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Abstract. We investigate the impact of low-frequency wind fluctuations on the loads and response of a large ref-
erence offshore wind turbine. Synthetic wind fields containing low-frequency fluctuations down to 1 h~! are used
in aeroelastic simulations with the HAWC2 code. The dynamic response and damage equivalent loads (DEL)
for tower and blade moments are evaluated. Both monopile and floating configurations are tested against three
wind fields: (i) high-frequency turbulence (3D), (ii) combined low- and high-frequency turbulence (2D+3D),
and (iii) high-frequency turbulence scaled to match the measured standard deviation. Low-frequency fluctua-
tions increase DEL for the fore—aft and flapwise moments at the tower base and the blade root, especially at
low wind speeds. These are out-of-plane bending moments caused by longitudinal forces. Torsional moments,
such as tower top yaw, exhibit reduced DEL across most wind speeds due to increased coherence. The strongest
dynamic response to low-frequency turbulence occurs in the tower fore—aft and blade root flapwise moments at
frequencies below 2 x 10~ Hz. For the floating turbine, the platform’s surge and pitch motions, and the wind-
ward mooring line tension, show pronounced responses. This study underscores the importance of accounting
for low-frequency wind fluctuations when simulating the loads and response of large offshore wind turbines.

grees of freedom and low natural frequencies of rigid-body

A rapid expansion in global offshore wind power capacity
is underway, driven by the need to achieve sustainability
and clean-energy targets. Offshore wind energy projects of-
fer higher capacity factors due to the more reliable and ro-
bust wind resources found in the marine atmosphere. Tech-
nological advancements in the manufacturing of offshore
wind turbines have led to a pronounced reduction in the
cost of offshore energy. Modern offshore wind turbines are
considerably larger than their onshore counterparts. Onshore
turbines experience inflow turbulence that is mainly three-
dimensional, as described by the standards. Conversely, off-
shore turbines experience weaker three-dimensional turbu-
lence, while low-frequency structures are relatively more
dominant. These structures influence the fatigue loading re-
sponse of wind turbine towers and blades. Furthermore, the
response of floating offshore wind turbines is even more sus-
ceptible to low-frequency wind fluctuations due to more de-

motions (Doubrawa et al., 2019).

In the wind turbine design process, synthetic turbulent
wind fields are used in aero-hydro-servo-elastic codes to an-
alyze the effects of atmospheric turbulence on the loads and
dynamic response of different system components. Interna-
tional Electrotechnical Commission (IEC) standards (IEC,
2019) recommend two turbulence models to generate wind
fields for the turbine design process: (i) the Mann uniform
shear model (Mann, 1994, 1998) and (ii) the Kaimal spec-
tral model with exponential coherence (Kaimal et al., 1972;
Davenport, 1977). The main advantage of these two mod-
els over other high-fidelity methods for generating turbulent
wind fields, such as large eddy simulations (LES), is their
significantly lower computational cost. Their main draw-
back is that these models assume neutral stratification and
represent stationary onshore atmospheric conditions. The
marine atmosphere is characterized by large-scale quasi-
two-dimensional turbulent eddies with timescales exceeding
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500s (Syed and Mann, 2024a; Cheynet et al., 2018), which
the recommended IEC turbulence models cannot accurately
capture. Here, the 2D turbulence is characterized by eddies
with a large aspect ratio, i.e., the ratio of the horizontal to the
vertical length scales.

Numerous studies have highlighted the impact of large-
scale coherent structures or low-frequency wind fluctuations
on the response of large offshore wind turbines. For instance,
Bachynski and Eliassen (2019) investigated the global mo-
tion responses of an NREL 5 MW reference floating wind
turbine and found that it is highly sensitive to low-frequency
wind fluctuations, resulting in increased floating platform
surge, pitch, and mooring line responses. They utilized the
proper orthogonal decomposition (POD) method to decom-
pose the input wind fields from the Mann and Kaimal models
into coherent structures. It has been demonstrated that only
a few of the lowest POD modes can characterize the low-
frequency wind fluctuation response in wind turbines (see
Eliassen and Andersen, 2016; Saranyasoontorn and Manuel,
2005). Nybg et al. (2021b) and Nybg et al. (2022) concluded
that the large-scale coherent structures are responsible for in-
creased tower base fore—aft moments and blade root out-of-
plane bending moments in the fixed-bottom wind turbines
and additionally increased surge, pitch, and mooring line re-
sponses in floating wind turbines. These studies used stan-
dard turbulence models, suggesting that low-frequency wind
turbulence may be underestimated or inaccurately modeled.
Nybg et al. (2021a) and Nybg et al. (2022) also compared
the standard Mann and Kaimal turbulence models with the
LES and TIMESR turbulence models. The TIMESR tur-
bulence model is a feature of the TurbSim tool (Jonkman,
2014), developed by NREL, USA. It requires a time series
of wind measurements as an input and outputs a constrained
turbulence field. Only the TIMESR turbulence model could
match the low-frequency energy observed in the measured
wind spectra. However, the lowest frequency in these com-
parisons was 0.0017 Hz, corresponding to a timescale of less
than 10 min. As documented in previous studies (Syed and
Mann, 2024a), the mesoscale turbulence or low-frequency
wind fluctuations exhibit significant energy at frequencies
below 2 x 1073 Hz. The implications of wind turbulence at
frequencies below 2 x 1073 Hz on the loads and dynamic re-
sponses of wind turbines remain largely unexplored.

In our study, we use the low-frequency wind turbulence
model (hereafter, the “2D turbulence model”) presented by
Syed and Mann (2024a). This model accurately predicts low-
frequency longitudinal (1) and lateral (v) wind fluctuations
within the mesoscale range, i.e., well below 1073 Hz. We
combine the 2D turbulence model with the Mann uniform
shear model (hereafter, the “3D turbulence model”) to sim-
ulate turbulence in the frequency range down to 1h~!. The
model parameters are obtained from the undisturbed wind
data collected at the FINOI research platform in the North
Sea. We investigate the impact of low-frequency wind fluc-
tuations by evaluating the fatigue loads and aerodynamic re-
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sponse of the International Energy Agency (IEA) 15 MW ref-
erence wind turbine (Gaertner et al., 2020). The reference
turbine design is available in two configurations: a fixed-
bottom design with a monopile embedded in the soil and
a floating design with a semi-submersible floating platform
supported by mooring lines. The [EA 15 MW wind turbine is
an open-source design that has undergone various response
analyses and design studies (Mendoza et al., 2022; Mahfouz
etal., 2021; Niranjan and Ramisetti, 2022; Nybg et al., 2022;
Rinker et al., 2020; Ramos-Garcia et al., 2022).

In this study, we focus on evaluating the damage-
equivalent loads (DEL) associated with blade and tower mo-
ments and how they respond to low-frequency wind turbu-
lence. We also investigate the rigid-body dynamics of floater
motions in the floating configuration of the IEA 15 MW wind
turbine. Furthermore, we compare the aerodynamic loading
and response under 2D+-3D turbulent wind fields with a stan-
dard turbulence model and with a 3D-only turbulence model
based on the Mann uniform shear model. Section 2 of this ar-
ticle describes the data and methodology employed. A brief
description of the IEA 15 MW wind turbine in both monopile
and floating configurations is presented. The procedure to
generate synthetic wind fields containing 2D and 3D tur-
bulence using the parameters obtained from FINOI is also
described. Additionally, the simulation setup is presented,
including details of the aeroelastic code. Sections 3 and 4
contain loads and dynamic responses of the wind turbine in
monopile and floating configurations, respectively. This is
followed by the Discussion and Conclusion sections, which
highlight and discuss the important outcomes of this analy-
sis.

2 Data and methodology

2.1  Wind turbine data

The definition of the IEA 15 MW offshore reference wind
turbine is given by Gaertner et al. (2020). It is an IEC class
1B, a direct-drive wind turbine with a rotor diameter of
240m and a hub height of 150 m. The reference wind tur-
bine has a rated wind speed of 10.59 ms~!. Its configuration
has a monopile embedment depth of 45 m. The tower and
monopile are made up of isotropic steel tubes. The outer di-
ameter of the tower goes from 10 m at the mud line to 6.5 m
at the top of the tower (see Fig. 1a). The tower is designed so
that the first tower mode is 0.17 Hz, located between the 1P
and 3P blade frequencies to avoid excessive excitation.

The IEA 15-MW floating configuration comprises a four-
column semi-submersible steel platform constrained by a
three-line catenary mooring system (Allen et al., 2020). The
semi-submersible platform is designed for deployment in
water depths of 200 m. The platform has three radial columns
with a 120° angle between them and a central column that
supports the tower (see Fig. 1b). The three mooring lines are
connected to each radial column of the platform via a fairlead
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Figure 1. IEA 15 MW reference wind turbine. (a) Monopile configuration and (b) floating configuration with UMaine semi-submersible
platform and three mooring lines. Panels (a) and (b) originally published in Gaertner et al. (2020) and Allen et al. (2020), respectively.

about 14m below sea level. Each mooring line has an un-
stretched length of 850 m and a linear density of 685 kgm™!.
In the floating configuration, higher-stiffness tower design is
employed to accommodate the increased inertial and gravity
loads from platform motion. The floating tower mass is 47 %
higher than the monopile tower. The tower fore—aft and side—
side natural frequencies are 0.496 and 0.483 Hz, respectively.
These frequencies exceed the 3P frequency of the blades to
avoid resonance. A summary of the natural frequencies of
the tower and the floating platform, obtained from rigid-body
free decay tests, is described in Table 1.

2.2 Synthetic turbulent wind field generation

The low-frequency wind turbulence model used in this study
is based on a 2D velocity spectral tensor described in Syed
and Mann (2024a). The model can accurately predict the
mesoscale turbulence where S(f) o f =5/3. The 2D turbu-
lence model has four input parameters: (i) the azimuthally
averaged variance exhibited by low-frequency wind fluctu-
ations, azzD, (i1) the length scale corresponding to the most
dominant large-scale structures, Lop, (iii) the anisotropy
parameter, ¥, and (iv) the attenuation length, usually the
boundary layer height z;. In addition, the scaling parameter
(c) for the 2D turbulence model is derived from the mag-

https://doi.org/10.5194/wes-11-3321-2026

Table 1. Natural frequencies of tower and platform motions in the
monopile and floating configuration of the IEA 15-MW offshore
reference wind turbine.

Monopile configuration

Tower 0.17Hz
Floating configuration

Tower fore—aft 0.496 Hz
Tower side—side 0.483Hz
Platform surge 0.007 Hz
Platform sway 0.007Hz
Platform heave 0.049Hz
Platform roll 0.036 Hz
Platform pitch 0.036 Hz
Platform yaw 0.011Hz

nitudes of both ‘722D and Lop using Eq. (Al) in Syed and
Mann (2024a). A large value of the scaling parameter (c) im-
plies a large variance in the flow field. The 3D turbulence
model used here is the Mann uniform shear model Mann
(1994), which is one of the models recommended by IEC
for wind turbine design load calculations. The 3D turbu-
lence model has three input parameters: (i) the scaling pa-
rameter, ae?/3, (ii) the dominant length scale of 3D turbu-
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lence, L3p, and (iii) the anisotropy parameter, I". An illustra-
tion of the offshore wind spectra recorded at FINO1 under
neutral atmospheric conditions is provided in Fig. 2. Here,
the measurements show three wind-component spectra for
U =13.5ms™! at z =81 m. It can be observed that the 3D
turbulence model alone cannot describe the low-frequency
fluctuations in # and v. Furthermore, the vertical velocity
component w has a negligible presence in the mesoscale tur-
bulence, hence the term 2D turbulence.

Given the parameters, 2D and 3D turbulent wind fields
can be generated based on the methods outlined in Syed and
Mann (2024b) and Mann (1998), respectively. To generate
the synthetic turbulent wind fields, we obtained the turbu-
lence model parameters from the FINOI test site in the Ger-
man North Sea. Stability data analysis from FINO1 for the
years 2007-2008 revealed that neutral conditions were preva-
lent more than 40 % of the time (Syed and Mann, 2024a).
Hence, in this study, only neutral conditions will be ana-
lyzed. To evaluate measured spectra, first, the high-frequency
10 Hz data from the ultrasonic anemometer were divided into
1 ms~! bins from cut-in to cut-out wind speeds (3-25ms™!)
of the IEA-15 MW reference wind turbine. The number of
1 h time series in each bin is shown in Fig. 4a. Thus, the total
number of hours processed is 6226. The spectra of all three
wind components were recorded for all 1h time series, and
for each wind speed bin, the power spectra of all three com-
ponents were averaged. This averaging ensures that the spec-
tra do not contain any random artifacts or non-stationarities
and are a true representation of neutral atmospheric condi-
tions at FINOI. The resulting spectra are displayed in Fig. 3.
Averaging makes the spectra smoother and more reliable for
calculating turbulence model parameters. 2D and 3D turbu-
lence models were fitted to the mean spectra for each wind
speed bin using the least-squares method. A summary of the
2D and 3D turbulence model parameters is shown in Fig. 4b—
f. Note that the 2D turbulence anisotropy parameter ¥ is
close to its isotropic value of 45° at all wind speeds. In con-
trast, the 3D turbulence anisotropy parameter I" linearly in-
creases with the wind speed. The 2D turbulence scaling pa-
rameter ¢ did not change significantly with the wind speed,
but the 3D turbulence scaling parameter ae?/3 showed an in-

. -2
crease proportional to U . Because these parameters are de-
rived from ensemble-averaged spectra over many hours per
bin (the lowest number of hours is 16 for U =24.5ms™!),
the standard error of the mean (SEM) (SEM measures the
dispersion of sample means around the true population mean)
is negligible for most of the parameters. Consequently, er-
ror bars are only plotted for  and L3p, where the SEM
was not so insignificant. To generate synthetic wind fields
for 2D turbulence, we need additional information about two
parameters: the boundary layer height z; and the length scale
of dominant mesoscales Lop. We assume a boundary-layer
height z; of 500m and a dominant mesoscale length scale
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Lop of 150km, since these values cannot be obtained from
the measurements.

2.3 Aero-elastic simulations

Load simulations were carried out using the HAWC2 aeroe-
lastic code developed at the Technical University of Den-
mark (DTU). The model is based on a multibody formu-
lation in which each component is represented as a Timo-
shenko beam, allowing bending and torsional deformation.
Pitch control and turbine operation were governed by the
DTU Wind Energy Controller (Meng et al., 2020) across
three wind speed regions: (i) 3-6.98 ms~! with constant ro-
tor speed at Srpm and torque controlled by a PI controller,
(i) 6.98-10.59 ms~! with optimal tip-speed ratio and zero
blade pitch, and (iii) 10.59-25ms~! where rotor speed is
limited to 7.55 rpm using a PI pitch controller. For the float-
ing configuration, a tower top velocity feedback loop was in-
cluded to mitigate pitch instability at rated conditions and
above.

To limit stochastic variability, 20 turbulence realizations
based on random seeds were generated for each of the 22
wind speed bins between 3-25 ms~!. We used the same ran-
dom seeds for the 2D turbulence fields as well as the un-
derlying 3D turbulence boxes. Turbulence boxes consisted
of Ny =32768 and Ny, = N, =128 grid points, with lon-
gitudinal spacing dependent on mean wind speed and con-
stant lateral and vertical spacing of dy = d, =4 m. This en-
sured lateral and vertical extents exceeding twice the rotor di-
ameter, avoiding periodicity effects (Mann, 1998; Syed and
Mann, 2024b). Three turbulence representations were con-
sidered: (i) 3D boxes containing only high-frequency fluctu-
ations, (ii) combined 2D+3D boxes including low-frequency
u and v components, and (iii) scaled 3D boxes adjusted to
match measured o, and o,. The unscaled 3D case under-
estimates velocity variance (Fig. 5), while the scaled case
compensates for missing low-frequency energy by amplify-
ing high-frequency content (Syed et al., 2024).

Wave effects were not investigated; therefore, identical
wave conditions were applied in all simulations using a
Pierson—-Moskowitz spectrum with Hy=1.83m and T, =
7.44s, corresponding to a wind speed near 12ms~!. The
complete simulation setup is summarized in Table 2.

3 Monopile configuration

3.1 Damage equivalent loads

Damage equivalent loads (DELSs) are evaluated for five mo-
ments: tower base fore—aft, tower base side-side, tower top
yaw, blade root flapwise, and blade root edgewise. The 1 Hz
DELs are computed by applying rainflow counting to the
cyclic load time series to obtain stress ranges S;, which are
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Figure 2. Wind velocity spectra measurements (blue dots) for U = 13.5 ms~! at z = 81 m from FINOI under neutral atmospheric condi-
tions. The 3D turbulence model (Mann spectral model) is fitted (dotted green lines) as well as the 2D—+3D turbulence model (dashed orange

lines) for u and v components.
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Figure 3. Mean spectra of hourly wind data as a function of frequency f for 1 ms~! wind speed bins (FINOL1, z = 81 m) for the three wind

components.

converted to DEL using (Syed et al., 2024):

DEL = (M)l/’" (1)

Neq

where N; denotes the number of cycles to failure for S;, neq
is the signal duration (3600s), and m is the Wohler expo-
nent (m = 4 for the steel tower and m = 10 for the compos-
ite blades). Figure 6 presents the mean 1 Hz DELs obtained
from 20 realizations at each wind speed. The influence of
the turbulence representation is evident for all five moments,
with the scaled 3D wind field producing the highest DELs
over most wind speeds. This indicates a greater contribu-
tion of high-frequency fluctuations to fatigue damage than
that of low-frequency turbulence. Relative to unscaled 3D
turbulence, inclusion of 2D turbulence increases DELs for
moments dominated by longitudinal loading, such as tower
base fore—aft (Fig. 6a) and blade root flapwise (Fig. 6d), with
a larger effect below rated wind speeds. In contrast, the ef-
fect of 2D turbulence on tower base side—side (Fig. 6b) and
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tower top yaw moments (Fig. 6¢) is small, while for blade
root edgewise moments (Fig. 6e) the 2D+3D case reduces
DELs above rated conditions. The main difference between
the rescaled 3D and the 2D+3D wind fields is how the vari-
ance is distributed across the frequency and rotor plane (their
total variance is the same). The rescaled 3D field amplifies
high-frequency fluctuations uniformly, which are spatially
incoherent across the rotor, while the 2D+3D field adds en-
ergy at low frequencies (below 2 x 10~ Hz), where the lon-
gitudinal wind component is coherent across the rotor plane.
At low wind speeds, when the pitch controller is not active,
spatially coherent fluctuations increase thrust, driving fore—
aft and flapwise moments. At wind speeds above the rated
wind speed, the pitch controller actively regulates rotor loads
and effectively attenuates the response to slow wind varia-
tions.

The variability in DELs arising from turbulent wind
stochasticity is shown in Fig. 7 through the standard devi-
ation across the 20 seeds. For tower base fore—aft and blade
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root flapwise moments, large variations are observed for the
2D+3D case at below-rated wind speeds. The tower base
side—side moment shows little sensitivity to the turbulence
input in either the mean or the standard deviation. For tower
top yaw and blade root edgewise moments, the 2D+3D tur-
bulence yields the lowest mean DELs and standard devia-
tions at most wind speeds. These results confirm that 2D tur-
bulence mainly affects fatigue loads associated with longi-
tudinal and out-of-plane moments, particularly below rated
wind speed, while reducing DELs for in-plane and torsional
moments. The higher seed-to-seed variability in DELs ob-
served for the 2D+3D case in Fig. 7, particularly at low

Wind Energ. Sci., 11, 3321-3336, 2026

wind speeds, is a consequence of the low-frequency nature
of the added turbulence. A simulation length of 1h con-
tains only a few cycles of fluctuations at periods approaching
500s. Whether a high-amplitude, low-frequency event oc-
curs within a given realization is therefore highly stochastic,
resulting in a large spread across seeds. This highlights that
more or longer simulations may be needed to obtain statis-
tically converged DEL estimates when low-frequency wind
fluctuations are included.
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A. H. Syed et al.: Dynamic response and loads analysis of a large offshore wind turbine

Table 2. Simulation setup.
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Turbulent wind fields types
Turbulence box grid points
Turbulence box grid spacing

Wind speeds 3-25ms™!
No. of random seeds 20
Simulation length

Simulation time step 0.01s
Output frequency 10Hz
Solver type Newmark
Wave field

(i) 3D, (ii) 2D+3D, (iii) 3D scaled to measured o, and oy
Ny =32768, Ny =N, =128
dx = (U - T)/ Ny where T is total simulation time, dy = dz =4m

T = 4000 s (includes 400 s initialization time)

Irregular, Pierson-Moskowitz spectrum (Hs = 1.83m, T = 7.445)

(a) Tower base fore-aft

(b) Tower base side-side

(c) Tower top yaw
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Figure 6. (Monopile IEA 15 MW) 1 Hz DELs of (a) tower base fore—aft, (b) tower base side—side, (c) tower top yaw, (d) blade root flapwise,
and (e) blade root edgewise moments. The values represent the mean of 20 simulations at each wind speed.

3.2 Dynamic response

The dynamic response of the tower base fore—aft moment
at three different wind speeds is shown in Fig. 8. These
wind speeds represent three different operating regions of
the wind turbine: below-rated speed, 4.5ms™!, rated wind
speed, 10.5 ms~ !, and above-rated wind speed, 16.5 ms L,
In the top row of Fig. 8, the full frequency response is shown
in terms of the power spectral density (PSD) of the tower
fore—aft moment. A peak corresponding to the monopile
tower’s first mode, i.e., 0.17 Hz, is visible at all three wind
speeds. At high frequencies, the scaled 3D turbulence re-
sulted in the highest response values. The impact of 2D tur-
bulence becomes significant at f < 2x 10~ Hz, correspond-
ing to a time period of 500s. The bottom row of Fig. 8
displays the PSDs in response to three wind fields at very
low frequencies on semi-log plots. The tower’s response to
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2D turbulence is significant at all wind speeds but becomes
strongest at the lowest wind speed, i.e., 4.5ms™!.

Figure 9 exhibits similar PSD plots but for the blade flap-
wise moment in response to different wind fields at three
distinct wind speeds. Here, the plots reveal three discernible
peaks that align with the 1P, 2P, and 3P rotor frequencies of
the turbine. As seen from the bottom row plots in Fig. 9, the
PSD of blade root moment in response to 2D turbulence be-
comes highest for f < 2 x 1073 Hz. Like the tower fore—aft
bending moment, the blade root flapwise moment response to
2D turbulence is most pronounced at the lowest wind speed.

4 Floating configuration

4.1 Damage equivalent loads

As in the monopile configuration, the highest DELs are ob-
tained with scaled 3D turbulence. Figure 10 displays the
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Figure 8. PSD of tower base fore—aft moment in response to 3D, 2D+3D, and scaled 3D turbulent wind fields (monopile configuration). The
top row shows the full frequency range, including the high-frequency response on a log—log plot. The straight vertical line at f =0.17Hz
intersects with the tower’s first mode peak. The bottom row zooms into the low-frequency response on a semi-log plot.

mean DEL values for the tower base, top, and blade root mo-
ments. The blade root flapwise and edgewise moments are
similar in magnitude to those in the monopile configuration.
However, the tower bending moments have increased signifi-
cantly in the floating configuration because of increased iner-
tial and gravity loads and a different tower design. Compared
to the unscaled 3D turbulence, the effect of 2D turbulence
is higher in the tower base fore—aft and blade root flapwise

Wind Energ. Sci., 11, 3321-3336, 2026

moments, especially at low wind speed values. The standard
deviation in DEL values among different turbulence seeds is
shown in Fig. 11. The highest standard deviation is in the
tower base moment DELs, while the lowest is observed in
the blade root edgewise moment. For the bending moments
resulting from longitudinal forces (fore—aft and flapwise), the
2D turbulence exhibits the highest standard deviation values
at low wind speeds.
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4.2 Dynamic response
4.2.1 Blade and tower loads
The blade root flapwise moment response of the floating [EA

15 MW wind turbine is shown in Fig. 12a. The response is
presented for two wind speeds, i.e., 4.5 and 10.5 ms~!. The
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full frequency range is visible in the first and third columns,
while the second and fourth columns provide a closer ex-
amination of the low-frequency range. In the full frequency
response, several distinct peaks can be observed. The most
notable peaks are the 1P and 2P rotor frequencies, while the
3P frequency has a smaller impact. The low-frequency range
reveals the impact of 2D turbulence on the flapwise moment.

Wind Energ. Sci., 11, 3321-3336, 2026
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(a) Tower base fore-aft
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(c) Tower top yaw
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Figure 11. Same as Fig. 10 but the values represent the standard deviation.

It can be observed that for f < 107> Hz, the response to 2D
turbulence exhibits a significantly higher magnitude than that
of 3D turbulence. At the lowest frequency presented in the
plots, the PSD values for the blade root flapwise moment un-
der the influence of 2D turbulence are almost 4 times higher
than those of 3D turbulence. Moreover, in terms of wind
speed, it is evident that the response under all turbulent fields
at low frequencies is more pronounced at 4.5ms~! as com-
pared to the response at 10.5ms™!.

The tower base fore—aft moment presents a similar be-
havior as the blade root flapwise moment. In the full fre-
quency range illustrated in Fig. 12b, a distinct peak corre-
sponds to the wave-induced loading at around 0.13 Hz. It is
worth noting that the first tower mode of the floating tower,
i.e., approximately 0.48 Hz, falls outside the rotor’s 1P-3P
frequency range to avoid resonance. In the low-frequency re-
sponse of the tower base fore—aft bending moment, the 2D
turbulence has the highest response. At the lowest frequency
analyzed in these plots, the tower base moment response to
2D turbulence is almost 3 times that of 3D turbulence.

The tower top yaw moment response for the IEA 15 MW
floating configuration is illustrated in Fig. 12c. Interestingly,
the tower top yaw response differs completely from the blade
root flapwise and tower base fore—aft moments. Here, the re-
sponse under 2D turbulence is also reduced at low frequen-
cies. This can be attributed to the influence of large-scale co-
herent structures interacting with the turbine rotor, thereby
decreasing torsional moments.

Wind Energ. Sci., 11, 3321-3336, 2026

4.2.2 Floating platform translational motions

The translational motion response of the IEA 15 MW float-
ing wind turbine platform to varying turbulent wind fields
at two different wind speeds is displayed in Fig. 13. In the
platform’s surge response (Fig. 13a), two distinctive peaks
corresponding to surge motion natural frequency and wave-
induced motion are visible. In the low-frequency range, the
impact of 2D turbulence is more pronounced at 4.5ms™!. At
10.5ms~!, the platform’s surge frequency shows a stronger
response than the low-frequency turbulent wind. In the case
of the platform’s sway motion exhibited in Fig. 13b, no sig-
nificant response at the low frequencies was observed. The
only observable peak in the PSD plot for the platform’s sway
motion corresponds to its natural frequency, i.e., 0.007 Hz. A
significant increase in the response at this peak was observed
as the wind speed increased from 4.5 to 10.5ms~!. The plat-
form’s heave motion, featured in Fig. 13c, is influenced by
the wave field and its natural frequency at approximately 0.13
and 0.05 Hz, respectively. Although the platform’s heave mo-
tion response is most pronounced at low frequencies under
2D turbulent wind, it did not exceed the responses at high
frequencies due to wave-induced forces and the natural fre-
quency.

4.2.3 Floating platform rotational motions

Figure 14 provides an insight into the floating platform rota-
tional motion response to different turbulent wind fields. The
response is illustrated specifically for wind speeds 4.5 and
10.5ms~!. In the platform’s roll motion (see Fig. 14a), the
most prominent peak corresponds to the natural frequency of
the roll motion. The PSD magnitude at all frequencies expe-
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Figure 12. (a) Blade root flapwise moment, (b) tower base fore—aft moment, and (c) tower top yaw moment response of the floating IEA
15 MW wind turbine under different turbulent wind fields. These responses are shown for two wind speeds, i.e., 4.5 and 10.5m s~ L. The first
and third columns represent the full frequency range on a log—log plot, while the second and fourth columns zoom into the low frequencies.
The vertical lines in the first row represent the 1P, 2P, and 3P frequencies of the rotor. In the tower base fore—aft moment, the waves and first

tower mode are also indicated.

riences a substantial increase as wind speed increases from
4.5t010.5ms™". It is noted that the impact of 2D turbulence
is insignificant compared to other sources of disturbance. The
platform’s pitch motion response, akin to the surge motion,
is shown in Fig. 14b. Here, wave-induced pitch motion gen-
erates a pronounced peak at approximately 0.12 Hz. How-
ever, at low frequencies, 2D turbulence exhibits the highest
response, with this response more pronounced at 4.5 ms™!
than at 10.5ms~!. Regarding the platform’s yaw motion, the
low-frequency response is relatively subdued, as indicated in
Fig. 14c. The most distinct peak in the platform’s yaw re-
sponse corresponds to the natural frequency of yaw motion,
and it increases almost 6 times in magnitude when the wind
speed is increased from 4.5 to 10.5ms™ .

4.2.4 Mooring line tension

The three mooring lines are attached to the floating plat-
form via fairleads (see Fig. 1b). Of the three mooring lines,
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only the response of the one directly facing the wind (wind-
ward) and waves is analyzed here, as it experiences the high-
est loading. The full frequency range response has several
distinct peaks, as illustrated in Fig. 15. For instance, the ex-
citation from the platform’s surge motion natural frequency
occurs at 0.007 Hz, while the peaks corresponding to waves
and first tower mode are present at around 0.12 and 0.48 Hz,
respectively. A few response peaks at frequencies exceed-
ing 1 Hz are also observed, albeit with relatively smaller
magnitudes. In the low-frequency region, it becomes evident
that 2D turbulence significantly contributes to the heightened
loading response, especially for frequencies below 107 Hz.
Similar to the responses observed in the platform’s surge
motion and tower’s fore—aft bending moment, the mooring
line tension responses induced by all three turbulent wind
fields decrease in magnitude at low frequencies with an in-
crease in wind speed from 4.5 to 10.5ms~!. However, an
increased response at approximately 0.009 Hz was observed

Wind Energ. Sci., 11, 3321-3336, 2026
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Figure 13. The response of the three translational motions, i.e., (a) surge, (b) sway, and (c) heave, of the semi-submersible platform to
different wind fields. These responses are illustrated for two wind speeds, i.e., 4.5 and 10.5 ms L. The first and third columns represent the
full frequency range on a log—log plot, while the second and fourth columns zoom into the low frequencies.

at 10.5ms™!, which corresponds to the natural frequency of
surge motion.

5 Discussion

The presence of a large coherence in the longitudinal wind
component (u) at frequencies below 1073 Hz led to substan-
tial tower base fore—aft and blade root out-of-plane bend-
ing moment loads for both fixed and floating wind turbines.
The increase in DELSs for these two moments was more pro-
nounced at lower wind speeds, when the pitch regulation
of the controller was not active. Furthermore, when the tur-
bulent wind field consisted of 2D+3D turbulence, the load
variation was more prominent for these moments. In con-
trast, the in-plane moments, namely the tower base side—side
and blade root edgewise moments, decreased at higher wind
speeds. The torsional moment, i.e., tower top yaw moment,
decreased at all wind speeds in the 2D-+3D turbulence case.
This can be attributed to the presence of more coherent tur-
bulence structures in the rotor plane in 2D turbulence, which
leads to lower twisting moments.

Wind Energ. Sci., 11, 3321-3336, 2026

Notably, tower fore—aft and blade root bending moments
showed a stronger response at low frequencies for both fixed-
and floating-turbine designs. These responses closely mir-
rored the wind spectra’s behavior at low frequencies, indi-
cating greater energy in low-frequency fluctuations at lower
wind speeds than at higher wind speeds. In the case of plat-
form motion responses in the floating wind turbine, surge and
pitch displacements were most excited at low frequencies.
These responses even exceeded the natural frequency excita-
tion responses for surge and pitch motions at a wind speed
of 4.5ms~!. Consequently, the fairlead tension of the wind-
ward mooring line increased significantly, more so at lower
wind speeds and less so at higher wind speeds, when the plat-
form’s surge natural frequency became the dominant factor.

An interesting topic of investigation is whether system-
atic changes in the anisotropy () of 2D turbulence struc-
tures have any implications for DELs? The dominant drivers
of thrust-induced loading on the tall wind turbines are pri-
marily the variance (022D) and the spatial coherence of the
wind components (mainly u) across the rotor disk. The co-
herence is mainly governed by Lop rather than the anisotropy

https://doi.org/10.5194/wes-11-3321-2026
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Figure 14. The response of the three rotational motions of the semi-submersible platform to different wind fields, i.e., (a) roll, (b) pitch, and
(c) yaw. These responses are shown for two wind speeds, i.e., 4.5 and 10.5 ms~!. The first and third columns represent the full frequency
range on a log—log plot, while the second and fourth columns zoom into the low frequencies.
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Y since for horizontal coherent structures with Lop 3> Diotor
(more than 500 times), the rotor is always embedded with a
single eddy regardless of its horizontal shape. Oblate struc-
tures, where ¢ < 45°, would result in increased v fluctua-
tions and thus a higher lateral coherence affecting side—side
and yaw moments, and vice versa. However, these variations
in ¥ would have only a negligible effect on DEL due to the
extremely large size of the structures in 2D turbulence. A
dedicated sensitivity study of Lyp and ¥ on DELs would
be valuable and is recommended as future work, particularly
because measurements at sites with stronger atmospheric
stability stratification or in other marine environments may
yield stronger anisotropy (Syed and Mann, 2024a).

The simulation setup utilized in this study deviates from
the IEC standard in several aspects. The standard recom-
mends specific values of the L3p and I parameters of the
Mann turbulence model. According to the standard, the
length scale parameter L3p = 0.8A, where A is the turbu-
lence scale parameter. For hub heights greater than 60 m,
A =42 m, which suggests a length scale L3p = 29.4 m. The
anisotropy parameter I' is fixed at 3.9, and the energy dissipa-
tion parameter o€/ is scaled to the target turbulence inten-
sity (TI). These values are chosen to best match the Kaimal
spectral model. However, Syed and Mann (2024a), Chougule
et al. (2010), Sathe et al. (2013) have highlighted the strong
dependence of these parameters on atmospheric stability. The
use of these set parameters may not give the best match with
measured spectra (also seen in Fig. 4). A consequence is an
inaccurate estimation of the simulated loads and turbine re-
sponses. In this study, we used the parameters obtained by
fitting the measured spectra to the Mann turbulence model.

Furthermore, the IEC standards recommend linear de-
trending of measured wind data before calculating the stan-
dard deviation of the longitudinal wind component. Dim-
itrov et al. (2017) noted that detrending causes the reduc-
tion in low-frequency content of a wind time series, result-
ing in reduced standard deviation. Although we applied crite-
ria to remove extremely non-stationary time series (see Syed
and Mann, 2024a), we did not apply linear detrending be-
fore evaluating the measured spectra. The resulting spectra
have large energy in the # and v components at low frequen-
cies, even though the time series were considered stationary.
Typically, 10 min time series are used in design load case
(DLC) studies, which the standard turbulence models cap-
ture very well, especially for onshore turbines. However, the
low-frequency wind fluctuations important for offshore wind
turbines are not observable in a short time series. Therefore,
we used the 1 h time series to capture the low-frequency part
of the wind spectrum as comprehensively as possible.

Finally, it is essential to note that the present study covers
only the normal operating mode of the wind turbine and does
not account for extreme turbulence events, such as ramp-like
increases in wind speed associated with large-scale mete-
orological processes, as investigated by Hannesdéttir et al.
(2019). The study presented here can be closely associated
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with DLC 1.2 in IEC standards, which focuses on evaluat-
ing fatigue loads from normal operation. The misalignment
between wind and waves can also have a significant impact
on the dynamic response of a floating offshore wind tur-
bine, as investigated by Li et al. (2020). Here, we did not
delve into this aspect since our primary focus was to exam-
ine the aerodynamic response to wind turbulence. A wind-
speed-dependent wave climate would provide more represen-
tative DEL estimates and could also affect the dynamic re-
sponse of the floating wind turbine, especially at higher wind
speeds when wave loading may dominate wind loading. We
acknowledge this limitation and recommend that future work
incorporate wind-speed-dependent wave conditions in aeroe-
lastic simulations to improve the reliability of the results.

6 Conclusions

This study investigates the impact of low-frequency wind
turbulence on the damage equivalent loads and dynamic re-
sponse of the IEA 15 MW reference wind turbine. A model
for low-frequency anisotropic wind fluctuations was em-
ployed to simulate wind fields resembling those of the ma-
rine atmosphere. Low-frequency wind turbulence was com-
bined with high-frequency wind turbulence simulated by the
Mann uniform shear model to span a wide frequency range.
The model parameters were obtained from 1 h spectra mea-
surements at the FINO1 offshore research site in the North
Sea. It was observed that the Mann turbulence model under-
estimated the flow turbulence at low frequencies, resulting in
reduced standard deviation of the # and v wind components.
The response of the IEA 15 MW wind turbine was inves-
tigated under three different wind fields: (i) a 3D turbulent
wind field that underestimates the # and v turbulence at low
frequencies, (ii) a 2D+3D turbulent wind field that accu-
rately models also the low-frequency wind fluctuations, and
(iii) a scaled 3D turbulent field that mimics the 3D turbu-
lent field but is scaled up to match the measured standard
deviation of the # and v wind components. The simulations
were performed using the HAWC?2 aeroelastic code for each
wind speed between the cut-in and cut-out wind speeds. Both
fixed- and floating-turbine designs were considered.
Damage equivalent load (DEL) assessments were per-
formed for five moments: tower base fore—aft, tower base
side—side, tower top yaw, blade root flapwise, and blade root
edgewise moments. The scaled 3D turbulence resulted in the
highest DEL for all five moments, indicating a greater impact
of high-frequency turbulence on DEL than low-frequency
turbulence. Compared with the unscaled 3D turbulence, the
highest DELs were observed for the tower fore—aft and blade
root flapwise moments at low wind speeds with the 2D+4-3D
turbulence model. We observed strong coherence in the lon-
gitudinal wind component at low frequencies in the wind
fields simulated by the 2D+3D turbulence model. This also
resulted in reduced torsional moments acting on the rotor, as

https://doi.org/10.5194/wes-11-3321-2026



A. H. Syed et al.: Dynamic response and loads analysis of a large offshore wind turbine

evidenced by the lower DEL values at the tower top yaw mo-
ment in this case. A similar trend was observed in the float-
ing wind turbine, except that the magnitude of DEL for tower
moments was almost twice as large due to a different tower
design.

The dynamic response of the moments due to longitudi-
nal forces showed behavior similar to that of the wind spec-
tra. This includes the tower fore—aft and blade root flap-
wise moments. A heightened response of these moments was
observed for frequencies below 2 x 1073 Hz in the case of
2D+3D turbulence. However, this response was less pro-
nounced at high wind speeds than at low wind speeds. Addi-
tionally, the rigid-body motion response of the floating plat-
form was investigated in this study. It was observed that out
of the six floating platform motions, only surge and pitch mo-
tions significantly responded to 2D turbulence. At a low wind
speed of 4.5ms~!, both surge and pitch motion showed a
pronounced response to low-frequency wind turbulence. This
response was attenuated at 10.5 ms~!, and in the case of the
surge motion, the natural frequency response overshadowed
it. Furthermore, the fairlead tension in the windward mooring
line also increased at low frequencies in response to 2D-+3D
turbulence.

These results show that for large offshore wind turbines,
the effect of low-frequency wind fluctuations can not be ig-
nored. This study demonstrates the importance of accurately
simulating low-frequency wind fluctuations to effectively as-
sess the wind turbine’s response.

Code availability. The 2D turbulence simulation pro-
gram to generate 2D wind fields is available at
https://doi.org/10.5281/zenodo.12202047 (absywind, 2024).

Data availability. The authors do not have permission to share the
data referenced in this article. The ultrasonic measurements from
FINOL1 are the property of UL International GmbH.

Author contributions. AHS, AH, and JM conceptualized and de-
signed the study. AHS and AH designed the objectives. AHS per-
formed the simulations, analyzed the data, and wrote the first draft
of the article. AH and JM reviewed and edited the whole article.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Wind Energy Science. The peer-review
process was guided by an independent editor, and the authors also
have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-

https://doi.org/10.5194/wes-11-3321-2026

3335

ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. The authors of this article express their
gratitude to David Robert Verelst and the HAWC2 team of DTU
Wind Energy for providing the much-needed support and guidance
to run the HAWC?2 simulations.

Financial support. Funding for AHS and JM’s work comes from
Equinor ASA and from Atmospheric FLow, Loads and pOwer for
Wind energy (FLOW, HORIZON-CL5-2021-D3-03-04, grant num-
ber 101084205), funded by the European Union.

Review statement. This paper was edited by Claudia Brunner
and reviewed by two anonymous referees.

References
absywind: absywind/2D_turbulence_simulation:
General (Version v1.0), Zenodo [software],

https://doi.org/10.5281/zenodo.12202047, 2024.

Allen, C., Viscelli, A., Dagher, H., Goupee, A., Gaertner, E.,
Abbas, N., Hall, M., and Barter, G.: Definition of the
UMaine VolturnUS-S Reference Platform Developed for the
IEA Wind 15-Megawatt Offshore Reference Wind Tur-
bine, Tech. rep., National Renewable Energy Laboratory,
https://doi.org/10.2172/1660012, 2020.

Bachynski, E. E. and Eliassen, L.: The effects of coherent structures
on the global response of floating offshore wind turbines, Wind
Energy, 22, 219-238, https://doi.org/10.1002/we.2280, 2019.

Cheynet, E., Jakobsen, J. B., and Reuder, J.: Velocity spectra and
coherence estimates in the marine atmospheric boundary layer,
Bound.-Lay. Meteorol., 169, 429-460, 2018.

Chougule, A., Mann, J., Segalini, A., and Dellwik, E.: Spec-
tral tensor parameters for wind turbine load modeling from
forested and agricultural landscapes, Wind Energy, 18, 1-12,
https://doi.org/10.1002/we.1709, 2010.

Davenport, A.: The prediction of the response of structures to gusty
wind, Safety of Structures under Dynamic Loading, 1, 257-284,
1977.

Dimitrov, N., Natarajan, A., and Mann, J.: Effects of nor-
mal and extreme turbulence spectral parameters on
wind turbine loads, Renew. Energ., 101, 1180-1193,
https://doi.org/10.1016/j.renene.2016.10.001, 2017.

Doubrawa, P., Churchfield, M. J., Godvik, M., and Sirni-
vas, S.: Load response of a floating wind turbine to tur-
bulent atmospheric flow, Appl. Energ.,, 242, 1588-1599,
https://doi.org/10.1016/j.apenergy.2019.01.165, 2019.

Eliassen, L. and Andersen, S.: Investigating coherent struc-
tures in the standard turbulence models using proper or-
thogonal decomposition, J. Phys. Conf. Ser., 753, 032040,
https://doi.org/10.1088/1742-6596/753/3/032040, 2016.

Gaertner, E., Rinker, J., Sethuraman, L., Zahle, F., Anderson, B.,
Barter, G., Abbas, N., Meng, F., Bortolotti, P., Skrzypinski, W.,

Wind Energ. Sci., 11, 3321-3336, 2026



https://doi.org/10.5281/zenodo.12202047
https://doi.org/10.5281/zenodo.12202047
https://doi.org/10.2172/1660012
https://doi.org/10.1002/we.2280
https://doi.org/10.1002/we.1709
https://doi.org/10.1016/j.renene.2016.10.001
https://doi.org/10.1016/j.apenergy.2019.01.165
https://doi.org/10.1088/1742-6596/753/3/032040

3336

Scott, G., Feil, R., Bredmose, H., Dykes, K., Shields, M.,
Allen, C., and Viselli, A.: Definition of the IEA Wind 15-
Megawatt Offshore Reference Wind Turbine Technical Report,
Tech. rep., National Renewable Energy Laboratory, US and DTU
Wind Energy, Denmark, https://doi.org/10.2172/1603478, 2020.

Hannesdéttir, A., Kelly, M., and Dimitrov, N.: Extreme wind
fluctuations: joint statistics, extreme turbulence, and im-
pact on wind turbine loads, Wind Energ. Sci., 4, 325-342,
https://doi.org/10.5194/wes-4-325-2019, 2019.

IEC: IEC 61400-1 Ed4: Wind Turbines — Part 1: Design Re-
quirements, Standard, International Electrotechnical Commis-
sion, Geneva, Switzerland, ISBN: 9782832279724, 2019.

Jonkman, B.: Turbsim User’s Guide v2. 00.00, Natl. Re-
new. Energy Lab, https://www.nlr.gov/docs/libraries/wind-docs/
turbsim_v2-00-pdf.pdf, (last access: 2 September 2026) 2014.

Kaimal, J. C., Wyngaard, J. C., Izumi, Y., and Coté, O. R.: Spec-
tral characteristics of surface-layer turbulence, Q. J. Roy. Meteor.
Soc., 98, 563-589, 1972.

Li, X., Zhu, C., Fan, Z., Chen, X., and Tan, J.: Effects of the yaw
error and the wind-wave misalignment on the dynamic charac-
teristics of the floating offshore wind turbine, Ocean Eng., 199,
106960, https://doi.org/10.1016/j.oceaneng.2020.106960, 2020.

Mahfouz, M. Y., Molins, C., Trubat, P., Hernandez, S., Vi-
gara, F., Pegalajar-Jurado, A., Bredmose, H., and Salari, M.:
Response of the International Energy Agency (IEA) Wind
15MW WindCrete and Activefloat floating wind turbines to
wind and second-order waves, Wind Energ. Sci., 6, 867-883,
https://doi.org/10.5194/wes-6-867-2021, 2021.

Mann, J.: The spatial structure of neutral atmospheric surface-layer
turbulence, J. Fluid Mech., 273, 141-168, 1994.

Mann, J.: Wind field simulation, Probabilist. Eng. Mech., 13, 269—
282, 1998.

Mendoza, N., Robertson, A., Wright, A., Jonkman, J., Wang, L.,
Bergua, R., Ngo, T., Das, T., Odeh, M., Mohsin, K., Flavia, F. F.,
Child, B., Bangga, G., Fowler, M., Goupee, A., Kimball, R.,
Lenfest, E., and Viselli, A.: Verification and validation of
model-scale turbine performance and control strategies for
the IEA Wind 15 MW reference wind turbine, Energies, 15,
https://doi.org/10.3390/en15207649, 2022.

Meng, F.,, Lio, W. H., and Barlas, T.. DTUWEC: an open-source
DTU Wind Energy Controller with advanced industrial features,
J. Phys. Conf. Ser., 1618, 022009, https://doi.org/10.1088/1742-
6596/1618/2/022009, 2020.

Wind Energ. Sci., 11, 3321-3336, 2026

A. H. Syed et al.: Dynamic response and loads analysis of a large offshore wind turbine

Niranjan, R. and Ramisetti, S. B.: Insights from detailed numerical
investigation of 15 MW offshore semi-submersible wind turbine
using aero-hydro-servo-elastic code, Ocean Eng., 251, 111024,
https://doi.org/10.1016/j.oceaneng.2022.111024, 2022.

Nybg, A., Nielsen, F.,, and Godvik, M.: Analysis of turbulence
models fitted to site, and their impact on the response of a
bottom-fixed wind turbine, J. Phys. Conf. Ser., 2018, 012028,
https://doi.org/10.1088/1742-6596/2018/1/012028, 2021a.

Nybg, A., Nielsen, F. G., and Godvik, M.: Quasi-static response of a
bottom-fixed wind turbine subject to various incident wind fields,
Wind Energy, 24, 1482-1500, https://doi.org/10.1002/we.2642,
2021b.

Nybg, A., Nielsen, F. G., and Godvik, M.: Sensitivity of the dy-
namic response of a multimegawatt floating wind turbine to
the choice of turbulence model, Wind Energy, 25, 1013-1029,
https://doi.org/10.1002/we.2712, 2022.

Ramos-Garcia, N., Gonzdlez Horcas, S., Pegalajar-Jurado, A., Kon-
tos, S., and Bredmose, H.: Investigation of the floating IEA wind
15-MW RWT using vortex methods Part II: Wake impact on
downstream turbines under turbulent inflow, Wind Energy, 25,
1434-1463, https://doi.org/10.1002/we.2738, 2022.

Rinker, J., Gaertner, E., Zahle, F., Skrzypiniski, W., Abbas, N.,
Bredmose, H., Barter, G., and Dykes, K.: Comparison of
loads from HAWC2 and OpenFAST for the IEA wind 15 MW
reference wind turbine, J. Phys. Conf. Ser., 1618, 052052,
https://doi.org/10.1088/1742-6596/1618/5/052052, 2020.

Saranyasoontorn, K. and Manuel, L.: Low-dimensional represen-
tations of inflow turbulence and wind turbine response using
proper orthogonal decomposition, Journal of Solar Energy En-
gineering, 127, 553-562, 2005.

Sathe, A., Mann, J., Barlas, T., Bierbooms, W., and Van Bussel, G.:
Influence of atmospheric stability on wind turbine loads, Wind
energy, 16, 1013-1032, 2013.

Syed, A. H. and Mann, J.: A model for low-frequency, anisotropic
wind fluctuations and coherences in the marine atmosphere,
Bound.-Lay. Meteorol., 190, 1, https://doi.org/10.1007/s10546-
023-00850-w, 2024a.

Syed, A. H. and Mann, J.: Simulating
wind fluctuations, Wind Energ. Sci.,, 9,
https://doi.org/10.5194/wes-9-1381-2024, 2024b.

Syed, A. H., Hannesdéttir, A., and Mann, J.: Impact of low-
frequency fluctuations on loads of a fixed-bottom offshore
reference wind turbine, J. Phys. Conf. Ser., 2767, 052041,
https://doi.org/10.1088/1742-6596/2767/5/052041, 2024.

low-frequency
1381-1391,

https://doi.org/10.5194/wes-11-3321-2026


https://doi.org/10.2172/1603478
https://doi.org/10.5194/wes-4-325-2019
https://www.nlr.gov/docs/libraries/wind-docs/turbsim_v2-00-pdf.pdf
https://www.nlr.gov/docs/libraries/wind-docs/turbsim_v2-00-pdf.pdf
https://doi.org/10.1016/j.oceaneng.2020.106960
https://doi.org/10.5194/wes-6-867-2021
https://doi.org/10.3390/en15207649
https://doi.org/10.1088/1742-6596/1618/2/022009
https://doi.org/10.1088/1742-6596/1618/2/022009
https://doi.org/10.1016/j.oceaneng.2022.111024
https://doi.org/10.1088/1742-6596/2018/1/012028
https://doi.org/10.1002/we.2642
https://doi.org/10.1002/we.2712
https://doi.org/10.1002/we.2738
https://doi.org/10.1088/1742-6596/1618/5/052052
https://doi.org/10.1007/s10546-023-00850-w
https://doi.org/10.1007/s10546-023-00850-w
https://doi.org/10.5194/wes-9-1381-2024
https://doi.org/10.1088/1742-6596/2767/5/052041

	Abstract
	Introduction
	Data and methodology
	Wind turbine data
	Synthetic turbulent wind field generation
	Aero-elastic simulations

	Monopile configuration
	Damage equivalent loads
	Dynamic response

	Floating configuration
	Damage equivalent loads
	Dynamic response
	Blade and tower loads
	Floating platform translational motions
	Floating platform rotational motions
	Mooring line tension


	Discussion
	Conclusions
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

