and less 
cost for cable installations, most wind farm areas are typi-
cally located within distances of several tens of kilometers 
off the coast. Depending on wind direction, they are therefore 
frequently influenced by coastal effects (Schulz-Stellenfleth 
et al. 2022b; Djath et al. 2022).

Currently, there are different challenges related to the 
assessment of the wind resource for offshore locations: The 
coastal effect, which is the modification of the wind field 
for air masses passing the transition from land to sea, is a 
complex phenomenon, depending on the distribution of 
high and low pressure systems, wind direction, the differ-
ent surface roughness between land and sea, temperature 
differences between surface and air masses, and in particu-
lar atmospheric stability. There are more specific phenom-
ena developing at the coast: The sea breeze is an additional 
circulation pattern induced by thermal contrasts above land 
and open water (see, e.g., Chapter 5 in Atkinson 1981). Sea 
breeze effects vary strongly with location at the North Sea 
coasts, and different subtypes are associated with different 
wind speed increase (Steele et al. 2015). Depending on the 
site and prevailing wind mechanisms, sea breeze events 
can significantly influence wind energy production, e.g. in 
India with generally low wind speed during monsoon season 
(Kumar et al. 2021). Low-level jets, consisting of an increase 
of wind speed with height and subsequent decrease, develop 
during the formation of stable conditions, e.g., when warm 
air is advected over the colder sea surface (Smedman et al. 
1993, 1997).

All these effects strongly depend on atmospheric stabil-
ity, which is determined by the vertical distribution of tem-
perature and humidity. Vertical profile information of these 
parameters is highly important, but only sparsely available at 
a few measurement masts in the German Bight of the North 
Sea, at the research platforms FINO1 (Muñoz-Esparza et al. 
2012a; Cheynet et  al. 2022) and FINO3 (Gualtieri 2021; 
Gottschall & Dörenkämper 2021), during radiosonde ascents 
(Rausch et al. 2022), or by dedicated measurements, like air-
borne investigations (Lampert et al. 2020, 2024). To comple-
ment measurements, high resolution numerical simulations 
play an important role in studying the wind resource.

Orographic effects, like the coastal effect (van der Laan 
et  al. 2017) with different fetch length, defined as the dis-
tance to the coast along the wind direction, result in strong 
horizontal gradients of wind speed, and introduce uncertainty 
in simulations (Lee & Lundquist 2017; Siedersleben et  al. 
2018). The development of atmospheric stratification from 
land to the sea cannot be captured correctly in numerical 
simulations (Sandu et al. 2013), producing large uncertain-
ties in the representation of wind park effects (Siedersleben 
et al. 2018).

This study addresses the following questions of relevance 
for wind energy and for understanding flow conditions in 
coastal areas based on a high resolution data set:
•	 What is the horizontal extent of the influence of the coastal 

transition on the wind field?
•	 How significant is the impact of the coastal transition on 

the wind field at different altitudes?
•	 How is the impact of the coastal transition related to time 

of day and season?
This article is the second of two partner papers, with the 
general scope to analyze the changes in the wind field for 
flow from land to the open ocean for offshore wind direc-
tions in the German Bight. From a whole 12-year data set, it 
extracts the wind directions influenced by the coastal effect, 
which are wind from south (S), southeast (SE) and east (E), 
and compares statistics of wind speed development to the 
entire data set. The partner paper (Barekzai et al. 2024) has 
a specific focus on the spatial distribution of low-level jet 
occurrence. In contrast, this article investigates the coastal 
transition of the offshore wind speed development based 
on numerical simulations with the Weather Research and 
Forecast model (WRF) version 4.2.1. In particular, it analy-
ses the influence of wind direction on the increase in wind 
speed with fetch length, and distinguishes different seasons 
and times of day as an indicator for atmospheric stability. 
The study focuses on quantifying the wind speed gradient 
from the coast to the open sea for different altitudes and wind 
directions. A better understanding of the spatial and temporal 
variability of the coastal effect is important for improving the 
accuracy of wind energy forecasts, which should be better 
than about 3%. The findings from this study could contrib-
ute to achieving this goal by providing information that can 
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be used to enhance forecasting models. The high resolution 
of the simulations is crucial for achieving realistic results in 
transition areas. While the accuracy of wind speed forecasts 
is relevant, it is not the primary focus of the study.

The manuscript is structured as follows: Sect. 2 provides 
an overview of the model setup, of the distribution of the 
model data into sectors of wind direction, and of the methods 
used for data processing. Sect. 3 provides the key results of 
the wind field analyses, which are discussed in Sect. 4. A 
conclusion is drawn in Sect. 5.

2	 Methods

2.1	 WRF setup
The WRF model version 4.2.1 (Skamarock et al. 2019) was 
used for mesoscale simulations to predict various atmo-
spheric variables in the German Bight area, including, e.g., 
horizontal wind components, potential temperature, geopo-
tential, surface pressure of dry air, water vapor, and cloud 
water. The WRF model is widely used in the wind energy 
community (Hasager et al. 2020; Li et al. 2021; Larsén et al. 
2024) and for wind farm wake analyses (Larsén & Fischereit 
2021; Platis et al. 2021). A nested domain approach was used, 
with resolutions of 18 km, 6 km, and 2 km, to reduce compu-
tational cost. The boundary conditions for atmospheric and 
sea surface variables were prescribed using the ERA5 and 
OSTIA datasets, respectively. The vertical resolution is 25 m 
up to the altitude of 200 m, and 50 m up to the altitude of 
400 m, plus the altitude of 500 m and 1000 m. The temporal 
resolution is 15 min. The setup was optimized within several 
research projects for wind energy applications, especially 
with a focus on offshore conditions (Dörenkämper et  al. 
2020; Gottschall & Dörenkämper 2021).

High resolution simulations, obtained without the use of 
wind farm parameterization or data assimilation, were con-
ducted over the southern North Sea for a 12-year period from 
2010 to 2021, as this time period is of high interest for the 
wind energy industry, with a growing number of wind parks 
in operation in the exclusive economic zone of Germany in 
the North Sea. The high spatial resolution is crucial for real-
istically representing the complex flow conditions in coastal 
areas, which are the focus of this study. The transition from 
land to sea leads to strong horizontal gradients in wind speed 
and the development of a stably stratified internal bound-
ary layer, which cannot be adequately captured by models 
with low resolution. This leads to significant uncertainties in 
simulating wind effects, which are critical for wind energy 
production. More details about the model configuration deci-
sions can be found in Table 1. Interested readers are referred 
to the partner paper for more information (Barekzai et  al. 
2024).

Cañadillas et al. (2023) compared these model results at 
two locations, on the German coast (53 ° 42.75′N, 7 ° 9.13′E) 

and at the FINO1 mast (54 ° 0.864′N, 7 ° 35.262′E), with 
wind lidar measurements to assess the performance of the 
model in capturing the wind speed distribution. The com-
parison showed that the model performs reasonably well and 
captures the general trend of wind speed and its gradients in 
coastal areas despite some inherent differences due to fac-
tors such as spatial resolution, atmospheric conditions, and 
model assumptions.

2.2	 Transect analysis
The wind speed datasets were divided into 45-degree wind 
direction sectors. For the entire dataset and a subset contain-
ing only three wind directions blowing from land over the 
North Sea (S, SE, and E, collectively referred to as “off-
shore” wind directions), several parallel transects of 50 km 
width were defined along each direction and labeled as S1–3, 
SE1–4, and E1–5 (Fig. 1).

To analyze the grid cells within the transects, the atmo-
spheric variables were averaged perpendicular to the align-
ment of each transect. These averages were then combined 
by taking the mean along the transects, and the standard 
deviation over the transects was determined. This approach 
enables the investigation of the horizontal development of 
the atmospheric boundary layer, specifically the wind profile 
with fetch length, based on statistically representative datas-
ets. The transects were aligned based on the average position 
of the coastal transition of the respective transect. To carry 

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 (BLH) 
scheme

MYNN level 2.5

Land use data MODIS
Surface layer scheme MYNN
Microphysics scheme WRF Single-Moment 

5-class
Shortwave and long-wave radiation RRTMG
Atmospheric boundary conditions ERA5
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
Simulation duration 240 (+24 spin-up) hours
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out the analysis, the dataset was divided by principal wind 
direction (S, SE, E), height (10 m, 100 m, 200 m), individual 
years between 2010 and 2021, day and nighttime, and season. 
The seasons were divided into spring (March, April, May), 
summer (June, July, August), autumn (September, October, 
November) and winter (December, January, February). The 
analyses distinguish between day and night time based on 
the true sunrise and sunset at the center coordinate of the 
investigation area for each individual day.

It should be noted that the standard deviation of the wind 
speed is lower when the entire data set is considered than 
when only specific wind directions are taken into account.

3	 Results

The following results are averaged over the southern North 
Sea for a period of 12 years. The offshore wind directions 
for the German Bight, with air mass flow from land over 
the sea, are South (S), East (E), and Southeast (SE), which 
together occur in approximately 30% of the time over the 
study period. More details on the distribution of wind direc-
tions can be found in Part 1 of the manuscript (Barekzai et al. 
2024).

The following analyses of the wind field identify how far 
the coastal transition extends until a new equilibrium wind 
speed is reached above the open water, and how strong the 
wind speed increase is in relation to the fetch length.

3.1	 Spatial distribution of coastal wind speed
Fig. 1a shows the averaged 2D wind field for all wind direc-
tions evaluated at an altitude of 100 m. The panels b, c and d 
of Fig. 1 show the same as 1a but for easterly, southerly and 
south-easterly wind directions, respectively. Furthermore, 
the panels b, c and d show the transect areas labelled with 
S1–3, SE1–4 and E1–5, which are the base for the subse-
quent analyses.

As expected, the wind speed is generally lower above 
the coast than above the open ocean. For all wind directions 
(Fig. 1a), the gradient in wind speed follows the shape of 
the coastline, but is more pronounced at the southerly coast 
in the direction of the prevailing wind, as indicated by the 
arrows. For easterly wind directions (Fig. 1b), the wind field 
shows a faster increase of the wind speed with higher values 
of 10 m s−1 at a latitude of 54 °N, where the landmass to the 
east is the thinnest. Here, higher wind speed is found close 
to the shore.

For southerly wind directions (Fig. 1c), the wind gradi-
ent extends farther off the coast in the east than in the west, 
reflecting the east-west gradient of wind speed above land, 
and possibly influenced by longer overland travel times and 
higher topography in the east. For south-easterly wind direc-
tions (Fig. 1d), the lines of constant wind speed closely map 
the shape of the coastline, and the impact of the coastal tran-
sition on the wind field can be estimated to reach 200 km 

offshore. The results for wind directions from E and S show 
very geolocation specific features, while the results for wind 
from SE show a continuous increase in wind speed along 
both coastlines.

3.2	 Coastal wind speed development with fetch
Fig. 2 illustrates the development of wind speed with dis-
tance from the coast for the different altitudes (10 m, 100 m, 
and 200 m), averaged over the transects marked in Fig. 1b, 
c and d. Fig. 2a is averaged over all wind directions, while 
Fig. 2b is averaged over the selected wind directions (E, 
SE, S). Both panels show that the average wind speed 
increases with height up to an altitude of 200 m, but the 
influence of the surface and, consequently, the coastal gra-
dient decreases with height. The coastal gradient is stron-
gest at 10 m with a wind speed increase of about 4 m s−1 
after 200 km offshore.

For all wind directions (Fig. 2a), the maximum wind 
speed gradient is closer to the coastline and flattens after 
50 km. In contrast, the gradient for offshore wind directions 
(Fig. 2b) does not flatten, but continues to increase linearly 
farther offshore. A similar development of wind speed from 
the coast to the sea, depending on the wind direction, was 
found by Cañadillas et al. (2023), where only southerly wind 
directions were analyzed in the same study area using ERA5 
model data.

In summary, the main difference between all wind direc-
tions and only offshore wind directions is the distance that 
the offshore coastal effect reaches: For all wind directions, 
the wind speed reaches 95% of the wind speed at the refer-
ence distance of 200 km after 60 km (35 km, 20 km) for the 
altitude of 10 m (100 m, 200 m), see summary in Table 2. 
In contrast, for offshore wind directions, the wind speed 
reaches 95% of the wind speed at a distance of 200 km after 
a distance of 100 km (110 km, 115 km), see Table 3.

3.3	� Coastal wind speed gradient for offshore 
wind directions

Fig. 3 shows the wind speed development at a height of 
100 m, averaged separately over the transects S, SE and 
E, which are highlighted in Fig. 1. For all wind directions 
(Fig. 3a), the coastal gradients for all transect directions level 
off after 100 km distance from the coast. For offshore wind 
directions (Fig. 3b), the wind development is evaluated for 
the same wind directions as the transect orientations E, SE, 
and S. For wind directions from SE, the wind speed increases 
strongly after the coastal transition until 75 km offshore, and 
then continues to increase linearly, but more slowly, without 
levelling off until the end of the investigated area is reached 
after a distance of 250 km. For wind directions from S, a 
similar relationship is observed, but on average the wind 
speed is 1 m s−1 higher than for wind direction from SE. For 
wind directions from E, the increase of wind speed with dis-
tance starts levelling off after around a distance of 200 km 
offshore.
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Fig. 1.  Average (between 2010 and 2021) wind speed from WRF simulations at a height of 100 m over the German Bight a) averaged 
over all wind directions, additionally indicating the mean wind direction with arrows, b) averaged over all data with wind direction from 
E, c) averaged over all data with wind direction from S and, d) averaged over all data with wind direction from SE. The highlighted 
areas S1, S2, S3, SE1, SE2, SE3, SE4, E1, E2, E3, E4, E5 are selected for the subsequent transect analyses.

3.4	 Interannual variability of coastal wind speed
Fig. 4 shows the interannual variability of the wind speed 
development with distance from the coast at an altitude of 
100 m. When all wind directions are taken into account 
(Fig. 4a), the wind speed above land is between around 
8.1 m s−1 and 8.9 m s−1, and for the largest distance above 
water of 250 km considered here, it is between 9.5 m s−1 and 
10.7 m s−1 for individual years. For only offshore wind direc-
tions (Fig. 4b), the wind speed above land is in the range of 
around 7.7 m s−1 and 9.0 m s−1, and for distances of 250 km, 
the wind speed is between 9.3 m s−1 and 11.0 m s−1 for indi-
vidual years.

In summary, the wind speed at a distance of 250 km for 
only offshore wind directions shows a slightly larger inter-
annual variability of up to 1.5 m s−1, compared to the wind 
speed at a distance of 250 km for all wind directions with an 
interannual variability of up to 1 m s−1.

3.5	� Seasonal and diurnal variability of the 
coastal transition

The seasonal and diurnal variations of the extent of the 
coastal transition and the wind speed increase along the tran-
sects of directions E, S, and SE are shown for all wind direc-
tions in Fig. 5, and for only offshore wind directions in Fig. 6. 
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Fig. 2.  Average wind speed development across the coast at the height of 10 m (green), 100 m (red) and 200 m (blue). The lines are 
temporally averaged between 2010 and 2021 and spatially averaged over the transects S1, S2, S3, SE1, SE2, SE3, SE4, E1, E2, E3, 
E4, E5 shown in Fig. 1. Each transect is averaged orthogonal to its orientation. The unified transect distance dimension x represents 
land or water for x < 0 and x > 0. The left panel is averaged over all wind directions (a). The right panel is averaged only over offshore 
wind directions (b). Δ indicates the difference between the wind speed at 200 km distance and the coastal region at a distance of  
x = 0 km in m s−1.

Table 2.  Development of the wind speed with distance from the coast for the different altitudes 10 m, 100 m and 200 m for all wind 
directions. The symbol v200 indicates the reference wind speed at a distance of 200 km from the coast. The third column calculates 
95% of the reference wind speed. The last column shows after which distance 95% of the reference wind speed is reached.

Altitude v200 95% distance
10 m 8.2 m s−1 7.8 m s−1 60 km

100 m 10.1 m s−1 9.6 m s−1 35 km
200 m 10.6 m s−1 10.1 m s−1 20 km

Table 3.  Development of the wind speed with distance from the coast as in Table 2, but only for offshore wind directions from E, SE, 
and E.

Altitude v200 95% distance
10 m 7.9 m s−1 7.5 m s−1 100 km

100 m 10.0 m s−1 9.5 m s−1 110 km
200 m 10.4 m s−1 9.9 m s−1 115 km

For all wind directions, the increase of the wind speed Δvh 
between the coast and a distance of 200 km is highest for the 
lowest altitude of 10 m, and lowest for the altitude of 200 m 
(Fig. 5a). Further, the dataset is analyzed separately for the 
different seasons and day/night time. There is a strong simi-
larity of the wind speed increase for spring, summer and day-
time, compared to autumn, winter and nighttime conditions 
(Fig. 5a). The wind speed reaches 95% of the final value at a 
distance of 200 km offshore after different distances between 
25 and 40 km offshore for all altitudes in spring and summer, 
while it takes up to 60–80 km for the wind speed at 10 m 

altitude to reach 95% of the final wind speed. Day and night 
time do not show large differences at the altitude of 10 m, but 
the final wind speed at 100 m altitude is reached significantly 
faster during night, and immediately at 200 m altitude.

For taking into account only offshore wind directions 
(Fig. 6), the wind speed increase between the coast and a dis-
tance of 200 km is generally slightly higher on average, with 
an increase of 1.1, 1.5, 1.7 m s−1 at the heights of 10, 100, 
200 m for Δvh compared to all wind directions. However, the 
distances Δxh for reaching 95% of the final wind speed above 
water is significantly higher than for all wind directions, with 
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a wind speed increase of 2.3, 3, 2.5 m s−1 at the heights of 
10, 100, 200 m for Δxh. Furthermore, Δxh decreases with 
height for the results with all wind directions (Fig. 5b), but 
increases for offshore wind directions only (Fig. 6b). There 
are large differences for the seasons and time of day, with 
generally larger distances to reach the final wind speed for 
spring, summer and day time, which corresponds to pre-
sumably stable atmospheric conditions, as the sea surface 
temperature is normally lower than the air temperature origi-
nating from warmer land masses.

An overview of all numerical experiments, separating 
between day and night, as well as the four seasons, each case 
for all wind directions and for only offshore wind directions, 
is provided in the appendix (Fig. A.1).

3.6	 Normalization of the wind speed
An approach to take into account the variability of the wind 
speed caused by large scale phenomena, such as synoptic 
scale differences, is to normalize with respect to the wind 
speed at the height of 1 km, which is the top of the WRF 

Fig. 3.  The coastal wind speed gradient at a height of 100 m for the transect orientations: E (yellow), SE (purple), and S (pink). The 
transects are shown in Fig. 1. The left panel is averaged over all wind directions (a). The right panel is averaged only over offshore 
conditions (b). The wind speed at a height of 100 m is plotted against the unified transect distance dimension x, which represents land 
or water for x < 0 and x > 0. The coastal transition is at x = 0. Δ indicates the difference between the wind speed at 200 km distance 
and the coastline at x = 0 km in m s−1.

Fig. 4.  Interannual variability of the coastal wind speed gradient at a height of 100 m. The left panel is averaged over all wind direc-
tions for the years between 2010 and 2021 (a). The right panel is averaged only over offshore wind directions (b).
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domain and can be considered as part of the free atmosphere. 
The free atmosphere is not influenced by the surface and 
boundary layer effects, but by the large scale synoptic pres-
sure distributions. Therefore, the normalization to the wind 
speed at 1 km altitude was used to remove the dependence 
on the synoptic wind speed. Similar to the absolute wind 
speed shown in Fig. 2, the wind speed normalized to 1 km 
height also indicates that the wind speed near the coast is 
generally lower than over open sea (see appendix, Fig. A.2). 
The wind speed gradient follows the shape of the coast-
line, but is more pronounced on the southern coast towards 
the prevailing wind direction. For easterly wind directions 
(E), the wind field shows a faster increase in wind speed 
with higher values at 54 °N, where the landmass is thinnest 
to the east. Here, higher wind speed is observed near the 
coast. For southerly wind directions (S), the new equilib-
rium wind speed is reached over shorter distances towards 
the west. For southeast wind directions (SE), the lines of 
equal wind speed trace the shape of the coastline, and the 

influence of the coastal transition on the wind field can be 
estimated to extend up to 200 km offshore. The results for 
wind speed from easterly and southerly directions show 
very site-specific features, while the results for southeast 
wind direction show a continuous increase in wind speed 
along both coastlines.

Compared to the absolute values of wind speed, the 
final relative wind speed (defined at a distance of 200 km) 
is reached earlier, both for all wind directions and for only 
offshore wind directions. The average increase in wind 
speed from the coast to a distance of 200 km is slightly 
higher for only offshore wind directions than for all wind 
directions.

Furthermore, the wind speed ratio for the altitudes of 
100 m and 200 m becomes greater than 1, implying on aver-
age higher wind speed at 100 m and at 200 m than at 1000 m, 
which is more pronounced for only offshore wind directions. 
Such flow conditions indicate the existence of a low-level 
jet, which is particularly frequent for offshore wind direc-

Fig. 5.  Difference of the wind speed from the coast to a distance of 200 km (a) and distance to reach 95% of the wind speed at a 
distance of 200 km (b) averaged over all wind directions. The data are additionally divided into season and day/night time. Further, 
each data set is divided into the three heights 10 m (green), 100 m (red) and 200 m (blue).

482        Mares Barekzai et al.



tions and stable conditions. Fig. 7 gives an estimate of the 
areas with ratios greater than 1. This is further investigated 
in the partner paper Barekzai et al. (2024).

3.7	 Summary of results
In summary, the analyses provide insight on the influence 
of various parameters on the wind speed across the coastal 
transition:
•	 Distance from the coast: Generally, wind speed increases 

with distance from the coast. This is due to the coastal 
effect, which arises from the transition from the rough 
land surface to the smoother water surface.

•	 Wind direction: Wind speed development varies with 
wind direction. For offshore wind directions, the increase 
in wind speed with distance from the coast is more pro-
nounced compared to the average over all wind direc-
tions. This is because offshore winds flow directly from 
the land surface to the water surface, experiencing the 
coastal effect more strongly.

•	 Height: Wind speed increases with height. This effect is 
more pronounced near the coast than over open water.

•	 Season: The coastal effect is stronger during spring and 
summer than in autumn and winter. This could be due to 
the different temperature differences between land and 
water during the various seasons.

•	 Time of day: Wind speed development also shows differ-
ences between day and night, although these differences 
are less pronounced than seasonal variations.

4	 Discussion

The analyses show that for offshore wind directions, it 
takes a much longer distance for the wind speed to reach a 
new equilibrium above the open water than for taking into 
account all wind directions. For all three altitudes investi-
gated here, a linear increase of the wind speed from near the 
coast to beyond 200 km was still observed. For offshore wind 

Fig. 6.  Difference of the wind speed from the coast to a distance of 200 km (a) and distance to reach 95% of the wind speed at a 
distance of 200 km (b) averaged over only offshore wind directions from S, SE, E. The data are additionally divided into season and 
day/night time. Further, each data set is divided into the three heights 10 m (green), 100 m (red) and 200 m (blue).
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directions, the increase of the wind speed was particularly 
pronounced during spring and summer, and during daytime, 
compared to all wind directions. This indicates that stable 
atmospheric conditions play an important role for the coastal 
effect: in spring and summer, the sea surface temperature is 
relatively cold compared to air masses warmed up above 
land, which are then advected over the colder surface for 
offshore wind directions, creating a temperature inversion 
of warmer air masses above colder near-surface air masses. 
This is most pronounced during day time. This phenomenon 
of stable stratification has been investigated in depth for the 
German Bight, as stable conditions are associated with long-
reaching wind park wakes as well (Cañadillas et al. 2020). 

Stable atmospheric conditions have been estimated to occur 
in total a time of around 37% of the year in the German 
Bight (Emeis et al. 2016). The development of an internal 
boundary layer for stable conditions results in longer dis-
tances until the new equilibrium wind speed above the open 
sea is reached, which has been shown by different meth-
ods, e.g. the analysis of satellite-derived wind speed (Djath 
et  al. 2022), experimental studies (Smedman et  al. 1997) 
and numerical simulations (Dörenkämper et al. 2015). The 
importance of stable atmospheric conditions requires par-
ticular attention on the correct representation in numerical 
simulations. It is well-known that the WRF model tends to 
forecast more moderately stable stratifications compared to 

Fig. 7.  Average wind speed from WRF simulations normalized to the wind speed at a height of 1 km, represented at a height of 100 m. 
For further information, see Fig. 1.
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Fig. A.1.  Summary of the experiments, showing the wind speed development from the coast to the open sea at several heights (10 m 
in green, 100 m in red, 200 m in blue) and divided by different conditions, all wind directions, only offshore wind directions, seasons, 
day and nighttime. The difference Δ in m s−1 between the wind speed at the coast and at a distance of 200 km is provided.
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measurements and a reinforcement of the instability under 
neutral and convective regimes. Stable conditions are the 
most complicated scenario for the atmospheric boundary 
layer schemes implemented in the model to reproduce due 
to their overdiffusive formulations (Muñoz-Esparza et  al. 
2012b).

5	 Conclusion

In summary, the dependence of the wind speed gradient 
from the coast to the open sea on wind direction was inves-
tigated based on a 12-year WRF reanalysis data set of the 
German Bight area. The wind speed development from the 
coast to the open sea was analyzed for the average over all 
wind directions, and for only offshore wind directions, for 
the altitudes of 10 m, 100 m and 200 m. The key findings 
are as follows:
•	 The coastal transition has effects on scales ranging from 

several tens of kilometers to over 200 kilometers.
•	 For offshore wind directions, the wind speed requires 

a much larger distance to reach a new equilibrium over 
open water.

•	 A linear increase in wind speed from the coast to over 
200 kilometers was still observed for all three examined 
altitudes (10 m, 100 m, and 200 m).

•	 For offshore wind directions, the increase in wind speed 
was particularly pronounced in spring and summer, as 
well as during the day, compared to all wind directions.

•	 This suggests that stable atmospheric conditions play an 
important role in the coastal effect.

•	 The development of an internal boundary layer under 
stable conditions leads to larger distances before the new 
equilibrium wind speed is reached over open water.

The study quantifies the wind speed gradient for different alti-
tudes and wind directions for a large data set. Understanding 
this phenomenon is highly relevant for wind energy. Current 
wind turbines in the German Bight have a hub height of 
around 100 m. Therefore, they are influenced by the flow 
between the surface and an altitude of around 200 m. Since 
most of the wind turbines currently installed in the German 
Bight are less than 200 km from the nearest coastline (Schulz-
Stellenfleth et al. 2022b), they are significantly affected by 
the coastal effect for certain wind directions.

The wind speed gradient influenced by the internal 
boundary layer has a direct influence on the available wind 
resource and therefore the power production of offshore 
wind turbines (Barthelmie et al. 2007).
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A	 Appendix

An additional figure with a comprehensive overview of all 
experiments is shown (Fig. A.1), and an illustration of the 
development of the normalized wind speed (Fig. A.2).

Fig. A.2.  Average wind speed from WRF simulations, normalized to the wind speed at a height of 1 km. Δ indicates the difference 
between the normalized wind speed at 200 km distance and the coastline at x = 0 km. For further information, see Fig. 2.
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