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Assessing scale-dependent aeroelastic load responses of 5 MW and 22 MW 

wind turbines under varying atmospheric stability

Nirav Dangi∗ iD, Jurij Sodja iD, Dominic von Terzi iD, Wei Yu

Delft University of Technology (TU Delft), Aerospace Engineering, Delft, 2629 HS, the Netherlands

H I G H L I G H T S

• Rotor-eddy interactions are investigated for a 5 MW and a 22 MW wind turbine.

• Novel use of wavelet coherence and cross power enables verification of findings in a physical manner.

• A new measurement-validated atmospheric-stability aware synthetic wind field framework is employed alongside IEC Kaimal wind field.

• For large turbines, IEC framework fails to model critical atmospheric structures, which are effectively addressed by the new framework.

• Effects of flexibility and reduced natural frequencies of the larger turbine, are shown to be secondary, in comparison to effects of rotor-eddy interactions.
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A B S T R A C T

The upscaling of wind turbines has extended rotor-swept areas into the atmospheric boundary layer, several 

hundred meters above the surface layer. Traditional wind field models have relied on neutral surface-layer char­

acteristics. Recent research emphasizes incorporating atmospheric stability and dynamics at higher altitudes, 

as larger turbines experience greater load variations due to eddies comparable in size to the rotor, causing 

non-uniform inflow.

This study evaluates a measurement-validated coherence model for aeroelastic analysis of a 5MW and a 

22MW turbine. The model characterizes atmospheric stability using tuned coefficients and is applied alongside 

stability-dependent spectral wind field models. Six seeds of 30 minute simulations were conducted for each wind 

turbine model ranging from near cut-in to near cut-out wind speed, in intervals of 1m/s, using on one hand, the 

proposed coherence model with stability-dependent spectra and on the other hand, the IEC Kaimal coherence 

model.

Aeroelastic results reveal distinct turbine responses to atmospheric stability. The trends of higher tower fore–

aft bending moments in unstable conditions and lower moments in stable conditions, together with increased 

blade-root flapwise moments at above-rated wind speeds under stable, high-shear conditions, are captured.

Wavelet analysis confirms that larger turbines face greater load variations because eddies are smaller than the 

rotor, whereas smaller turbines experience more uniform frequency-time correlations with hub-height velocity. 

Simulations with flexible and rigid blades and towers indicate that flexibility effects are secondary to eddy size and 

coherence. Overall, it is demonstrated that simple stability-dependent empirical coherence and spectral models 

can effectively replicate the commonly observed impact of atmospheric stability on wind turbine loads. 

1 . Introduction

Since the early 2000s, the expansion of installed wind power capacity 

has been accompanied by a pronounced shift toward larger wind tur­

bine designs, characterised by higher hub heights and longer blades, to 

leverage economies of scale. The enlargement of rotor diameters enables 

turbines to sweep larger areas, experience higher wind speeds, cap­

ture more kinetic energy, and consequently generate more 5electricity. 

Between 2001 and 2021, the median rotor diameter increased by 104%, 

from 76 m to 155 m, while the median rated power (PR) rose by 175%, 

from 2 MW to 5.5 MW [1,2]. By 2024, offshore wind turbines connected 

to the grid exhibited an average rated power of 10.1 MW, with the 
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\begin {equation}\label {kaispeceqn} \frac {fS_{k}(f)}{\sigma _{k}^{2}}=\frac {4fL_{K}/V_{hub}}{{(1+6fL_{K}/V_{hub})}^{5/3}}\end {equation}
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\begin {equation}\label {nablsabloelu} \frac {fS_{u}}{u_{*,0}^{2}}=\frac {79(f_{r}/q)}{1+263{(f_{r}/q)}^{5/3}}{\left (\frac {\phi _{e}}{q}\right )}^{2/3}\end {equation}
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\begin {equation}\label {phieeqn} \phi _{e}^{2/3}=1+2.5{(z/L_{M-O})}^{0.6},\,\,\,\,\,0<z/L_{M-O}<2\end {equation}
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\begin {equation}\label {coheqn} \gamma =\underbrace {\frac {\operatorname {Re}\left [S_{x y}(f)\right ]}{\sqrt {S_{x x}(f) S_{y y}(f)}}}_{\text {co-coherence }}+ \underbrace {\frac {\text {Im}\left [S_{x y}(f)\right ]}{\sqrt {S_{x x}(f) S_{y y}(f)}}}_{\text {quad-coherence }}\end {equation}
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\begin {equation}\begin {aligned} \gamma ^{2}_{z} &= \exp \!\left [-a_{z} \left ( {\left (f \frac {\Delta z}{V}\right )}^{\beta _z} + {\left (0.05\frac {\Delta z}{L_{c,{\textrm {IEC}}}}\right )}^{\beta _z} \right )\right ], \\[3pt] \gamma ^{2}_{y} &= \exp \!\left [-a_{y} \left ( {\left (f \frac {\Delta y}{V}\right )}^{\beta _y} + {\left (0.05\frac {\Delta y}{L_{c,{\textrm {IEC}}}}\right )}^{\beta _y} \right )\right ] \end {aligned} \label {proposedcohmodeleqn}\end {equation}
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largest installed units—rated at 14.7 MW and featuring a 222 m ro­

tor diameter—operating at the Moray West offshore wind farm [3]. In 

contrast, the average rated power of offshore turbines commissioned in 

2014 was 4.2 MW [3].

The continued upscaling of wind turbines necessitates a critical 

reassessment of existing design certification requirements and the rep­

resentation of atmospheric inflows encountered by these larger ma­

chines. The current wind turbine design standard established by the 

International Electrotechnical Commission (IEC) [4,5] prescribes two 

main spectral approaches for simulating wind fields: the semi-physical 

Mann model [7,8] and the Kaimal model, which employs a modified 

form of Kaimal autospectrum [9] in conjunction with a modified ver­

sion [10] of Davenport’s exponential coherence formulation [11]. Both 

models were originally developed for the atmospheric surface layer and, 

as such, do not fully capture the complex flow dynamics present within 

the atmospheric boundary layer at higher altitudes. Moreover, they as­

sume neutral atmospheric stability, whereas offshore environments are 

frequently characterised by non-neutral stratification [12–14]. It should 

be noted that the original Kaimal spectrum did involve a dependence 

on measurement height (𝑧), wind speed, and atmospheric stability, by 

means of z∕LM-O, where LM-O is the Monin-Obukhov length [15–17]. The 

LM-O is generally connected to a dimensional analysis of the equation 

of turbulent kinetic energy and the ratio of the buoyancy and shear­

ing effects [18–20]. Several other spectral models are available in the 

literature. Some of these spectral models were studied, evaluated, and 

enhanced in [21,22].

Currently, the IEC design standards do not explicitly account for 

non-neutral atmospheric conditions in wind turbine load assessments. 

In practice, the Mann model parameters are often tuned to site-specific 

atmospheric spectra [4] to represent various stability regimes, despite 

the model being formulated under neutral conditions. Conversely, the 

IEC guidelines prescribe the IEC-Kaimal model with a spectrum and 

coherence model defined strictly for neutral stability.

The study in [12] presents a comparative analysis of velocity spectra 

and vertical coherence estimates in the marine ABL. Their study utilises 

measurements recorded up to 81.5m. A part of their study compares 

the measured velocity spectra with existing spectral models and pro­

vides a table of fitted parameters for the models. These parameters were 

provided extensively as functions of both measured altitude and stabil­

ity. Furthermore, the two-parameter IEC coherence model was fitted to 

the vertical coherence estimates, and the parameters were found to be 

exponential functions of atmospheric stability. However, they find the 

fit to be reliable only for ranges of −2 < z∕LM-O < 0.2, whereas the 

stability bins were defined between −2 < z∕LM-O < 2. This suggests 

the need for further investigation of the positive regime encompassing 

near-neutral-stable to very stable conditions, in addition to assessing the 

fit parameters for higher altitude wind measurements. It is also worth 

noting that the impact of the coherence and spectral model parameters 

obtained was not investigated; therefore, it remains unclear what effect 

these updated parameters have on wind loads.

Existing literature has shown the non-negligible impact of atmo­

spheric stability on wind turbine loads. Two of the earliest detailed 

aeroelastic studies focusing on the impact of atmospheric stability on 

wind turbine loads can be considered as [23,24]. In [24], the authors 

report the impact of different wind shear and turbulence in differently 

stratified wind fields on the rotor and tower blades. They provide in­

tuitive insights about the expected impact of larger eddies in the flow. 

This reasoning enables a widespread understanding that, as the rotor 

diameter increases, the largest eddies in the flow lead to greater non-

uniformity across the rotor, whereas they may appear uniform to a 

smaller rotor. Nevertheless, a detailed physical explanation or valida­

tion of these interactions, especially across wind turbines of different 

sizes, is not yet available, and many studies have reported only the fi­

nal impact on loads. In [25,26], the atmospheric stability impact on a 

floating wind turbine was studied. In [27], the study involved assessing 

the impact of atmospheric stability on the loads of a 6MW spar-type 

floating wind turbine. They compared simulation results with obser­

vations and found that load differences across atmospheric conditions 

were more pronounced in observations than in simulations. They at­

tribute this, in part, to the lateral coherence modelling. Recently, in [28], 

the authors used Spectral Proper Orthogonal Decomposition (SPOD) to 

understand the impact of coherent structures in different ABLs, on a 

22MW wind turbine’s loads. The differences between coherence from 

high-fidelity simulations and that from the IEC Kaimal model were high­

lighted. However, the extension of the IEC Kaimal model was left for 

future work.

More recently, also focusing on large wind turbines, the authors in 

[29] assess the impact of turbulence inhomogeneity on a 22MW wind 

turbine. They do this by modifying the coherence of the Mann model 

using a weighted average of coherence in the standard homogeneous 

wind fields. They report a non-negligible impact on tower loads under 

inhomogeneous wind fields. However, this methodological assumption 

was only a choice and was noted as a limitation by the authors. They 

recommended validating this approach with site-specific coherence es­

timates and the resulting aeroelastic impact. Moreover, in their study, 

the Østerild test site data were used, which is an onshore site. In [30], 

the Syed-Mann model [31] was used with FINO1 site data, which has 

measurements only up to 100 m altitude. Lastly, a recent study [32], rel­

evant to large wind turbines, utilised load measurements from a 15MW 

wind turbine and compared them with loads obtained from simula­

tions using the Mann model with site-specific parameters. They conclude 

that overall agreement is good, with differences between measurements 

and simulations of around 3 standard deviations, but they note differ­

ences of up to 11 standard deviations in key wind-speed regions and 

in non-neutral atmospheres. They attribute these differences to incor­

rect estimates of vertical coherence from the model and wind shear 

assimilation. The lateral coherence, more relevant for aeroelastic predic­

tions, was not measured in the study; hence, some differences remained 

unexplained. This recent literature indicates that no study has utilised 

coherence estimates from measurements at altitudes up to 300 m for the 

aeroelastic assessment of large wind turbines.

Motivated by these gaps, the authors recently proposed a new, 

measurement-validated, atmospheric-stability-dependent empirical co­

herence model in [33]. This model was tested on measurements [34,35] 

at high altitudes upto 287m and lateral separations upto 241m. This 

framework coupled with the use of stability-varying empirical spec­

tral formulations [21,22] enables generating wind fields with improved 

physical realism while maintaining computational efficiency. In con­

trast, although the Mann model offers greater physical fidelity, it re­

quires parameter fitting and computationally intensive field-generation 

procedures—still far less demanding than large-eddy simulations (LES) 

of the atmospheric boundary layer but more than empirical spectral ap­

proaches for grid cells lower than 64 × 64. While numerous studies have 

explored the performance of the Mann model at different sites, compar­

atively little to no research has focused on developing and evaluating a 

new formulation with the same framework and computational ease as 

the Kaimal-based approach, to account for stability effects. It can also 

be noted that the IEC 61400-13 standard for load verification [6] does 

not account for variations in turbulence spectral models and advises 

only the freestream wind profile and turbulence intensity. This leads 

to the IEC Kaimal model being the preferred choice due to its simplicity 

[29]. Therefore, the proposed semi-empirical framework in this study 

provides a crucial, simplified approach for engineering load simulations 

at the design stage.

This study addresses the aforementioned research gaps by evaluat­

ing the stability-dependent empirical coherence model proposed by the 

authors [33] for aeroelastic simulations. The coherence model is ap­

plied in conjunction with existing stability-dependent spectral models. 

Simulations are performed across the operational range, from near cut-

in to near cut-out wind speeds, for both the NREL 5MW [36] and the 

IEA 22MW wind turbine [37], in representative neutral, stable, and un­

stable synthetic inflow wind fields. Accordingly, the study addresses the 
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following research questions: (1) What are the aeroelastic load trends 

when an empirical stability-dependent coherence model and spectra 

are employed? (2) How and why does the impact of this model differ 

between a smaller (5MW) and a larger (22MW) wind turbine?

2 . Methods

The study primarily employs three methods: first, inflow turbulence 

generation; second, aeroelastic load simulation and analysis; and third, 

wavelet analysis. Each method is described in detail in the following 

sections.

2.1 . Inflow turbulence generation

Inflow turbulence can be generated using various methods (see [38]). 

In line with IEC standards, this study employs synthetic wind field 

generation based on Fourier techniques. The focus is on improving 

the straightforward methodology, as in the IEC-Kaimal model with the 

IEC-Kaimal spectrum.

Fourier techniques for generating inflow turbulence are based on 

synthesising turbulence as a set of harmonic functions using Fourier 

analysis. Typically, the procedure involves using Fourier modes with 

random phases and a target wind-field energy spectrum to generate spa­

tially uncorrelated wind-field fluctuations. Next, a coherence function 

is introduced, and the spatial correlation information is added using 

Cholesky decomposition [39]. Lastly, the desired mean wind profile is 

added to the fluctuations, resulting in a temporally (using target spec­

tra) and spatially (using target coherence function) correlated wind 

field, albeit with random phases. The details of the former are given 

in Section 2.1.1 and the latter is explained along with the proposed 

coherence model in Section 2.1.2.

2.1.1 . Spectral models

The IEC standard specifies the use of the IEC-Kaimal spectrum along 

with the Kaimal coherence function. The IEC-Kaimal spectrum, as noted 

previously, is intended for neutral atmospheric conditions. The Kaimal 

spectrum is given by Eq. (1). 

𝑓𝑆𝑘(𝑓 )
𝜎2𝑘

=
4𝑓𝐿𝐾∕𝑉ℎ𝑢𝑏

(1 + 6𝑓𝐿𝐾∕𝑉ℎ𝑢𝑏)
5∕3

(1)

In Eq. (1), 𝑓  is the frequency in Hertz (Hz), Sk is the spectrum of the kth

velocity component, where k ∈ (1, 2, 3), for the u, v, and the w component 

respectively. The stream-wise velocity at hub-height (zhub) is given by 

Vhub. Next, the IEC standard specifies a parameter resembling a length 

scale, LK, not to be confused with the turbulence integral length scale 

(denoted later as L). This parameter is further dependent on a scale 

parameter Λ as shown in Eq. (2). 

Λ = min(0.7𝑧hub, 42),

𝐿𝑢 = 8.1Λ,

𝐿𝑣 = 2.7Λ,

𝐿𝑤 = 0.66Λ.

(2)

Lastly, the 𝜎K parameter controls the desired standard deviation of the 

corresponding velocity component. Upon choosing the 𝜎u, Eq. (3) is used 

in accordance with the IEC standards. 

𝜎𝑣 = 0.8𝜎𝑢,

𝜎𝑤 = 0.5𝜎𝑢
(3)

A few comments can be made on the formulation of the IEC-Kaimal spec­

trum shown in Eq. (1). Firstly, a dependence of the spectrum on altitude 

is absent, excluding the scaling differences obtained for altitudes below 

and above 42m using the parameter Λ (Eq. 2). Furthermore, the formu­

lation does not explicitly distinguish between atmospheric stabilities. An 

implicit dependence can be achieved if one modifies the 𝜎k parameter 

for different atmospheric stabilities. However, it becomes clear that this 

approach will not allow for a change in the energy distribution across 

frequencies, which would resemble stratification. These limitations do 

not allow for capturing non-neutral conditions using Eq. (1). Hence, 

it is worthwhile to investigate the impact of using stability-dependent 

spectral models in comparison to the IEC-Kaimal formulation.

As mentioned previously, out of the several existing spectral models, 

this study utilises the models from [21,22]. These spectral models are 

also part of the open-source code NREL TurbSim [40] and can be used by 

the user upon choosing the Risø  SMOOTH terrain model. The formulations 

for the neutral and stable atmospheric stratification are shown in Eqs. (4) 

to (6), separately for the u, v, and the w components, respectively. 

𝑓𝑆𝑢

𝑢2∗,0
=

79(𝑓𝑟∕𝑞)

1 + 263(𝑓𝑟∕𝑞)
5∕3

(

𝜙𝑒
𝑞

)2∕3
(4)

𝑓𝑆𝑣

𝑢2∗,0
=

13(𝑓𝑟∕𝑞)

1 + 32(𝑓𝑟∕𝑞)
5∕3

(

𝜙𝑒
𝑞

)2∕3
(5)

𝑓𝑆𝑤

𝑢2∗,0
=

3.5(𝑓𝑟∕𝑞)

1 + 8.6(𝑓𝑟∕𝑞)
5∕3

(

𝜙𝑒
𝑞

)2∕3
(6)

The parameter fr is the reduced frequency which is given by fr =
fz∕U ∈ (u, v,w). The surface friction velocity, u∗,0, is used to scale the 

spectrum, unlike the 𝜎K scaling in Eq. (1). Lastly, the atmospheric sta­

bility dependence is achieved by inputting the parameters 𝜙𝑒 and 𝑞, 

which depend on the altitude and LM-O, as shown in Eqs. (7) and (8), 

respectively. 

𝜙2∕3
𝑒 = 1 + 2.5(𝑧∕𝐿𝑀−𝑂)

0.6, 0 < 𝑧∕𝐿𝑀−𝑂 < 2 (7)

𝑞 = 𝜙𝑚 = 1 + 4.7𝑧∕𝐿𝑀−𝑂 (8)

In Eq. (7), 𝜙e is a dimensional turbulence energy dissipation rate, as de­

fined in [9]. In Eq. (8), 𝜙m is the dimensionless velocity gradient, and 

the factor q is connected to it as in [41]. As evident from the above 

formulations, one needs to choose a suitable LM-O. In this study, the 

atmospheric stability and LM-O are chosen as per [42]. For a stable at­

mosphere, LM-O = 350 is used and LM-O = 1010 is used for the neutral 

atmosphere. Next, the unstable atmosphere spectral formulations are 

given in Eqs. (9) to (11), separately for the u, v, and the w components, 

respectively. 

𝑓𝑆𝑢

𝑢2∗,0
=

0.5𝑓𝑖
1 + 2.2𝑓 5∕3

𝑖

(

𝑧𝑖
−𝐿𝑀−𝑂

)2∕3
+

105𝑓𝑟𝑟𝑢
(1 + 33𝑓𝑟𝑟𝑢)

5∕3

(1 − 𝑧∕𝑧𝑖)
2

(1 + 15𝑧∕𝑧𝑖)
2∕3

(9)

𝑓𝑆𝑣

𝑢2∗,0
=

0.95𝑓𝑖
1 + 2𝑓 5∕3

𝑖

(

𝑧𝑖
−𝐿𝑀−𝑂

)2∕3
+

17𝑓𝑟𝑟𝑣
(1 + 9.5𝑓𝑟𝑟𝑣)

5∕3

(1 − 𝑧∕𝑧𝑖)
2

(1 + 2.8𝑧∕𝑧𝑖)
2∕3

(10)

𝑓𝑆𝑤

𝑢2∗,0
= 𝐹 (𝑓𝑟, 𝑧∕𝑧𝑖)

0.95𝑓𝑖
1 + 2𝑓 5∕3

𝑖

( 𝑧𝑖
−𝐿

)2∕3
+

2𝑓𝑟
(1 + 5.3𝑓𝑟)

5∕3
(1 − 𝑧∕𝑧𝑖)

2 (11)

In the equations above for the unstable atmosphere spectrum, one may 

note that these comprise two terms. The spectral formulation is given 

as a sum of spectra for the low- and high-wavenumber regions. Two 

additional dimensionless frequencies are introduced for the u and the v
component given as frru, and frrv, respectively, in Eq. (12). Additionally 

a filter function, F(fr, z∕zi) is prescribed for the w component. 

𝑓𝑟𝑟𝑢 =
𝑓𝑟

1 + 15𝑧∕𝑧𝑖

𝑓𝑟𝑟𝑣 =
𝑓𝑟

1 + 2.8𝑧∕𝑧𝑖

𝐹 (𝑓𝑟, 𝑧∕𝑧𝑖) =

[

𝑓 2
𝑟 + (0.3𝑧∕𝑧𝑖)

2

𝑓 2
𝑟 + 0.152

]1∕2

(12)
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In these spectral formulations, the parameter zi is introduced, typically 

referred to as the boundary layer height or the inversion layer height. 

Additionally, a dimensionless frequency in relation to this height is de­

noted by fi =
fzi

U∈(u,v,w) . From above formulations, it is evident that one 

should choose appropriate values for the zi and LM-O resembling an un­

stable atmosphere. Once again, as per [42], LM-O = −350 is chosen and 

zi = 2000m is chosen.

A few comments can be made about the extensive spectral formu­

lations listed for the neutral, stable, and unstable stratification. Firstly, 

it is clear that a dependence on atmospheric stability is accounted for, 

which enhances the wind field. Secondly, the friction-velocity scaling is 

achieved for the spectrum, which may be more realistic than the implicit 

turbulence scaling. Thus, one should note that using the equations from 

[21,22], the 𝜎K, the standard deviation of the different velocity com­

ponents, is obtained after wind field generation, and one should then 

apply a uniform scaling factor based on the desired standard deviation. 

The chosen standard deviation is discussed later in Section 3. Thirdly, 

the atmospheric inhomogeneity arises because the spectral formulations 

depend on altitude. Lastly, it should be noted that, due to a lack of high-

quality measurements at higher altitudes, this spectral formulation is 

intended only for the lower part of the atmospheric boundary layer. 

In [40], it is noted to be applicable up to 120m, which still does not 

encompass all the altitudes swept by the larger wind turbines.

2.1.2 . Coherence models

The synthetic wind field generation by Fourier methods involves the 

use of coherence function(s) to add spatial coherence to the wind field. 

A mathematical coherence formulation was used to assess the coherence 

of the obtained wind field. The co-coherence, quad-coherence, and root-

coherence were computed (Eq. (13), where f is the frequency). These 

refer to the real part, imaginary part, and amplitude of a two-point cross-

spectrum, respectively, normalised by the product of power spectra for 

each point [43]. 

𝛾 =
Re

[

𝑆𝑥𝑦(𝑓 )
]

√

𝑆𝑥𝑥(𝑓 )𝑆𝑦𝑦(𝑓 )
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

co-coherence 

+
Im

[

𝑆𝑥𝑦(𝑓 )
]

√

𝑆𝑥𝑥(𝑓 )𝑆𝑦𝑦(𝑓 )
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

quad-coherence 

(13)

The magnitude-squared coherence as shown in Eq. (14) will be 

presented and discussed later in this study, mainly because the quad-

coherence is known to have a negligible influence on aeroelastic loads 

[44]. 

𝛾2 =
|𝑆𝑥𝑦(𝑓 )|

2

(𝑆𝑥𝑥(𝑓 )𝑆𝑦𝑦(𝑓 ))
(14)

All estimates of 𝛾2 are later provided using the Welch method [45] with 

7 segments, 50% overlap, and a Hann window function. A simple mov­

ing average filter over 5 points smoothed the resulting co-coherence 

estimates.

The IEC coherence (𝛾2IEC) function for an arbitrary separation r is 
given in Eq. (15) [4,46]. 

𝛾2IEC(𝑟, 𝑓 ) =
⎛

⎜

⎜

⎝

exp
⎛

⎜

⎜

⎝

−12

√

(

𝑓 ⋅ 𝑟
𝑉hub

)2
+
(

0.12 ⋅ 𝑟
𝐿𝑐,IEC

)2⎞
⎟

⎟

⎠

⎞

⎟

⎟

⎠

2

(15)

where f is the frequency in Hz, r represents the length of the projec­

tion of the vector that separates the two points onto a plane that is 

perpendicular to the average direction of the wind, 𝐿𝑐  is the coherence 

scale parameter as defined for the u component in Eq. (2), and 𝑉ℎ𝑢𝑏 is 
the stream-wise velocity at the hub height. Three drawbacks of this for­

mulation were addressed while developing a new empirical coherence 

model, which will be discussed below. Firstly, it can be noted that in 

Eq. (15), there is no distinction between atmospheric stability. Secondly, 

the model does not allow for anisotropy because the formulation is 

Table 1 

Proposed lateral coherence model fit parameters for the 𝑢 and 𝑣 components. 

The acronyms “NABL”, “SABL”, “USABL” stand for neutral, stable, and unstable 

ABL.

Atmospheric stability 𝑎𝑦 𝛽𝑦

𝑢 comp. 𝑣 comp. 𝑢 comp. 𝑣 comp.

NABL 35 9 1.16 1.00

SABL 8 8 0.81 0.88

USABL 39 11 1.36 1.24

meant to be applied for any arbitrary separation r rather than using 

different model parameters for different directions. Thirdly, the formu­

lation does not differentiate between coherence for different velocity 

components. This is because the formulation is originally intended only 

for the u component, and its use for other components is not specified.

Hence, the aim was to address these drawbacks while remaining in­

spired by the IEC formulation for its ease and flexibility. Another source 

of inspiration was the Shiotani-Iwatani coherence function [47]. The 

proposed coherence model was developed, calibrated, and compared 

against measurements from [34,35], as detailed in [33]. The proposed 

coherence function(s) are shown in Eq. (16) and the final interpolated 

coherence function is shown in Eq. (17) (Table 1).

𝛾2𝑧 = exp

[

−𝑎𝑧

(

(

𝑓 Δ𝑧
𝑉

)𝛽𝑧
+
(

0.05 Δ𝑧
𝐿𝑐,IEC

)𝛽𝑧
)]

,

𝛾2𝑦 = exp

[

−𝑎𝑦

(

(

𝑓
Δ𝑦
𝑉

)𝛽𝑦
+
(

0.05
Δ𝑦

𝐿𝑐,IEC

)𝛽𝑦
)]

(16)

𝛾2𝑦𝑧 = exp

⎡

⎢

⎢

⎢

⎢

⎢

⎣

−

√

√

√

√

√

√

√

√

√

√

[

𝑎𝑦((𝑓
Δ𝑦
𝑉

)
𝛽𝑦

+ (0.05
Δ𝑦

𝐿𝑐,IEC

)
𝛽𝑦
)
]
2

+ …

+
[

𝑎𝑧((𝑓
Δ𝑧
𝑉

)
𝛽𝑧

+ (0.05 Δ𝑧
𝐿𝑐,IEC

)
𝛽𝑧
)
]
2

⎤

⎥

⎥

⎥

⎥

⎥

⎦

(17)

2.2 . Wavelet transform and coherence

Wavelet analysis enables the decomposition of a time series into 

a time-frequency space. Thus, one can determine both the dominant 

modes of variability and how those modes vary in time [48]. Wavelet 

analysis offers time–frequency localisation, capturing transient or non-

stationary features that Fourier analysis smooths over. The classical 

version of the Heisenberg uncertainty principle implies that there is 

always a trade-off between localisation in time and frequency [49]. 

Fourier analysis provides a global frequency decomposition that is ideal 

for stationary, periodic signals, but lacks temporal information. Wavelets 

thus enable adaptive, multi-scale representations, whereas Fourier meth­

ods give fixed-resolution spectral information. Wavelet analysis has been 

found to be a powerful tool in several fields, such as finance [50,51], 

geophysics [49,52], and more specifically for atmospheric influence on 

wind turbine loads [53,54].

For a general background on wavelets and wavelet transforms, the 

reader is referred to [48,49]. In this study, wavelet coherence and 

wavelet cross power are employed to enable a more detailed analysis of 

the results. Given the quasi-stationary nature of the wind fields consid­

ered here—i.e., lacking significant non-stationarity—replacing Fourier 

analysis entirely with wavelet analysis would not provide substantial ad­

ditional benefit. However, substituting spectral coherence (Eq. 13) with 

wavelet coherence provides significantly greater insight, as it captures 

cross-correlation between two signals in both time and frequency do­

mains, rather than solely in frequency space as in Fourier analysis. It can 

also be noted that the standard frequency-domain analysis of wind tur­

bine loads is well established in the existing literature- for instance, the 
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Fig. 1. Key physical parameters after post-processing the LiDAR measurements. The parameters are shown in box-and-whisker plots at different atmospheric stabilities. 

N stands for neutral, S stands for stable, U stands for unstable, prefix NN stands for near neutral, and prefix V stands for very. Boxes show the median and interquartile 

range; whiskers show non-outlier extremes, and outliers are marked with ‘+’.

importance of low frequency coherence on aeroelastic loads [28,44,55]. 

Hence, to gain more unique insights into the aeroelastic phenomenon, 

wavelet analysis has been used in the present study.

With the estimation of the continuous wavelet transform (CWT) at 

hand, one can obtain the cross wavelet transform (XWT) between two 

signals, x, and y, as W𝑥𝑦 = W𝑥W𝑦∗. The cross-wavelet power can be eval­

uated as |W𝑥𝑦
|, which reveals regions of high common power. Similar to 

Eq. (14), one can obtain the wavelet coherence by replacing the Fourier 

transform with the wavelet transform- in practice, a smoothing operator 

is also utilised, for which the reader is referred to [48]. In this study, the

MATLAB functions cwt and wcoherence were used for the results.

Wavelet coherence was applied to velocity signals and wind turbine 

load measurements, enabling the identification of when and how of­

ten these quantities are correlated. Additionally, wavelet cross power 

is evaluated to identify regions of amplified shared power between the 

signals.

3 . Simulation setup

This study employs the spectral wind field generation method de­

veloped by Shinozuka and Deodatis [56] and incorporates necessary 

modifications to the open-source MATLAB code from [57] to facilitate 

the desired coherence and spectral formulations. This open-source code 

[57] was originally used in [58] and demonstrated computational effi­

ciency, as noted in [59]. It was also recently used and validated in [60]. 

It can also be noted that for wind energy applications, spectral wind 

fields were first presented and applied by Veers [61].

Both, the reference NREL 5MW wind turbine (rated wind speed of 

11.4m/s) [36] and the larger offshore reference IEA 22MW wind tur­

bine (rated wind speed of 11m/s) [37] were used to demonstrate the 

capabilities and the impact of the coherence model on two vastly dif­

ferent wind turbines, both, in terms of flexibility (for instance, due to 

the increased blade flexibiility, and lower natural frequencies for the 

larger wind turbine) and size. The NREL 5MW wind turbine operates at 

a rated rotor speed of 12.1RPM, whereas the IEA 22MW wind turbine 

operates at 7.06RPM. This rated rotor speed corresponds to a 1P fre­

quency of 0.2Hz, and 0.12Hz respectively. The approximate minimum 

rotor speed during the simulations was 9RPM for the NREL 5MW wind 

turbine and 3RPM for the IEA 22MW wind turbine. This implies a rough 

range of turbine rotational frequency as 0.15 < P5MW < 0.2Hz, and 

0.05 < P22MW < 0.12Hz.

The range of hub-height wind speeds chosen were 6.5m/s to 20.5m/s 

in steps of 1m/s. Operational regions very close to the cut-in and cut-

out wind speeds (𝑢∞,hub ≤ 5.5m/s and 𝑢∞,hub ≥ 21.5m/s) were excluded 

because these regions showed large aeroelastic load standard deviations 

across seeds. A total of 6 seeds were used at each wind speed. The simu­

lation time of each seed was 2048 s of which the first 248 s were discarded 

as initial transients. This leads to a 30minute simulation period for each 

seed (note that the IEC recommends a 10minute simulation period for 

each seed). The spectral formulations and coherence models discussed 

in Section 2 were utilised. Synthetic wind fields resembling neutral, sta­

ble, and unstable atmospheres were simulated alongside the IEC-Kaimal 

coherence model-based wind field. Hence, a total of 2 × 15 × 6 × 4 =
720 simulations were run and analysed. Having noted the differences in 

the IEC-Kaimal spectrum (Eq. 1), and the neutral atmosphere spectrum 

(Eqs. (4) to (6)), the IEC-Kaimal coherence model was used with the neu­

tral atmosphere spectrum, to avoid differences in aeroelastic response 

due to energy spectrum.

As mentioned previously, a choice of the desired mean wind pro­

file must be made. The mean wind profiles were chosen as wind fields 

varying with altitude according to the power-law formula as shown in 

Eq. (18), where 𝛼 is the wind shear exponent. 

U(z) = U(zhub)
(

z∕zhub
)𝛼

(18)

Here, the neutral atmosphere was modelled as a wind field with 𝛼 = 0.2, 

a stable atmosphere with 𝛼 = 0.25, and an unstable atmosphere with 

𝛼 = 0.1. It can be noted that the use of power law wind shear was made 

in line with the IEC guidelines [5] and neglects the Monin-Obukhov 

similarity theory (MOST) based wind shear. However, for the purposes 

of this study, either method could be used without affecting the final 

conclusions, as the key aspect to be captured was wind shear, alongside 

accurate coherence and energy spectra for different boundary layers.

Additionally, to ensure representative turbulence intensities across 

the different stratifications, the desired turbulence intensity must be se­

lected. For this purpose, the measurements from [34,35], which were 

also used for the tuning of the proposed coherence model, were pro­

cessed, and some key parameters were extracted, as shown in Fig. 1. 

The reader is referred to [35] for details on the measurement setup.

Firstly, the turbulence intensity (TI) during the measurement periods 

was assessed as shown in Fig. 1(a). The TI was calculated as 100 × 𝜎u∕u, 

where the time-average of the stream-wise component u and the stan­

dard deviation of the stream-wise component 𝜎u, were calculated over 

the available 20minute time duration. It can be noted that for a sta­

ble (S) atmosphere, the median TI is approximately 4 %, while for a 

neutral (N) and an unstable (US) atmosphere, the median TI is approx­

imately similar at 8 %. These were the values utilised for the desired 

hub-height turbulence intensity in the synthetic wind fields. Next, the 

stream-wise turbulence integral length scales Lx,int were calculated with 

the formulations described in [62] and shown in Eq. (19). 

L𝑥 = 𝑢̄ ⋅ ∫

𝑡
(

𝑅𝑖(𝑡)=0
)

𝑡=0
𝑅𝑖(𝑡)d𝑡

L𝑦 = ∫

+∞

0
𝑅𝑖(Δ𝑦),dΔ𝑦

(19)
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Table 2 

Atmospheric-stability–dependent coherence model simulation setup.

Parameter NABL SABL USABL IEC

Wind Turbines NREL 5 MW, and IEA 22 MW

𝑢∞,ℎ𝑢𝑏 6.5–20.5 m/s (1 m/s step, 15 cases)

Random Seeds 6

Energy Spectrum Atmospoheric-stability-dependent spectral models

Coherence Model Proposed coherence model IEC–Kaimal

Mean Wind Shear (𝛼𝑝𝑜𝑤) 0.2 0.25 0.1 0.2

Hub-Height TI 8% 4% 8% 8%

Wind Fields per Class 15 wind speeds × 6 seeds = 90
Total Wind Fields 2 wind turbines × 4 coherence models × 90 = 720

Simulation Time 2048 s per seed; first 248 s discarded (30 min usable)

In Eq. (19), Ri is the single-sided auto-covariance function of the 

fluctuating wind velocity, that is, the de-trended velocity signal. Lx was 

computed on the basis of the integration up to the first zero-crossing 

[63] of Ri. The L𝑦 was computed by an integral of an exponential de­

cay function to approximate the correlation coefficients as a function of 

span-wise separation [62]. The results of L𝑥 are shown in Fig. 1(b). One 

can think of the turbulence integral length scale as the size of the eddies 

containing the highest energy.

The values of Lx in Fig. 1(b) indicate the expectation that the stable 

atmosphere has the lowest integral length scales due to, for instance, 

the lack of active turbulence mixing. Once again, owing to the similar 

turbulence, the neutral and unstable atmospheres are seen to feature 

similar median integral length scales. However, the more outliers in the 

unstable case are once again evident. The cause of the outliers in the 

stable atmosphere remains unclear. This might be due to lower sampling 

frequencies than desired for more accurate estimation of such quantities, 

or to the measurement equipment (in the case of [34,35], LiDARs).

Finally, to reduce noise in the observed parameters, a systematic 

parameter-fitting procedure was applied to the velocity spectrum using 

the Mann model. The fit parameters were also provided by the authors 

of [34,35], of which, the LM is hereby reported, in Fig. 1(c). It is now 

clearer that the stream-wise integral length scales in the stable atmo­

sphere are about half of those in the neutral and unstable atmosphere. 

The higher range of length scales in the unstable atmosphere is also clar­

ified. These trends in length scales will aid in demonstrating the realism 

of the generated synthetic wind fields and their corresponding aeroe­

lastic impact. A final summary of the simulation setup is provided in 

Table 2.

3.1 . Inflow profiles

The wind shear, the turbulence shear, and the integral length scales 

of the stream-wise component in the generated wind fields are shown in 

the respective figures of Fig. 2. From this point onwards, the IEC nomen­

clature is used for the IEC-Kaimal coherence model-based wind field, 

and NABL, SABL, and USABL are used for neutral, stable, and unstable 

atmospheric wind fields, with the above-discussed inputs and the coher­

ence and spectral formulations and parameters described earlier. The 

wind shear normalised by the hub-height stream-wise velocity, shown 

in Fig. 2(a) was used for the near cut-in to near cut-out wind speed sim­

ulations. The planar-averaged turbulence shear is shown in Fig. 2(b). It 

may be noted that the wind shear exponent values chosen are only a few 

representative values that the wind turbine will be exposed to. One may 

consider it worthwhile to conduct a sensitivity analysis on the aeroelas­

tic impact; however, this is not the scope of this study. The reader is 

referred to [64] for insights into this matter. As mentioned previously, 

the desired hub-height TI for the stream-wise component was 8 % for 

the neutral and unstable atmosphere, while 4 % for the stable atmo­

spheric wind fields, based on the previously discussed measurements. 

The higher TI in the unstable atmosphere compared to the neutral at­

mosphere is evident and may have some relevance to the aeroelastic 

impact to a certain extent. This difference was inherent in the spectral 

formulations used alongside the coherence functions. One should thus 

scale the resulting wind-field TI only with respect to a target point, here, 

the hub-height. Scaling each point to the desired value destroys spatial 

coherence; thus, it is not applied here. In summary, it can be noted that 

the presented and utilised turbulence intensity (TI) variation against al­

titude is a (uniformly scaled) output of the model, not an input to the 

model. The model is constrained by a target TI at hub height; a global 

scaling factor (as also recommended by the IEC guidelines [5]) is de­

rived from the ratio of this target value to the unscaled model output at 

the same elevation. This factor is then applied uniformly across the al­

titude range, ensuring the profile is anchored to the desired hub-height 

conditions while preserving the model’s predicted vertical gradient.

Lastly, Fig. 2(c) shows the span-wise integral length scales (L𝑦
𝑢) in the 

wind field. It is observed that the USABL wind field features the highest 

integral length scales, followed by NABL and the SABL wind fields. These 

trends are in line with the remarks discussed by means of Fig. 1. The IEC 

wind field generally has integral length scales similar to or lower than 

those of both the NABL and SABL wind fields.

3.2 . Spectral features

The higher-order statistics of the wind field are briefly discussed here 

to highlight differences among various atmospheric wind fields. Firstly, 

the frequency-multiplied energy spectra of the different wind speed com­

ponents at the hub-height of the NREL 5MW wind turbine are shown in 

Fig. 3. It is evident that the energy distribution in the unstable and sta­

ble atmosphere spectra is notably different from the neutral atmosphere 

spectrum. It is also noted once again that the choice was made to use the 

neutral atmosphere spectra in the IEC-Kaimal coherence model-based 

wind fields; thus, the minor differences in spectral content of the IEC 

and NABL wind fields in Fig. 3, are primarily due to numerical factors.

Due to the lower turbulence in stable atmospheric wind fields, the 

stable atmosphere spectrum has approximately half the energy at all 

frequencies for all velocity components. The unstable atmosphere fea­

tures higher energy than the neutral atmosphere at frequencies greater 

than 10−2 Hz. However, it is worth noting that these features may vary 

slightly with the altitude analysed and with different inputs of LM-O and 

zi, among other factors. With this discussion, one can thus appreciate 

the differences in energy spectra between the atmospheres, which will 

inherently lead to different wind turbine aeroelastic responses.

Next, the coherence in the wind field is assessed. The estimates 

from the generated wind fields are presented, where it may be recalled 

that the proposed coherence model was validated in an earlier study 

[28] with measurements. In Fig. 4, the coherence is presented for the 

stream-wise component. This visualisation serves as validation of the 

implementation of synthetic wind field generation and helps illustrate 

differences in the atmosphere that are not captured by the current sim­

plistic IEC Kaimal coherence formulation and parameters. The 𝛾2uu for 

measurement points laterally separated by a separation distance of 20m 

is assessed for in Fig. 4(a) and for a lateral separation of 60m in Fig. 4(b). 

The four subplots show the values at different altitudes, ranging from 

55m to 175m. As expected, the coherence decreases with increasing 

separation distance. Among the different atmospheres, the unstable at­

mosphere has the highest coherence, along with the highest integral 

length scales, and coherence generally decreases from unstable to neu­

tral to stable. This is also consistent with existing literature, for example, 

[12,27,28,44,65]. The IEC-Kaimal coherence function generally shows 

the least coherence at frequencies below 0.01Hz. Similarly, it can be 

noted that the use of the proposed coherence formulation and parame­

ters, as intended, yields different coherence values, especially at lower 

frequencies below 0.1Hz, while it performs similarly to the IEC-Kaimal 

coherence function otherwise.  Next, for the cross-stream component, 

the 𝛾2vv is shown in Fig. 5, for measurement points laterally separated 

by 20m and 60m, in Fig. 5(a) and (b), respectively. The cross-stream 

component coherence is seen to be higher than the stream-wise com­

ponent, given the lateral separation being assessed. Larger differences 
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Fig. 2. Synthetic wind field inflow profiles. These are plotted after planar averaging across different cross-stream locations and seed averaging across the six seeds.

Fig. 3. Frequency multiplied energy spectrum of velocity components in the synthetic wind field at z = zhub, and Uhub = 11.5m/s. These are plotted after planar 

averaging across different cross-stream locations and seed averaging across the six seeds.

are observed among the various atmospheres at different altitudes and 

separation distances. Once again, the IEC-Kaimal coherence estimate is 

the lowest. The 𝛾2vv is generally more important for wake meandering 

[66–68] than for wind turbine loads. However, the tower top side-side 

moment or the yaw bearing moment are sensitive to the cross-stream 

component coherence [60,64].

4 . Results and discussions

The aeroelastic simulations using the blade-element momentum the­

ory were conducted on the NREL 5MW (rated wind speed of 11.4m/s), 

and the IEA 22MW wind turbine (rated wind speed of 11m/s) in the 

wind fields generated as per details in Section 3. The open-source 

software NREL OpenFAST [69]—a widely used open-source software de­

veloped by the National Renewable Energy Laboratory (NREL)—was 

used for the aeroelastic simulations. The software has undergone 

decades of development and rigorous validation by the NREL team 

and the wider research community (for example, see [70–73]). The re­

sults presented in the main study were obtained using the ElastoDyn
structural module, which does not account for torsional degrees of free­

dom. While BeamDyn—which includes torsional effects—would provide 

higher-fidelity estimates of absolute load magnitudes (particularly for 

larger turbines), a comparative study is provided in Appendix A.1. This 

comparison demonstrates that ElastoDyn remains a computationally 

practical and valid choice for the specific scope and trends investigated 

here. The NREL ROSCO [74] controller with the provided input files was 

used to regulate the wind turbine control parameters. The aeroelastic 

simulations were conducted with a time step of 5ms and ran for 2048 s, 

with the first 248 s discarded as transient, as detailed earlier. The results 

of the six seed representatives and the physical understanding of the ob­

served results are detailed in this section. As highlighted earlier, the two 

chosen wind turbines differ vastly in both their flexibility characteristics 

and size. Thus, simulations were conducted in both a rigid state (see 

Appendix A.2) and a flexible state to clearly illustrate the effects.

4.1 . Aeroelastic analysis

The wind turbine load channels of interest chosen were the blade-

root flapwise bending moment (Mflap), tower bottom fore-aft bending 

moment (MTf-a
), and the tower top side-side moment (MTy

).

4.1.1 . Instantaneous variation

Firstly, the time-varying signals are shown to illustrate qualitatively 

the impact of different wind fields. This is shown for one seed of the 

below-rated operation at Uhub = 6.5m/s, as shown in Fig. 6. The first 

two subfigures present the instantaneous signals of interest for the NREL 

5MW wind turbine and the other two subfigures represent the instanta­

neous signals of interest for the IEA 22MW wind turbine. Focussing on 

Fig. 6(a) and (c), it is evident that Mflap(NREL 5MW), is more noisy than 

Mflap(IEA 22MW), despite the same sampling rate for the shown signals. 

This is attributed, first, to the lower rotational speed of the larger wind 

turbine. This discrepancy also illustrates the effect of rotational sampling 

on Mflap, and the larger turbine acts as a stronger filter for small-scale 

turbulence. This insight suggests that the largest eddies in the flow are 

now smaller than the rotor diameter of the larger turbine, and that the 

larger eddies are sampled slowly, while the largest eddies are larger or 

comparable to the diameter of the smaller turbine. This effect of rota­

tional sampling is not evident in the MT-fa shown in Fig. 6(b) and (d). 

This is because the MT-fa depends on the global thrust force generated 

and the dynamic moment generated from the high-energy eddies. 

4.1.2 . Standard-deviation of loads

Next, the standard deviation of load signals of interest is shown in 

Fig. 7. The top rows represent the metric of interest for the NREL 5MW 

wind turbine, and the bottom rows represent the metric of interest for 
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Fig. 4. Magnitude-squared coherence for the stream-wise (u) component at dif­

ferent lateral separations in the synthetic wind field at z = zhub m, and Uhub =
11.5m/s. These are plotted after planar averaging across different cross-stream 

locations and seed averaging across the six seeds.

the IEA 22MW wind turbine. Observing Fig. 7(a) and (d), one can note 

a general trend that the lower wind shear in the USABL leads to a re­

duced 𝜎Mflap
, in comparison to the other wind fields. It is also clear that 

the impact of this lower wind shear is higher on the larger wind turbine. 

The relative differences from the IEC wind field are shown in Fig. 8(a), in 

which up to −35% reduction is seen for the larger wind turbine, while up 

to −20% for the smaller wind turbine. Between the SABL and IEC wind 

fields, the expected impact is that higher wind shear leads to greater load 

deviation, as shown for the large wind turbine. For the smaller turbine, 

this is not observed, which may be due to the more contrasting effect 

of high wind shear but lower turbulence. Lastly, between the IEC and 

the NABL wind field, differences are visible, up to +10%, which implies 

a higher impact of higher coherence, given that the wind shear, energy 

spectra, and turbulence are similar in these two wind fields. At this stage, 

it can be hypothesised that the eddy sizes cause greater non-uniformity 

Fig. 5. Magnitude-squared coherence for the cross-stream (v) component at dif­

ferent lateral separations in the synthetic wind field at z = zhub m, and Uhub =
11.5m/s. These are plotted after planar averaging across different cross-stream 

locations and seed averaging across the six seeds.

for the larger wind turbine, while the smaller turbine experiences more 

uniform eddies. However, because the synthetic wind field generation 

uses random phases, it is not entirely accurate to say that the observed 

differences are due solely to the size or shape of eddies; rather, they are 

due to a similar phenomenon associated with higher coherence. This 

can, for instance, be due to the controller dynamics. It can also be stated 

that the impact of coherence is seen to be overshadowed by the impact 

of wind shear, since 𝜎Mflap
(USABL) << 𝜎Mflap

(NABL) while the coher­

ence in the USABL wind fields was higher than in NABL wind fields. 

The 𝜎MT-fa
 is shown in Fig. 7(b) and (e) for the 5MW, and the 22MW 

wind turbine, respectively. Generally, the expectation would be that the 

higher length scales in USABL wind fields lead to higher thrust and thus 

higher MT-fa. This is evident for both wind turbines. As MT-fa ∝ T, the 

relative differences in thrust (T) are shown as a proxy, in Fig. 8(b). It 

can be observed that 𝜎T(USABL) > 𝜎T(NABL) > 𝜎T(IEC) > 𝜎T(SABL), 
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Fig. 6. Instantaneous global blade and tower loads for the two wind turbines utilised in this study. These are shown for the aeroelastic response in one seed of the 

synthetic wind field at Uhub = 6.5m/s.

Fig. 7. Standard deviation of key load signals of the two wind turbines utilised in this study. The top row is for the NREL 5MW wind turbine and the bottom row is 

for the IEA 22MW wind turbine.

and similarly for the 𝜎MT-fa
. The SABL has the least deviation (−20%) 

because the turbulence level is half that of the other wind fields, and 

thus the larger dynamic impact due to coherence is overshadowed. In 

USABL and NABL, up to +20% difference is observed, and it is more 

pronounced for the larger wind turbine, despite similar turbulence lev­

els and, in the case of NABL, similar shear, compared to the IEC wind 

field. This is attributed to the larger length scales and greater coher­

ence. Thus, it should be stressed that despite the same wind shear and 

turbulence between the IEC and NABL wind field, differences in 𝜎T of 

up to +10% are seen for 5MW wind turbine and +20% for 22MW wind 

turbine. This will be further explained by means of wavelet analysis in 

Section 4.2.

Next, the 𝜎MT-y
 is shown in Fig. 7(c) and (f), for the 5MW, and 

the 22MW wind turbine, respectively. It can be observed that the most 

remarkable difference (up to −40%) is for the SABL wind field, in com­

parison to the other wind fields. This difference is primarily due to lower 

turbulence levels in the SABL wind field. Although differences in the v-

component coherence between the wind fields—and the IEC field, which 

does not originally define coherence for the v and w components (here 

the IEC KAI coherence for u component was applied to v component as 

well)—could in principle introduce deviations, this influence is largely 

masked by the changes in wind shear. As a result, the effect on the USABL 

wind fields is negligible.

The differences between the two wind turbines in terms of flexibil­

ity and size were noted, which may affect the above-observed relative 

differences. One more notable difference between the two wind turbine 

configurations is the geared drivetrain in the NREL 5MW wind turbine 

and the direct-drive drivetrain in the IEA 22MW wind turbine. This 

distinction could affect the aeroelastic comparison due to variations in 

structural natural frequency, drivetrain inertia, and mechanical drive­

train stiffness. The first of these is evaluated in the present study through 

simulations conducted using rigid configurations of both turbines. The 
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Fig. 8. Relative differences in load standard deviations in different wind fields, in comparison to the IEC Kaimal wind field. The subplots in each sub-figure indicate 

the relative difference of the load metric for the two, 5MW and 22MW wind turbines utilised.

latter two aspects have been previously analysed in [75], where a direct-

drive equivalent of the NREL 5MW turbine was compared with its 

original geared version in aeroelastic simulations. The results showed 

differences of ≤ 1% in blade and tower fatigue loads, while a more 

significant difference of ≥ 10% was observed only in low-speed shaft 

fatigue loads for the direct-drive configuration. Since the present study 

does not consider the low-speed shaft load channel, differences arising 

from drivetrain topology are not expected to significantly influence the 

current analysis. Finally, to evaluate the extent to which the observed 

differences between the two turbines arise from variations in structural 

flexibility, additional simulations were conducted under a rigid configu­

ration. This is presented in Appendix A.2 where it becomes evident that 

the effects of flexibility are secondary and the rotor-eddy scale effects 

are primary, thus strengthening the above-discussed findings. 

4.1.3 . Damage equivalent loads

Here, the quantifiable insights are provided by assessment of the 

mean-corrected damage equivalent loads (DELs). The method of [76] 

was used to calculate the DELs (Seq) using Eq. (20). 

𝑆𝑟,𝑒𝑞 =

⎛

⎜

⎜

⎜

⎝

∑𝑛
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(
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⎟

⎠

1
𝑚

(20)

Sr,i is the range (difference between maximum and minimum value) of 

the ith load cycle, and Sm,i is the mean of the ith load cycle. Neq was chosen 

as 107 [42] and Sm,eq as 0. Finally, to select Su, the authors propose 

evaluating it at different Smax∕Su ratios. This is helpful, for instance, 

because it is difficult to obtain a value of Su for composite materials. So, 

the value of Smax is used, corresponding to the maximum moment in the 

respective case, which is different for each wind speed bin. The value 

of Smax which corresponds to the maximum bending moment for the 

respective wind speed was chosen and 
Su

Smax
= 0.4 along with a Wöhler 

exponent of m = 10 for Mflap and m = 4 for MTf-a
 and MTy

 [77]. It 

is worth noting the use of the mean-corrected DEL formulation, unlike 

other studies that ignore mean loads. The impact of mean-correction is 

shown to be significant [77].

The absolute DELs for the NREL 5MW and the IEA 22MW wind tur­

bine are shown in Fig. 9. It can be seen from Fig. 9(a) and (c), that 

the DELMflap
 is generally lower for the USABL wind field, in compari­

son to the other wind fields. It is once again noted that this is the case 

for near-rated to above-rated conditions, and the impact of higher coher­

ence is evident at the below-rated wind speeds. Another observation that 

can be made is that for the IEA 22MW wind turbine DELMflap
(SABL) ≈

DELMflap
(NABL), instead of it being higher as was found to be the case 

for 𝜎Mflap
. This can be attributed to the mean-load impact on the com­

puted DEL. Between the IEC and the NABL wind field, differences of up 

to +10% are seen for the NABL wind field, especially at below-rated wind 

speeds, as shown by the relative differences in Fig. 10(a). This is espe­

cially true for the larger IEA 22MW wind turbine. This will be further 

analysed by wavelet analysis in Section 4.2.

Next, in regard to the DELMT-fa
 shown in Fig. 9(b) and (d), it 

can be noted that the trend DELMT-fa
(USABL) > DELMT-fa

(NABL) >
DELMT-fa

(IEC) > DELMT-fa
(SABL). This is linked to the effect of higher 

length scales for the increased DELs and to the lower turbulence and 

lower energy content for the reduced DELs in SABL wind fields. The 

corresponding relative differences are shown for clarity in Fig. 10(b). 

The trends of DELMT-y
 were similar to 𝜎MT-y

, and thus, are not shown 

here for brevity. 

4.2 . Wavelet analysis

In the preceding section, it was noted that atmospheric stability has a 

unique impact on wind turbines. It was also found that the impact magni­

tude is higher for the larger wind turbine. This section explores wavelet 

analysis of the wind turbine load signal and the hub-height velocity to 

correlate the two in the frequency-time domain. This unique analysis 

is hypothesised to reveal the impact of higher coherence in wind fields 

and provide additional insights in comparison to the typically shown 

spectral signatures in the frequency space.

4.2.1 . Wavelet coherence

Firstly, the wavelet coherence (R2
W ) between the MT-fa and the 

Urotor,hub is assessed. In the upcoming contours, the first column sub­

figures show the R2
W  for the NREL 5MW wind turbine and the second 

column subfigures show the R2
W  for the IEA 22MW wind turbine. Here, 

the first row is for the NABL wind fields, and the second row is for the 

USABL wind fields, while the SABL and IEC wind field-related results are 

shown later as quantitative plots. The y-axis indicates the time-period 

𝜏 = 1∕𝑓 , with a maximum limit of about 700 s, across different cases. 

The natural frequency of the first tower fore-aft mode is reported to be 

0.32Hz (viz. 𝜏 = 3.125 s) for the NREL 5MW wind turbine, and 0.16Hz 

(viz. 𝜏 = 6.25 s) for the IEA 22MW wind turbine clamped at monopile 

base. It may also be noted that given the available 1800 s second signal, 

one would ideally expect a 1∕1800Hz resolution. However, the mini­

mum frequency is determined in practice such that two time standard 

deviations of the utilised Morlet wavelet span the N-point signal at the 

coarsest scale.

The results for the same seed in the different cases shown, at a below-

rated operation for U∞,hub = 6.5m/s are presented in Fig. 11. Generally, 

higher coherence values are observed at longer time periods, while nu­

merous low-time-period areas of high coherence are observed across all 
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Fig. 9. Damage equivalent loads in the different wind fields and the two wind turbines utilised in this study.

Fig. 10. Relative differences in damage equivalent loads in different wind fields, in comparison to the IEC Kaimal wind field. The subplots in each sub-figure indicate 

the relative difference of the load metric for the two, 5MW and 22MW wind turbines utilised.

cases. The latter concerns turbine rotational frequency multiples and, 

where applicable, natural frequency coupling. However, the former is 

more important, as these are the highest-energy contributions, leading 

to a higher aeroelastic impact [28,44].

Focussing on the presented results, row-wise (Fig. 11(a) and (b)), re­

markable differences are spotted between the R2
W  in the 5MW and the 

22MW wind turbine, in the region of large time-scale eddies. For the 

smaller wind turbine, an almost constant high coherence period is ob­

served over the 1800 s of simulation, whereas for the larger wind turbine 

this is observed in bursts. Focussing on the presented results, column-

wise ((Fig. 11(c) and d)), it can be seen that the higher coherence values 

in the USABL wind field lead to higher R2
W  in a wider band than in the 

NABL results. To quantify these values and their variability among seeds, 

three bands were chosen for statistical analysis as shown in Eq. (21). 

Band A ∶ 𝑓min < 𝑓band < 0.01 Hz

Band B ∶ 0.01 < 𝑓band < 0.1 Hz

Band C ∶ 0.1 < 𝑓band < 2 Hz

(21)

These bands essentially aim to capture the key and unimportant fre­

quencies associated with load response. In [78], a coupling between 

instantaneous turbine power and the incoming large-scale motion was 

analysed, and in line with existing literature [79–82], a de-coupling fre­

quency was identified as 1.4P, where P denotes the turbine rotational 

frequency. With the ranges mentioned in Section 3, the range for 1.4P is 

0.21Hz to 0.28Hz for the NREL 5MW wind turbine; and 0.07Hz to 0.17Hz 

for the IEA 22MW wind turbine. Using rounded values of these numbers 

yields a lower bound of 0.1Hz for the highest-frequency band, while an 

upper limit of 2Hz was selected to approximately align with the 9P fre­

quency multiple. The lowest frequency band was assigned a lower bound 

of 0.01Hz, motivated by indications from [28] that coherent structures in 

this frequency range contribute significantly to fatigue loads. The band-

average and seed-average results are presented in Fig. 12.  In Fig. 12, 

the first column represents the results for the 5MW wind turbine and 

the second column represents the results for the 22MW wind turbine. 

The lowest subplot in each of these figures shows the R2
W  over Band A, 

the middle subplot over Band B, and the top subplot over Band C. It 

becomes clear that the larger structures (lowest freuquency bands) are 

associated with the highest R2
W , up to 0.9, while the band C has R2

W  up to 

0.2, and band B has R2
W  up to 0.5. Focussing on the columns of Fig. 12, it 

can be noted that the 22MW wind turbine has the highest coherence in 

Band A, lower than that of the 5MW wind turbine. The most prominent 

R2
W  is for USABL wind fields, while decreasing for different atmospheric 

stabilities, and the least for the IEC wind fields.

4.2.2 . Wavelet cross power

In addition to the R2
W , the cross-wavelet power |W𝑥𝑦

| was evaluated 

as shown in Fig. 13. The presented result is normalised with the maxi­

mum cross-wavelet power in the respective scenario. Once again, it can 

be noted that the smaller wind turbine experiences a generally longer 

duration in time of common power between the rotor velocity and the 

tower fore-aft bending moment than the larger wind turbine. This can be 

thought of as a quasi-static regime for the smaller wind turbine, such that 

such high 𝜏 regions are not significant to the overall turbine response. 

On the other hand, the bursts in high common power in the larger wind 

turbine link these high 𝜏 periods to the turbine response time. 

4.2.3 . Overall remarks

The wavelet analysis revealed the time-frequency correlation be­

tween the rotor velocity and the load signal, here, the tower fore-aft 

bending moment. From the wavelet coherence R2
W , it was seen that the 

larger 22MW wind turbine features a different time-frequency signa­

ture than the smaller 5MW wind turbine. The quasi-static regime was 

Applied Energy 423 (2026) 128375 

11 



N. Dangi, J. Sodja, D. von Terzi et al.

Fig. 11. Wavelet coherence between wind speed at hub and tower-fore aft bending moment; for one same seed of aeroelastic analysis at below rated operation of 

U∞,hub = 6.5m/s, in different wind fields.

Fig. 12. Band and seed averaged wavelet coherence between wind speed at hub and tower-fore aft bending moment, for aeroelastic analysis at below rated operation 

of U∞,hub = 6.5m/s, in different wind fields. Band A: 𝑓min < 𝑓band < 0.01Hz, Band B: 0.01 < 𝑓band < 0.1Hz, Band C: 0.1 < 𝑓band < 2Hz.

Fig. 13. Wavelet cross-power for one same seed of aeroelastic analysis at below rated operation of U∞,hub = 6.5m/s, in different wind fields.

found to be wider for the smaller wind turbine and narrower for the 

larger wind turbine. Large eddies of 𝜏 in the order of 102 seconds were 

found to impact the larger wind turbine more than the smaller wind

turbine.

It is hypothesised that this observation indicates, among other things, 

the impact of differences in the inertia of the two turbines and their con­

troller responses. It was noted earlier that the Δ(𝜎T)NABL vs IEC(22MW) >
Δ(𝜎T)NABL vs IEC(5MW). Recall also that the differences in IEC and NABL 
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wind field were the coherence formulations and the spectral formula­

tions, specifically because the IEC Kaimal model is different from the 

original Kaimal model. The latter leads to differences in integral length 

scales, here, higher integral length scales for the NABL wind field (see 

Fig. 2(c)). Lastly, given that the MT-fa is less dependent on wind shear 

than on turbulence, coherence, and integral length scales [64], it can 

be said that the R2
W (USABL) > R2

W (NABL) is also due to higher integral 

length scales and coherence, as inflow turbulence was same for NABL 

and USABL Fig. 2(b). Finally, one can thus imagine the higher standard 

deviations in the loads of the larger wind turbine to be linked to the 

eddy-size hypothesis, namely, that the larger eddies appear more uni­

form to the smaller wind turbine than to the larger one. Consequently, 

the differently swept high-energy eddies by the larger rotor lead to more 

load fluctuations. Both wavelet coherence and wavelet cross-power anal­

ysis support this hypothesis. It can be noted that a more robust validation 

of this hypothesis can be obtained by constructing a frequency map 

in front of the wind turbine, with coherence assessed using velocity 

from several points upstream, rather than a single hub-specific veloc­

ity. However, it is believed that this analysis would be possible if the 

eddies are phase-correlated (truly coherent), whereas the spectral syn­

thetic method utilises random phases. The above-discussed analysis was 

for the case of U∞,rotor = 6.5m/s. Similar trends were observed for differ­

ent wind speeds. Two more representative cases of U∞,rotor = 11.5m/s, 

and of U∞,rotor = 16.5m/s, are placed in Appendix B for the interested 

reader.

5 . Conclusions and recommendations

This study focused on addressing the need for better coherence mod­

elling for large offshore wind turbines. More specifically, this study 

aimed at answering (1) What are the aeroelastic load trends when 

an empirical stability-dependent coherence model and spectra are em­

ployed? (2) How and why does the impact of this model differ between 

a smaller (5MW) and a larger (22MW) wind turbine? One of the 

primary objectives of this study was to evaluate a tuned coherence 

model for fast, improved aeroelastic analysis, aiming to achieve com­

putational costs comparable to those of the IEC Kaimal model while 

enhancing the physical realism of simulated wind fields. This enhanced 

empirical formulation enables the reproduction of well-known effects of 

atmospheric stability on wind turbine loads. The novel aspects of this 

study were discussed as (1) proposing use of measurement-validated co­

herence model framework suitable for high altitudes upto 287m and 

lateral separations upto 241m for aeroelastic assessment (2) demon­

stration of scale-dependent aeroelastic response by simulations of a 

5MW and a 22MW wind turbines (3) use of wavelet analysis for deeper 

understanding of aeroelastic response.

Synthetic wind fields using spectral approach were generated with 

a newly proposed stability-dependent coherence model [33] and ex­

isting stability-dependent spectral formulations, as well as with the 

IEC-Kaimal coherence model. The aeroelastic loads using these wind 

fields were compared by running simulations using NREL OpenFAST and 

NREL ROSCO controllers. Two vastly different wind turbines, the NREL 

5MW, and the IEA 22MW wind turbine were utilised. Aeroelastic sim­

ulations were run on six seeds of four types of wind fields: IEC, Neutral 

(NABL), Stable (SABL), and Unstable (USABL), for 2048 s, allowing for 

30minute analysis timeframe, from 6.5 < U∞,hub < 20.5m/s in steps of 

1m/s. The damage equivalent loads (DELs), and standard deviation of 

loads were discussed. The blade-root flapwise bending moment (Mflap), 

tower base fore-aft bending moment (MT-fa), and the tower top side-side 

moment (MT-ss) were chosen as parameters of interest. Wavelet analysis 

was employed to physically understand load discrepancies in the time-

frequency domain, thereby complementing the typically used Fourier 

analysis, which focuses solely on the frequency domain.

It was found that the simple coherence and spectral formulations 

could replicate the well-known effects of atmospheric stability on 

wind turbine loads. This was in conjunction with the ability of the 

formulations to yield the physically appropriate integral length scales. 

It was found that as expected, 𝛾2(USABL) > 𝛾2(NABL) > 𝛾2(SABL) >
𝛾2(IEC), and L𝑢

𝑦(USABL) > L𝑢
𝑦(NABL) > L𝑢

𝑦(IEC) > L𝑢
𝑦(SABL). The typ­

ically reported DELMT-fa
(USABL) > DELMT-fa

(NABL) > DELMT-fa
(SABL)

was observed alongside the generally reverse trend or negligible differ­

ences for the DELMflap
. In regard to standard deviations, 𝜎Mflap

(SABL) >
𝜎Mflap

(NABL) > 𝜎Mflap
(IEC) > 𝜎Mflap

(USABL) > was clearly evident for 

the larger 22MW wind turbine, especially above rated wind speeds, up 

to +10% in comparison to the IEC wind field, less for the smaller wind 

turbine. For the thrust, it was found that 𝜎T(USABL) > 𝜎T(IEC), up to 

+40% for the larger wind turbine and up to 20 % for the smaller wind 

turbine. Between NABL and IEC, 𝜎T was found to be +20% for the large 

wind turbine and up to +10% for the smaller wind turbine.

Wavelet coherence (R2
W ) and cross-wavelet power (|W𝑥𝑦

|) were used 

to link these differences to the intuitive understanding of the effect 

of larger, high-energy eddies on load fluctuations. From the resulting 

frequency-time coherence, remarkable differences were observed in the 

R2
W  between MT-fa and Urotor,hub, for the smaller and the larger wind tur­

bine. Quasi-static regimes for 𝜏 = 1∕𝑓  in the order of 102 s were seen for 

the smaller wind turbine as uniform patches of R2
W  throughout the 30

minute simulation. However, for the larger wind turbine, these patches 

were observed to appear in bursts, which are hypothesised to result from 

differences in eddy sizes. Efforts were made to isolate the impact of co­

herence, wind shear, and turbulence on this analysis. Some other reasons 

for this difference were attributed to differences in inertia between the 

two wind turbines and to the controller response.

Overall, the relevance of the simple empirical coherence model and 

existing spectral models was stressed. Future work will consider ac­

cessing relevant measurement campaigns to further corroborate the 

observed differences in loads.
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Appendix A . Aeroelastic analysis

A.1 . Comparison of result trends with higher fidelity structural solver

Throughout the main study, the module ElastoDyn of OpenFAST was 

utilised, which neglects the torsional degree of freedom. This choice 

was expected to only change the absolute values of the load statistics 
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Fig. A.14. Instantaneous global blade and tower loads for the IEA 22MW wind 

turbine utilised in this study. These are shown for the aeroelastic response in 

one seed of the synthetic wind field at Uhub = 11.5m/s, in IEC and USABL 

wind fields. The comparison between the “BeamDyn” module-based result and 

the “ElastoDyn” module-based result is made.

presented in this study (especially for the IEA 22MW wind turbine), 

while the most important trends in relative differences were not ex­

pected to change. This expectation is clarified here by comparing the 

structural results using ElastoDyn and BeamDyn for a subset of the results 

of the main study. Three key operating regions were chosen (𝑢∞,ℎ𝑢𝑏 ∈
6.5, 11.5, 15.5m/s), using both ElastoDyn as in the original study, and

BeamDyn for the purposes of this sensitivity study. The BeamDyn timestep 

used for this study was 0.00035 seconds, which is the square root of ma­

chine (single) precision and is sufficiently small to avoid convergence 

issues in BeamDyn. As in the main study, six seeds of wind fields were 

used to assess aeroelastic response in the IEC, NABL, SABL, and USABL 

scenarios. Here, a total of 3 × 6 × 4 = 72 BeamDyn simulations were run, 

for the large IEA 22MW wind turbine.

First, time-varying signals during a 600 seconds interval are shown 

in Fig. A.14. The subfigures show the IEC and USABL wind fields for 

visualisation purposes at the rated operating condition. The results are 

plotted for the three load channels of interest, as in the main study: 

Fig. A.15. Energy spectrum of the tower fore-aft bending moment and blade 

root flapwise bending moment for the IEA 22MW wind turbine utilised in this 

study. These are shown for the aeroelastic response in one seed of the synthetic 

wind field at Uhub = 11.5m/s, in IEC and USABL wind fields. The comparison 

between the “BeamDyn” module-based result and the “ElastoDyn” module-based 

result is made.

𝑀𝑇𝑓−𝑎 , 𝑀𝑓𝑙𝑎𝑝, 𝑀𝑇−𝑦 (tower fore-aft bending moment, blade root flap­

wise bending moment, and tower top side-side moment), in the different 

subplots of each subfigure. From these instantaneous visualisations, it 

is evident that the load ranges and qualitative frequency content are 

similar across the two structural solvers.

This aspect was further analysed by Fourier transform (F) of the load 

channels, of which, the results for F (𝑀𝑇𝑓−𝑎 ) and F (𝑀𝑓𝑙𝑎𝑝) are presented 

in each subfigure of Fig. A.15. The subplots are for the IEC and USABL 

wind fields. These visualisations confirm that the major low-frequency 

content and rotational frequency peaks of the load channels are captured 

similarly in both structural solvers. The only remarkable difference is 

spotted for the high-frequency (here, ≥ 1Hz) part of the spectrum, which 

is not a dominant contributor to (fatigue) loads.

Lastly, the most important metric for this study was the relative 

difference in load standard deviation with respect to the IEC Kaimal 

model-based wind field. This metric is plotted in Fig. A.16, in same 

fashion as the main study. For visualisation purposes, the 𝜎𝑀𝑓𝑙𝑎𝑝
 and 

𝜎𝑀𝑇𝑓−𝑎
 are plotted as bars with seed-averaged relative differences from 

the IEC Kaimal model-based wind field, using both ElastoDyn (darker 

shade bars) and BeamDyn (lighter dotted shade bars). The data indicate 

that the choice of structural solver does not significantly alter the rel­

ative difference trends, especially when looking at the trends from the 

benchmark wind field.

A.2 . Assessing effects of differences in flexibility

The relative differences in the standard deviation of loads, in compar­

ison to the IEC wind field, were shown in Fig. 8. These results were for 

the flexible wind turbine. The greater impact on the larger wind turbine 

was evident; thus, one may question whether this is due to the different 

flexibility characteristics of the larger 22MW wind turbine compared to 

the smaller 5MW wind turbine. To illustrate that the effects of flexibil­

ity are secondary and those of coherence and integral length scales are 

primary, aeroelastic simulations were also conducted for a rigid con­

figuration of the wind turbines. The resulting differences in loads, in 

comparison to the IEC wind field, are shown in Fig. A.17.
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Fig. A.16. Relative differences in load standard deviations in different wind fields, in comparison to the IEC Kaimal wind field. The relative differences of the load 

metric for the 22MW wind turbine are shown. The lighter dotted shade bar represents the “BeamDyn” module-based result, while the darker shade bars represent the 

“ElastoDyn” module-based result.
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Fig. A.17. Relative differences in load standard deviations in different wind fields, in comparison to the IEC Kaimal wind field. The subplots in each sub-figure 

indicate the relative difference of the load metric for the two, RIGID 5MW and 22MW wind turbines utilised.

Appendix B . Wavelet analysis

The wavelet analysis was presented in Section 4.2 for the below-rated operation at U∞,hub = 6.5m/s. In this section, similar result visualizations are 

placed for two more wind speed regimes, U∞,hub = 11.5m/s in Fig. B.18 to Fig. B.20, and U∞,hub = 16.5m/s, in Fig. B.21 to Fig. B.23.

Fig. B.18. Wavelet coherence between wind speed at hub and tower-fore aft bending moment; for one same seed of aeroelastic analysis at below rated operation of 

U∞,hub = 11.5m/s, in different wind fields.

Fig. B.19. Band and seed averaged wavelet coherence between wind speed at hub and tower-fore aft bending moment, for aeroelastic analysis at below rated operation 

of U∞,hub = 11.5m/s, in different wind fields. Band A: 𝑓min < 𝑓band < 0.01Hz, Band B: 0.01 < 𝑓band < 0.1Hz, Band C: 0.1 < 𝑓band < 2Hz.
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Fig. B.20. Wavelet cross-power for one same seed of aeroelastic analysis at below rated operation of U∞,hub = 11.5m/s, in different wind fields.

Fig. B.21. Wavelet coherence between wind speed at hub and tower-fore aft bending moment; for one same seed of aeroelastic analysis at below rated operation of 

U∞,hub = 16.5m/s, in different wind fields.

Fig. B.22. Band and seed averaged wavelet coherence between wind speed at hub and tower-fore aft bending moment, for aeroelastic analysis at below rated operation 

of U∞,hub = 16.5m/s, in different wind fields. Band A: 𝑓min < 𝑓band < 0.01Hz, Band B: 0.01 < 𝑓band < 0.1Hz, Band C: 0.1 < 𝑓band < 2Hz.
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Fig. B.23. Wavelet cross-power for one same seed of aeroelastic analysis at below rated operation of U∞,hub = 16.5m/s, in different wind fields.

Data availability

Data will be made available on request.
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