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Offshore wind energy plays a central role in reaching the European Green Deal target of a climate-
neutral Europe by 2050. In this study, we simulate offshore wind development for 2023, 2030, and
beyond 2050 across the Northwest-European Shelf, using various turbine sizes over a 10-year period,
an approach not previously undertaken. For the post-2050 scenario, we assess the maximum
potential deployment within all currently identified development zones in North Sea countries. Results
indicate that large-scale offshore wind farm expansion can reduce surface wind speeds by up to
2-3 ms™. Notably for post-2050 scenario, precipitation decreases by 10-12% in coastal regions of
Germany, the Netherlands, and the United Kingdom, and by more than 15% in parts of Jutland,
Denmark, particularly under south-westerly winds. Conversely, precipitation increases over the wind
farm areas. These findings suggest that extensive offshore wind deployment may significantly alter
regional climate patterns, highlighting the need for further multi-model investigations to reduce

uncertainty.

To reduce carbon emissions and limit the global average temperature
increases above preindustrial levels below 1.5 °C, the European Commission
aims to increase green energy, with significant contributions expected from
offshore wind energy. In recent years, Europe has made significant progress
in the use of wind energy, reaching 238 GW of onshore capacity and 34 GW
of offshore capacity, totaling 272 GW of installed wind power. Within the
European Union (EU), the total installed capacity is 220 GW, with 201 GW
onshore and 19 GW offshore. By 2030, the EU aims to install 425 GW of
wind energy capacity, which requires an average of 33 GW of new instal-
lations annually". To meet this goal, the EU plans to increase its offshore
wind capacity to 60 GW by 2030 and to 300 GW by 2050°. Supporting these
targets, the North Seas Energy Cooperation (NSEC) has committed to
achieving at least 260 GW of offshore wind capacity by 2050, which
represents over 85% of the EU’s offshore wind capacity target’. The North
Sea is a major hub for offshore wind energy due to its unique features, such
as strong, steady wind regimes, and shallow waters, which allow for the
deployment of bottom-fixed wind turbines and other technologies far from
the shore”. This indicates that the deployment of offshore wind installations
in the North Sea is expected to increase significantly in the future (Fig. 1).
Offshore wind farms (OWFs) experience stronger and more consistent
winds at sea compared to onshore wind farms™. Wind speeds about 10 km
offshore are roughly 25% higher than on land, allowing 2-3 times longer
power generation’. OWTFs are typically clustered to maximize wind

resource use and minimize infrastructure and operating costs. However, this
clustering can lead to reduced power generation for downwind farms due to
wakes created by upwind wind farms. Wind turbines generate wake areas of
decreased wind speed and increased turbulence by extracting kinetic energy
from the wind to convert some of it into electrical energy, and a part of it is
dissipated as turbulent kinetic energy (TKE)"".

Wind farms in the North Sea can substantially modify sea surface heat
and momentum fluxes. These alterations not only enhance cloud cover and
precipitation over wind farm areas but also exert a significant influence on
the North Sea ecosystem”"*'*. Wind farms not only obstruct airflow within
the rotor-swept area but also influence the atmosphere vertically, extending
downward to the surface and upward to altitudes of approximately
400-500 m above hub height™'*". Furthermore, large OWFs can modify
local and regional downwind climate by reducing wind speeds, enhancing
TKE, and altering cloud and precipitation formation"’. Observational evi-
dence indicates that wakes can extend up to 50-70 km under stable atmo-
spheric conditions'. Additionally, these wakes can affect the entire structure
of the planetary boundary layer and modify the near-surface local flow "
Studies based on image analysis have shown that fog formation and dis-
persion over OWFs are influenced by increased mixing downwind of the
farms™*". Furthermore, a decrease in net upward sensible heat flux due to
enhanced vertical mixing has been reported downwind of OWFs under
stably stratified atmospheric conditions™.
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Fig. 1 | “Model domain and wind farm layouts”. Planning status for OWFs (4c
Offshore https://map.tgs4c.com/offshorewind, 2023) in the model domain used for
technical scenario-setups for OWFs simulations: colored polygons indicate areas
used in 2023 (red), in 2030 (blue), and 2050 (gray). The coastlines and orography are

added for orientation purposes. This figure was created with Matplotlib (Hunter, J.
D., Matplotlib: a 2D graphics environment. Computing in Science and Engineering
9,2007) and Cartopy (Met office, Cartopy: a cartographic python library with a
matplotlib interface. Exeter, Devon, https:/scitools.org.uk/cartopy, 2015).

Recent in situ airborne measurements reveal that wakes can alter the
local microclimate by changing temperature and humidity by approxi-
mately 0.5 K and 0.5 g/kg, respectively”. These changes at hub height are
linked to variations in surface temperature and moisture, which, in turn,
affect surface turbulent fluxes. Additionally, cloud formation above wind
farms has been observed during airborne measurements under slightly
stable conditions with nearly saturated relative humidity’***. Numerical
simulations, which represent wind turbines as momentum sinks and
sources of TKE, suggest that OWFs have localized impacts on temperature,
heat fluxes, clouds, and precipitation at both regional and global scales™**.
Additionally, these simulations have detected slight increases in tempera-
ture, clouds, and precipitation over OWFs'*”*. Wind turbines enhance
vertical mixing in the rotor area, leading to drying and heating near the
surface, while moistening and cooling occur aloft. These energy
budget alterations due to OWFs can subsequently influence the local
climate™.

Although OWFs are an important source of renewable energy and
their deployment is expanding globally, the environmental impacts of these
installations, particularly their influence on coastal precipitation, remain
poorly understood™. A numerical study using a hypothetical OWF array
found that during a hurricane, precipitation increases upstream and
decreases by about 12% downstream of the wind farms™. This effect is
attributed to wind speed reductions caused by turbines extracting kinetic
energy, which induce convergence upstream and divergence downstream,

altering local precipitation patterns. This hypothesis is supported by
observations showing that nearshore OWFs can significantly reduce
shoreline precipitation™.

Previous studies provide evidence that OWFs can influence coastal
precipitation patterns. However, further observational and numerical
investigations are required to validate these findings. Considering the cur-
rent limited number of OWFs compared to the ambitious deployment plans
for 2050 and beyond, high-resolution climate models offer an opportunity
to simulate the potential impacts of large-scale OWF scenarios such as those
envisioned for the Northwest-European shelf on coastal precipitation. This
raises a critical question: What changes in coastal precipitation patterns can
be expected as a result of local climate modifications induced by extensive
OWEF installations in Northwest Europe?

To address this important question, we conducted simulations for the
first time on the wind farms areas used in 2023, as well as the planning
scenarios for 2030 and 2050 for OWFs in the Northwest-European shelfand
Baltic Sea, as illustrated in Fig. 1. The data include both existing wind farms
and installation plans projected through 2030 and 2050, which indicate a
substantial expansion, particularly in the Northwest-European shelf. The
impact of wind farms on regional climate also varies with turbine size'*. We
performed a simulation based on the 2023 installation areas with 5 MW
turbines and another planning scenario for 2030 utilizing 10 MW turbine
sizes. Additionally, we conducted three simulations for the 2050 planning
scenario using 5 MW, 10 MW, and 15 MW turbines to investigate how
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turbine size influences the regional climate over a 10-year period
(2008-2017). Although larger and more powerful turbines are expected to
be deployed in the future, the 5 MW turbine is retained as a baseline to
evaluate how scaling up to 10 MW and 15 MW influences local climate
effects. Including this turbine ensures continuity with previous studies and
allows for consistent comparison of results”'*”**, All experiments were
conducted using the same capacity density of 8 MW/km®. It should be noted
that the simulations are based on a technical upper-limit offshore wind-farm
scenario with a constant turbine density in all currently identified offshore
wind developmental zones, while acknowledging that capacity density dif-
fers between countries and from wind farm to wind farm.

These simulations are exceptional due to the detailed wind farm
planning data, extended integration time, and the large area they cover,
which includes both the Northwest-European shelf and Baltic Sea. In this
study, we focus on the impact of OWFs on coastal precipitation in this
region.

Methods

COSMO-CLM model description and setup

In this study, we utilize the non-hydrostatic regional climate model
COSMO-CLM 6.0 to simulate the effects of wind farms on local atmo-
spheric dynamics for certain proposed wind farm scenarios in the
Northwest-European shelf and Baltic Sea (as illustrated in Fig. 1). COSMO-
CLM is a widely used regional climate model that has been extensively
validated against observational datasets in numerous high-impact
studies””*. In addition to demonstrating the model’s overall perfor-
mance, earlier research™*'“”*** has specifically evaluated wind speed
changes resulting from OWF parameterization, using both airborne mea-
surements and mast data from FINO1*. More recently, another study’” has
provided further long-term validation of existing OWFs and placed parti-
cular emphasis on quantifying uncertainties.

The COSMO-CLM model uses the non-hydrostatic, compressible
primitive equations on an Arakawa-C staggered grid. To better resolve the
impact of wind farms we have used a uniform horizontal grid spacing of
0.045° (~5 km; 829 x 598 grid cells) and a vertically stretched grid with 62
terrain-following model levels. Our earlier studies™*” employed a ~ 2 km
horizontal grid resolution over a smaller domain focused exclusively on the
North Sea. In the present study, we adopt a substantially larger domain that
includes the North Sea, the Baltic Sea, and the UK-Irish Sea region. To keep
computational costs manageable for this expanded setup, we use a 5 km grid
resolution. A comparison between the 5 km and 2 km configurations shows
only minor differences, confirming that the coarser resolution is suitable for
our purposes (see Supplementary Information (SI); Fig. SI 1). Similarly, an
evaluation of different vertical resolutions indicates that a configuration
with 61 levels provides the most appropriate and balanced performance for
this study (for more details see SI, Fig. SI 2 and SI 3).

This configuration allows for 5 vertical levels within the rotor area
of the 5 MW turbines, 7 vertical levels within the rotor area of the
10 MW turbines, and 8 vertical levels for the 15 MW turbines. The total
heights of 5 MW, 10 MW, and 15 MW turbines are approximately
153 m, 218 m, and 270 m, respectively (see Table 1 for key parameters of
the turbines used in this experiments). Time integration was carried out
using a third-order Runge-Kutta scheme with a 30 s time step, while
vertical turbulent diffusion was parameterized using a one-dimensional
prognostic TKE advection scheme”. The model employs a delta-two-
stream scheme to simulate longwave and shortwave radiation, incor-
porating a cloud microphysics scheme™. Initial and boundary condi-
tions were derived from the coastDat3 simulations®’, which are available
at hourly intervals on a 0.11° grid and utilized the European Centre for
Medium-Range Weather Forecast (ECMWEF) ERA-Interim reanalysis
data as forcing. In addition to the atmospheric forcing, the model is
constrained at the bottom boundary by prescribed sea surface tem-
peratures, while surface roughness over the sea is calculated using the
Charnock formula®.

Table 1 | Key parameters of the wind turbines and wind farm
used in the experiments

5MW 10 MW 15 MW
Hub height 90m 119m 150m
Rotor diameter 126 m 198 m 240m
Cut-in wind speed 3ms™’ 3ms™' 3ms™’
Rated wind speed 11.4ms™ 11ms™ 10.5ms™
Cut-out wind speed 25ms™! 25ms™! 25ms™’
Capacity density 8 MW/km? 8 MW/km? 8 MW/km?
Table 2 | Experiment names and their configurations
ID Experimentname Wind farms Status Turbine size
1 NOWF - -
2 WF23_5MW 2028 operational and under 5 MW
construction
3 WF30_10MW 2023 operational, under 10 MW
construction, and plans for 2030
4 WF50_5MW All plans for 2050 5MW
WF50_10MW All plans for 2050 10 MW
6 WF50_15MW All plans for 2050 15 MW

Wind farm parameterization

A wind farm parameterization®>>*’ has been integrated into the latest
version 6 of COSMO-CLM to account for the effects of wind farms. This
parameterization models the wind turbines as a sink of kinetic energy (KE)
and a source of TKE in each layer intersecting the rotor area. The turbines
convert a portion of the extracted KE into electrical power, while a part of it
is transformed into TKE. The amount of KE extracted depends on factors
such as wind speed, air density, turbine density, rotor diameter, and the
thrust and power coefficients. The thrust and power coefficients, which vary
with wind speed, are derived from the theoretical National Renewable
Energy Laboratory (NREL) 5 and 10 MW, and International Energy Agency
(IEA) 15 MW reference wind turbines for offshore system development**.
The key parameters for the all three turbines used in this study, including
values for cut-in, cut-out, and rated wind speeds, hub heights, rotor dia-
meters, and capacity density are shown in Table 1.

Strategy for simulations and data analysis

We simulated atmospheric conditions for 10 years to capture a broad
spectrum of weather patterns and assess the potential influence of large-
scale OWF development on coastal precipitation. We selected the period
2008-2017 to be consistent with earlier studies where comparisons with
different forcing data were made. These simulations incorporate all existing
OWFs installation in the model domain for 2023 and technical future
scenarios established for 2030 and 2050* (see Fig. 1). In total six simulations
were performed using different wind turbine configurations. In this context,
WEXX_YY refers to the COSMO-CLM simulations with wind farms, where
“XX” denotes the existing wind farms for the year 2023 and future scenarios
for the year 2030 and 2050, and “YY” indicates the turbine size of 5 MW,
10 MW, and 15 MW respectively. The simulations without wind farms are
referred to as NOWF. Table 2 summarizes the key information about all the
simulations and their experiment names.

The analysis focuses on annual and seasonal timescales over the period
2008-2017, using mean values from hourly datasets. The impact is assessed
by comparing simulation results of operational wind farms as of 2023 and
future scenarios of 2030 and 2050, utilizing turbines of various sizes, against
control simulations without wind farms (see Tables 1 and 2). The direct
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Fig. 2 | “Change in 10 m wind speed”. Annual mean differences in 10 m wind speed
between simulations with wind farms a WF2023_5MW, b WF2030_10MW,

¢ WF2050_10MW, and d WF2050_15MW, and the control NOWF simulation for
all wind directions (0—360°) over the period of 2008-2017. This figure was created

with Matplotlib (Hunter, J. D., Matplotlib: a 2D graphics environment. Computing
in Science and Engineering 9, 2007) and Cartopy (Met office, Cartopy: a carto-
graphic python library with a matplotlib interface. Exeter, Devon, https://scitools.
org.uk/cartopy, 2015).
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Fig. 3 | “Change in precipitation field”. Annual mean differences in precipitation
between simulations with wind farms a WF2023_5MW, b WF2030_10MW,

¢ WF2050_10MW, and d WF2050_15MW, and the control NOWF simulation for
all wind directions (0—360°) over the period of 2008-2017. This figure was created

with Matplotlib (Hunter, J. D., Matplotlib: a 2D graphics environment. Computing
in Science and Engineering 9, 2007) and Cartopy (Met office, Cartopy: a carto-
graphic python library with a matplotlib interface. Exeter, Devon, https:/scitools.
org.uk/cartopy, 2015).

effects of the installed OWFs on wind speed were validated against mast and
in-situ airborne measurements in a prior study"’.

Note that the total mean difference (MD) and root mean square error
(RMSE) of annual and seasonal averages between the control and wind farm
simulations, as shown in the figures, are calculated exclusively over the wind
farm areas. Additional supporting analysis is provided in the SI.

Results and discussion

Impact of OWFs on surface wind speed

Our results indicate that as the number of OWFs increases, the reduction in
10 m wind speed becomes more pronounced, reaching values as strong as 2
to3 ms " (Fig. 2 and Fig. SI 4). The magnitude of wind speed reduction over
OWF areas is primarily influenced by turbine density, hub height, and rotor
area. This localized decrease in wind speed subsequently affects air-sea
fluxes, altering the exchange of momentum, heat, and moisture between the
ocean surface and the atmosphere'*’". The impact of OWFs on surface
fluxes can be reduced by replacing numerous smaller turbines with fewer,
taller, and more powerful ones’".

Impact of OWFs on precipitation

Our results demonstrate that existing wind farms under the 2023 and 2030
scenarios indicate small effects on precipitation, with effects primarily
confined to marine areas. However, the large-scale deployment of OWFs in
the Northwest-European shelf, as projected for 2050, has a significant and
spatially distinct impact on regional precipitation patterns, specifically in the
regions over northern Germany and Denmark, highlighting the critical role
of scale and turbine density in driving these changes (Fig. 3 and Fig. SI 5).
Simulations across all 2050 scenarios (5 MW, 10 MW, and 15 MW turbine
capacities) consistently show a notable increase in precipitation ranging up

to 8—10 mm/mon (12-18%) directly over the wind farm areas (see Fig. 3 for
absolute difference and Fig. SI 6 for difference in percentage). In contrast,
substantial reductions in precipitation, between 6 and 10 mm/mon
(10-15%), are found in adjacent coastal regions of Denmark, Germany, the
Netherlands, and western half of the United Kingdom (UK) when com-
pared to control simulations without wind farms. The most pronounced
decrease occurs in Jutland, Denmark, particularly around the area of
Herning, which lies downwind of the Nordseen I wind farm cluster located
approximately 80 km off the Danish west coast (Fig. 4a). In Germany, the
northwestern parts of Schleswig-Holstein and the coastal zones of Lower
Saxony exhibit a reduction in precipitation of about 5-8 mm/mon (5-8%).
Similarly, the Netherlands experiences a comparable 5-8% decrease in most
ofits areas, likely due to the proximity of many wind farm installations to the
coastline. OWF installations in the Irish Sea lead to a reduction in pre-
cipitation along the west coast of the UK, estimated at approximately 5-8%
(Fig. 4b). This reduction is likely driven by the prevailing south-westerly
winds characteristic of Western Europe; consequently, similar decreases are
not projected over Ireland or the eastern half of the UK, despite their
proximity to future OWF sites. Additionally, the western half of the UK
receives more precipitation due to orographic uplift, whereas the eastern
half experiences less precipitation because of the rain-shadow effect.
These spatial patterns are robust across all three 2050 deployment
scenarios, underscoring the consistent influence of large-scale OWF
deployment on atmospheric moisture transport and precipitation dis-
tribution. Over the wind farm areas, the 2050 scenario simulations reveal a
notable increase in precipitation. The largest increase occurs with 5 MW
wind turbines, and 15 MW turbines (MD = 10.3%), followed by 10 MW
turbines (MD = 9.3%). Importantly, the reduction in coastal precipitation is
also more pronounced in 2050 scenarios with 5 MW turbines (Fig. SI 6).
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Fig. 4 | “Change in precipitation field”. Annual mean differences in precipitation ~ (Hunter, J. D., Matplotlib: a 2D graphics environment. Computing in Science and
between simulations with wind farms WF2050_15MW and control NOWEF simu-  Engineering 9, 2007) and Cartopy (Met office, Cartopy: a cartographic python
lation for all wind directions (0—360°) over the period of 2008-2017 a for Germany,  library with a matplotlib interface. Exeter, Devon, https://scitools.org.uk/
Denmark and the Netherlands and b for UK. This figure was created with Matplotlib  cartopy, 2015).
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Fig. 5 | “Change in vertical wind speed”. Annual
mean differences in vertical wind speed at 150 m
height between simulations with wind farms
WF2050_15MW and control simulation (NOWF)
for wind directions from 200 to 280 °over the period
of 2008-2017. This figure was created with Mat-
plotlib (Hunter, J. D., Matplotlib: a 2D graphics
environment. Computing in Science and Engineer-
ing 9, 2007) and Cartopy (Met office, Cartopy: a
cartographic python library with a matplotlib
interface. Exeter, Devon, https://scitools.org.uk/
cartopy, 2015).
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This is due to the higher turbine density of 5 MW units, which resultsina ~ OWF areas. Corresponding p-value patterns (p < 0.05-0.10) confirm that
greater overall increase in TKE and enhanced advection of moisture. these precipitation responses are locally significant. These results demon-

The statistical evaluation of precipitation differences shows spatially ~ strate that the modeled precipitation impact of OWFs is not random but
coherent regions of significant change, with |t| values exceeding 5 in several  represents a structured and detectable signal (see Fig. SI 7).
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Fig. 6 | “Change in specific humidity”. Annual
mean differences in specific humidity between the
simulation with wind farms WF2050_15MW and
control simulation (NOWF) for wind directions
from 200 to 280° over the period of 2008-2017. This
figure was created with Matplotlib (Hunter, J. D.,
Matplotlib: a 2D graphics environment. Computing
in Science and Engineering 9, 2007) and Cartopy
(Met office, Cartopy: a cartographic python library
with a matplotlib interface. Exeter, Devon, https://
scitools.org.uk/cartopy, 2015).
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A detailed analysis of daily precipitation data over central Jutland
revealed that the number of precipitation days over land is projected to
remain constant. Therefore, the reduction in total precipitation is attributed
to a shift from high-intensity to lower-intensity events. In contrast, over the
Nordseen I wind farm area located upwind of Jutland the number of pre-
cipitation events is projected to increase slightly by 3%, with a corresponding
shift toward higher-intensity events (see Fig. SI 8).

In the Northwest-European shelf, south-westerly winds are the
dominant force'*** (Fig. SI 9). Our results reveal that the reduction in pre-
cipitation around the coastal regions of Denmark, Germany, and the
Netherlands mainly occurs during dominant south-westerly wind condi-
tions (Fig. SI 10). During these prevailing winds, precipitation over the wind
farm increases up to 5—10 mm/mon (9—20%), while adjacent coastal
regions experience a reduction of about 5-8%. Specifically, under the
2050 scenario, simulations indicate a mean increase in precipitation of
approximately MD = 19% over the wind farm areas, highlighting the spatial
redistribution of precipitation driven by large-scale offshore wind farm
deployment. This indicates that the presence of wind farms can enhance
local precipitation over the wind farm areas while simultaneously reducing it
along the coast.

The influence of the OWFs on coastal precipitation varies considerably
with wind direction (Fig. SI 11). The strong impact we found for the pre-
vailing winds is not found for northwesterly winds (280° to 360°) which
occur with high frequencies as well. They exhibit negligible impact on
precipitation in the coastal regions (Fig. SI 11¢). The same holds for the
relatively rare winds originating from 0° to 100°, and 100° to 200°, showing
minimal influence on coastal precipitation patterns (Fig. SI 11a and 11b).
The reduction in coastal precipitation is primarily driven by south-westerly
winds (200-280°) which dominate the Northwest-European shelf for most
of the year and play a key role in moisture transport and precipitation
dynamics. This influence is evident across all seasons except spring, when
south-westerly winds are less prevalent in the region. During the winter and
autumn seasons, precipitation decreases up to 8—15 mm/mon (10 to 20%
Fig. SI 12 and SI 13; for more detail see SI).

Our results indicate that increases in precipitation over offshore wind
farm areas are most pronounced when wind speeds range between 12 and
25ms™" corresponding to the operational range in which turbines typically

rotate at or near their rated capacity. In contrast, the reduction in pre-
cipitation over adjacent land areas is more significant when wind speeds fall
between 3 and 12 ms™' (Fig. SI 14). These wind speed ranges are critical, as
they determine the extent of turbine-induced atmospheric disturbances.
Wind farms are considered inoperative at wind speeds below 3 ms™' and
above 25 ms™, resulting in negligible changes in wind speed and pre-
cipitation during these conditions. This highlights the importance of wind
speed variability in modulating the spatial distribution of precipitation
associated with large-scale wind farm deployment.

To examine how wind turbines affect vertical mixing and atmospheric
water content, we analyze vertical wind speed, divergence patterns at hub
height, and the total vertically integrated water content. Over the wind
farms, the vertical wind speed difference is positive by approximately
0.003 ms™ " at a hub height of 150 m (Fig. 5), enhancing upward motion and
moisture transport and though increasing low cloud cover and precipita-
tion. Conversely, downstream of the wind farms, the vertical wind speed
difference turns negative, suppressing upward motion and reducing cloud
formation and precipitation. This is confirmed by the analysis of the hor-
izontal wind divergence difference, which is negative over the wind farms
because the wind slows down as it encounters the turbines. Downstream, the
divergence difference becomes positive as the wind speed recovers past the
wind farms (Fig. SI 15). The t-statistic map exhibits spatially coherent bands
of positive and negative values aligned with OWF footprints and coastal
features, with |t| frequently exceeding 5 and reaching ~20 in several corri-
dors. The p-value map shows extensive areas with p < 0.05-0.10, indicating
that differences between CCLM_WF and CCLM are locally significant
across large portions of the OWF domains. The consistency between high |t|
regions and low p-values confirm a structured, statistically detectable signal
(see Fig. SI 16).

While the enhanced vertical mixing and divergence increases the cloud
formation and favors precipitation, the specific humidity of the atmosphere
is reduced downwind of the wind farm areas (Fig. 6). The enhanced pre-
cipitation over the wind farms reduces the moisture content in the atmo-
sphere. The transport of the drier air includes even far areas and is reaching
the coasts leading to reductions in precipitation there. At higher wind
speeds, moisture exchange becomes more intense, which helps maintain
atmospheric water content. As a result, the reduction in precipitation is less
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pronounced compared to situations with lower wind speeds. Our results are
supported by previous findings on changes in coastal precipitation due to
OWF installations, as identified by an earlier modeling study™ and obser-
vational analyses”.

Conclusions

This study investigates the regional-climate impacts of offshore wind farms
by applying different technical scenarios for 2023, 2030 and 2050. The 2050
scenario is designed as an upper-bound estimate reflecting the maximum
feasible level of installation within the designated development zones. Our
findings based on the simulation using 2050 scenario indicate that a large-
scale intense deployment of OWFs, could lead to a reduction in precipita-
tion of approximately 8% to 15% in coastal regions of Denmark, Germany,
the Netherlands, and the United Kingdom, particularly during the winter
and autumn seasons. Regional climate projections under the RCP8.5 sce-
nario, reported independently in the literature, indicate a general increase of
around 15% in winter precipitation across much of Northern Europe,
including Denmark and Germany*. Importantly, our OWF experiments do
not aim to replicate or replace these scenario-based climate projections.
Instead, they highlight the potential regional-scale meteorological effects
associated with extensive OWF deployment. No consistent signal emerges
for summer precipitation in our simulations. According to the IPCC AR6
Europe Fact Sheet, precipitation changes regardless of scenario are generally
more pronounced in winter than in summer*. The results highlight an
important limitation of IPCC AR6 GCM simulations, which do not expli-
citly represent the regional and local climatic effects of offshore wind farm
(OWF) development. This helps explain discrepancies between large-scale
projections and the findings of this study. In contrast, high-resolution
regional climate models such as COSMO-CLM are better suited to cap-
turing OWF-induced mesoscale processes, underscoring their value for
robust climate assessments at smaller spatial scales in the context of sus-
tainable energy transitions.

Our results also highlight the potential for OWFs to reduce moisture
transport from sea to land, emphasizing the complex interplay between
wind farm placement, prevailing wind directions, and precipitation pat-
terns. The simulations are based on upper-limit OWF deployment plans,
employing a capacity density of 8 MW/km®, and are derived from a single
atmospheric model, one wind-farm scenario, and a specific capacity con-
figuration. Consequently, further research employing multiple atmospheric
models, a broader range of wind-farm capacity densities, and varying spatial
extents is required to better constrain uncertainties and to robustly assess the
magnitude and realism of these impacts. Future studies should also move
beyond mean climatological responses to examine hydroclimatic extremes
such as storm surge, and flood risks which are critical for regional impact
assessments and adaptation planning.

Given that precipitation responses are highly sensitive to model con-
figuration including numerical schemes, turbulence parameterizations, and
resolution sensitivity analyses are recommended to identify thresholds in
OWFE deployment that may trigger significant reductions in coastal pre-
cipitation. Additionally, it is important to evaluate the implications of these
scenarios for marine ecosystems and physical ocean processes to ensure a
comprehensive understanding of environmental impacts and support sus-
tainable offshore development.

Data availability

The FINO1 wind speed observational data used in this study are publicly
available and can be accessed free of charge through the FINO1 data
repository: https://www.finol.de/en/news-data/live-data.html. The off-
shore wind farm layout data used in this study were obtained from 4 C
Offshore (https://map.tgs4c.com/offshorewind/) and are subject to licen-
sing restrictions; therefore, these data are not publicly available but may be
obtained directly from the data provider under the applicable license terms.
The coastDat3 data used to provide boundary and forcing conditions for the
climate model are also publicly available and can be accessed through the
coastDat data archive (www.wdc-climate.de/ui/entry?acronym=coastDat-

3_COSMO-CLM_ERAi). The COSMO-CLM_WF and COSMO-CLM
model datasets supporting the findings of this study, as well as the COSMO-
CLM namelists, are available from the authors upon request. The COSMO-
CLM simulations were conducted using the community-wide, publicly
accessible COSMO-CLM code (https://www.clm-community.eu). All the
model datasets can be obtained from the corresponding author upon
request. The key offshore wind turbine parameters used in this study were
derived from the NREL offshore wind turbine reference models, which are
publicly available (https://natlabrockies.github.io/turbine-models/index.
html). All source data and the numerical results underlying the figures
presented in the main article are available on Figshare (Project - Projected
impacts of future offshore wind farms on coastal precipitation over the
Northwest European shelf - Figshare).

Code availability

The COSMO-CLM (CCLM) model is developed and maintained by the
Climate Limited-area Modeling Community (CLM-Community). The
model source code is not publicly distributed without restriction but is
available to members of the CLM-Community under a license agreement.
Access to the COSMO-CLM code can be requested via the CLM-
Community website (https://www.clm-community.eu). The code of wind
farm parameterization implemented in the model is publicly available
through Zenodo (https://doi.org/10.5281/zenodo.10069391). All figures in
this study were generated using the Python libraries Matplotlib (Hunter,
2007) and Cartopy (Met Office, 2015). Matplotlib was used for plotting and
visualization, and Cartopy was used for geospatial mapping and carto-
graphic visualization.
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