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Abstract. In the wind industry, estimating extreme wind speeds over a 50-year period using one year of data presents challenges
due to the limited representation of extreme events. This study proposes a methodology that combines measurements from
Cabauw (The Netherlands) with the ASPIRE 100x 100m horizontal resolution large-eddy simulation. Using 20 years of Cabauw
measurements as a reference, we compared four methods to estimate the 50-year wind speed (V...s). The results show that
combining ASPIRE with one year of measurements improves V,..; estimates, matching the 20-year reference within 3%.
With these promising results, our aim is to apply this methodology to 12-month wind measurement campaigns from the wind

industry.

1 Introduction

In the wind industry, 12-month wind measurement campaigns are standard for determining long-term wind climates under
normal meteorological conditions. However, extreme wind events, critical for wind turbine design, may not occur annually,
making it challenging to extrapolate extreme values from one year to a 50-year timescale. While global atmospheric reanalyses
like ERAS or MERRA?2 can supplement one year of data, their coarse resolution fails to capture local effects, potentially
leading to overdesign or underdesign of wind farms and increasing costs or risks. In this extended abstract, we will describe our
novel methodology through which we obtain the 50-year extreme wind speed (V. r) using results from large-eddy simulations

combined with observations, and compare the results with a.o. wind industry standards.

2 Methodology

We propose a novel methodology to obtain the V.. and uncertainty estimates by combining measured storm peaks with high-
resolution (100x100m) atmospheric model data from the ASPIRE model (e.g. Baas et al., 2023). ASPIRE resolves local effects,
enhancing extreme event representation compared to global models. The study evaluates four methods to estimate V,..y: (a)

20 years of Cabauw measurements (reference), (b) 1 year of measurements, (c) 20 years of ERAS data calibrated with 1 year
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Figure 1. Overview of the data processing and analysis proposed novel methodology (d); The storm selection was based on ERAS, from

which 45 were simulated with ASPIRE and calibrated with 1 year of measurements.

of measurements, and (d) 45 storms simulated with ASPIRE, calibrated with 1 year of measurements. Figure 1 provides an
overview of the data processing and analysis of the proposed novel methodology (d). We discuss the strengths and limitations

of each approach.
2.1 Wind Measurements

Wind measurements were obtained from the 213 m tall tower at the Cabauw measurement site. The area around the Cabauw
site, located near the town Lopik, The Netherlands (51.971 deg N, 4.927 degE), is representative of this part of The Netherlands
and is surrounded mostly by pasture and farmland. The terrain is quite homogeneous, especially towards the west, from which
the wind prevails the most. At each measurement level, three wind vanes and two wind cups are installed at 120-degree intervals
to guarantee sufficient exposure of the sensors at all wind directions.

Long time series of wind measurements along the mast are available, making it suitable as reference measurements for this
study. In our analysis, we used the 10-minute averaged wind speed data from 80 m that were obtained between 2001-2020. The
data were subjected to automatic validation and visual inspection. Furthermore, flow corrections were applied to correct for
mast disturbances (Wessels, 1983). For more information, we refer to the Technical Report of Cabauw Observations (Bosveld,

2024).
2.1.1 ASPIRE

The model used is the Atmospheric Simulation Platform for Innovation, Research, and Education (ASPIRE). The core of
ASPIRE is a large-eddy simulation (LES) code named GRASP (GPU-Resident Atmospheric Simulation Platform). ASPIRE is
used for research and commercial purposes by the company Whiffle (The Netherlands). Previous work with ASPIRE includes:
Williams et al. (2024), Oldbaum (2019), Baas et al. (2023), Verzijlbergh (2021) (wind farm modelling); Schepers et al. (2021),
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Table 1. Overview of the model settings for the ASPIRE simulations. The LES domain was nested in the Meso domain.

Coord. Horiz. Horiz. | Vert. | Top
points res. res.
ON,DE [Z"myn] km m m

Meso | 51.971,4.927 | 256x256 2x2 40 8000
LES | 51.971,4.927 | 256x256 | 0.1x0.1 25 2575

Taschner et al. (2023) (turbine physics and loads); Gilbert et al. (2020), Alonzo et al. (2022) (wind forecasting); Kantharaju
et al. (2023), Storey and Rauffus (2024) (wind climate modelling); and Bieringer et al. (2021) (dispersion).

In this study, an open-boundary condition LES setup is used, which is nested in a parent mesoscale simulation, which itself
takes its boundary conditions from the ERAS5 reanalysis (see Table 1 for resolution and domain details). Turbulence in the
LES is generated by a series of smaller periodic LESs surrounding the main LES domain (Storey and Rauffus, 2024). The
simulations are done without parametrization for radiation or microphysics. The land surface is parametrized based on the
Tile ECMWF Scheme for Surface Exchanges over Land (TESSEL), developed by the ECMWF (ECMWFE, 2017). Over water
surfaces, the parametrization by Charnock (1955) is applied.

The simulation period encompasses the full year of 2002, and 45 selected 24-hour windows when storms pass. Note that
the 24-hour windows are centered around the peak of the storms. Meteorological output variables from the LES are stored as

10-minute averages at the centre of the domain at 80m height.
2.1.2 Extreme Value Analysis

We compare the extreme value analysis results from the four methods. The first step of the Peak over Threshold (POT) method
was threshold selection; one should make sure that the threshold is high enough to capture rare events but low enough to retain
a sufficient sample size. To determine the specific threshold, we used statistical tools such as the Mean Residual Life and an
estimation of the parameter stability based on the threshold. We used an independence criterion of 4 days. Subsequently we
fitted a distribution to the extracted peaks, using the Weibull distribution, which is recommended by Det Norske Veritas (DNV)
(DNV, 2024) for extreme metocean parameters. Once the distribution was fitted to the extracted peaks, we extrapolated the

distribution to the period of interest: the 50 years return period. The POT for the different methods was performed as follows:

(a) 20 years of Cabauw (reference). We applied the POT method, the resulting V,..; from this dataset presents the low-
est uncertainties: the measured data is considered highly reliable, and the length of the dataset ensures relatively low

extrapolation uncertainties.

(b) 1 year of measurements. We applied the POT to a subset of 1 year of measured data at Cabauw. Considering the very
short dataset used, we expect large uncertainties here. We also expect the results to vary significantly depending on the

year selected.
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Figure 2. Extreme value analysis results for three out of the four methods (a) 20 years of Cabauw (reference), (c) 20 years of ERAS data
calibrated with 1 year of measurements and (d) 45 storms simulated with ASPIRE, calibrated with 1 year of measurements. Method (b) 1

year of measurements was not included due to the large variation in V;..y between the years.

(c) 20 years of ERAS data calibrated with 1 year of measurements. In this case we first used the measured data from 2002 to
calibrate the ERAS data and subsequently performed the POT method on the 20 years of calibrated ERA5 wind speeds.
The calibration is done based on an offset and bias correction of the bulk of the data and an additional correction of the
highest wind speed values. The ERAS raw data presents a slight underestimation of the bulk of the data and additional
underestimation of the tail. The calibration corrects for both these effects. Subsequently, we apply the POT method to
the calibrated 20 years of ERAS data.

(d) 45 storms simulated with ASPIRE, calibrated with 1 year of measurements. For the storm days selection, we used the 45
highest storm peaks from the ERAS5 100 m hourly wind speeds with a 24-hour window when the storm passes, excluding
the year 2002. The continuous run of the year 2002 was used to obtain calibration constants that we applied to the
selected 45 storm days. ASPIRE had a bias (ASPIRE - Cabauw measurements) of -0.1 m/s and a RMSE of 1.7 m/s for
the year 2002. This gave us a dataset of calibrated storm days that we applied the POT method to.

3 Results

Figure 2 provides an overview of the V,..; from the Extreme Value Analysis (EVA) for three of the four different methodologies:
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(a) 20 years of Cabauw (reference). The V.. y from the 20 years of measured data at Cabauw is considered to be the reference
result. For this case we use a full 20 years of data to extrapolate to a 50-year return period. It gives a V;..; of 35.2 m/s
and a 90% confidence interval of 32.3-38.5 m/s.

(b) 1 year of measurements (not shown in Figure 2). The V,..; based on only one year of measured data at Cabauw is wildly
dependent on which year is selected. Depending on the year, Vs results range from 29.9 to 56.9 m/s. For the year
2002, it results in a V.5 of 56.5 m/s and a 90% confidence interval of 36.9-153.4 m/s. The higher end of this confidence

interval is highly unrealistic and shows the limits of using only a year of data for extrapolation.

(c) 20 years of ERAS data calibrated with 1 year of measurements. After calibration of the ERAS data we performed the
POT on the 20 years of calibrated data and the resulting fit is shown in Figure 4. It gives a V;..y of 31.3 m/s and a 90%
confidence interval of 28.2-34.9m/s.

(d) 45 storms simulated with ASPIRE, calibrated with 1 year of measurements. With ASPIRE we performed the POT on
the storms and the resulting fit is shown in Figure 2. It gives a V,..; of 34.5 m/s and a 90% confidence interval of
28.9-41.9m/s.

4 Discussion and Conclusions

‘We proposed a novel methodology through which we obtained the 50-year extreme wind speed (V.. r) and uncertainty estimates
by combining measured storm peaks with high-resolution data from ASPIRE. ASPIRE had a bias of 0.1 m/s compared to the
Cabauw measurements. The 20 years of Cabauw (reference) is considered the most reliable and the length of the dataset
ensures relatively low extrapolation uncertainties. We did not account for the climate variability on timescale beyond this
measurement period. Using only the year 2002 V,..; has a major uncertainty and a non-representative value due to the large
number of storms in 2002. The range of V;..; for a single year varied between 29.9-56.9 m/s. Compared to using only a
single year of measurements, the ERAS storm peaks improved the extreme value analysis, although compared to the full 20
years from Cabauw the extreme value estimates are 3 m/s lower. 45 storms simulated with ASPIRE, calibrated with 1 year of
measurements improved the V,..; estimate compared to using only observations. The uncertainty could be further reduced by
adding more ASPIRE simulations to the EVA. With our novel methodology the V,..; was within 3% of the full 20 years of
Cabauw. With these promising results we aim at applying this methodology to 12-month wind measurement campaigns from

the wind industry.

Data availability. The Cabauw wind measurements are part of the cesar_tower_meteo_lcl_t10_v1.0 data set that is freely available from

dataplatform.knmi.nl.



https://doi.org/10.5194/wes-2025-128 WIND
Preprint. Discussion started: 14 August 2025

~
© Author(s) 2025. CC BY 4.0 License. e We \ EZ:EEIT\I%\I(E

Author contributions. LR implemented the extreme values analysis, MD and WP conceptualized the content, MK prepared the wind mea-

surements and BP contributed through the ASPIRE simulations. All authors contributed significantly to the writing and reviewing of the

paper.

Competing interests. No competing interests are present.



https://doi.org/10.5194/wes-2025-128 WIND

Preprint. Discussion started: 14 August 2025 e WE\ ENERGY
Auth 2025. BY 4.0 Li .
© " Or(S) O 5 CC O reense european academy of wind energy S C I E N C E

110 References

Alonzo, B., Cassas, M., Raynaud, L., Verzijlbergh, R., Houf, D., Baas, P, and Dsouza, B.: Smart4RES:
Report on  improved NWP  with  higher  spatial and temporal resolution,  https://www.smartdres.eu/wp-
content/uploads/2023/01/Smart4RES peliverable p2.2.pdf (lastaccessed9 — 8 — 2024),2022.

Baas, P., Verzijlbergh, R., Dorp, P. V., and Jonker, H.: Investigating energy production and wake losses of multi-gigawatt offshore wind farms

with atmospheric large-eddy simulation, Wind Energy Science, 8, 787-805, https://doi.org/10.5194/wes-8-787-2023, 2023.

Bieringer, P. E., Pifia, A. J., Lorenzetti, D. M., Jonker, H. J. J., Sohn, M. D., Annunzio, A. J., and Fry, R. N.: A graphics processing unit (GPU)
approach to large eddy simulation (LES) for transport and contaminant dispersion, Atmosphere, 12, https://doi.org/10.3390/atmos12070890,

115 2021.
Bosveld, F. C.: The Cabauw In-situ Observational Program 2000-Present: Instruments, Calibrations and Set-up, Tech. rep., KNMI, https:

/[cabauw.knmi.nl/cabauw/insitu/dyninf/documents/Cabauw_TR.pdf, 2024.

Charnock, H.: Wind stress on water : an hypothesis Wind stress on a water surface, Quarterly Journal of the Royal Meteorological Society, 81,

639-640, 1955.

120DNV: ENERGY TRANSITION OUTLOOK 2024 - A global and regional forecast to 2050, Tech. rep., www.dnv.com, 2024.
ECMWE, 2017: IFS Manual Part IV: Physical Processes. IFS Documentation Cy43R3. Technical report, https://www.ecmwf.int/en/elibrary/

80320-ifs-documentation-cy43r3-part-iv-physical-processes, 2017.

Gilbert, C., Messner, J. W., Pinson, P., Trombe, P. J., Verzijlbergh, R., van Dorp, P., and Jonker, H.: Statistical post-processing of turbulence-

resolving weather forecasts for offshore wind power forecasting, Wind Energy, 23, 884—897, https://doi.org/10.1002/we.2456, 2020.

125Kantharaju, J., Storey, R., Julian, A., Delaunay, F., and Michaud, D.: Wind resource modelling of entire sites using Large Eddy Simulation, in:

Journal of Physics: Conference Series, vol. 2507, Institute of Physics, ISSN 17426596, https://doi.org/10.1088/1742-6596/2507/1/012015,

2023.

Oldbaum: Wind Resource Assessment Hollandse Kust (noord) Wind Farm Zone, https://offshorewind.rvo.nl/files/view/9717fb65-79ab-4966-

92¢2-a73¢c856¢18¢9/hkn20191022,ldbaum.,ra — octl9 — f.pdf (lastaccessed9d — 8 — 2024),2019.

Schepers, G., Dorp, P. V., Verzijlbergh, R., Baas, P., and Jonker, H.: Aeroelastic loads on a 10 MW turbine exposed to extreme events selected
from a year-long large-eddy simulation over the North Sea, Wind Energy Science, 6, 983-996, https://doi.org/10.5194/wes-6-983-2021,

130 2021.
Storey, R. and Rauffus, R.: Mesoscale-coupled Large Eddy Simulation for Wind Resource Assessment, in: Journal of Physics: Conference

Series, vol. 2767, Institute of Physics, ISSN 17426596, https://doi.org/10.1088/1742-6596/2767/5/052040, 2024.

Taschner, E., Folkersma, M., Martinez-Tossas, L. A., Verzijlbergh, R., and van Wingerden, J. W.: A new coupling of a GPU-resident large-

eddy simulation code with a multiphysics wind turbine simulation tool, in: Wind Energy, John Wiley and Sons Ltd, ISSN 10991824,

135  https://doi.org/10.1002/we.2844, 2023.
Verzijlbergh, R. A.: Atmospheric flows in large wind farms, Europhysics News, 52, 20-23, https://doi.org/10.1051/epn/2021502, 2021.
Wessels, H.: Distortion of the wind field by the Cabauw meteorological tower., Tech. rep., KNMI, https://cdn.knmi.nl/knmi/pdf/bibliotheek/

knmipubWR/WR83-15.pdf, 1983.

Williams, S., Dubreuil-B, C., and Seim, K. S.: Multi-fidelity wake model validation at the Arkona offshore wind farm, conference ses-
140 sion at Wind Europe Technology Workshop, https://windeurope.org/tech2024/programme/proceedings/sessions/the-impact-of-resource-on-

performance/ (last accessed 9-6-2024), 2024.



