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A B S T R A C T

Large wind turbines face more intricate atmospheric conditions with turbulent coherent structures sized
similarly to the rotor diameter, posing loading challenges. The present study assesses twelve distinct wind
fields using the Large Eddy Simulations (LES) and International Electrotechnical Commission (IEC) Kaimal
model scaled to their LES counterpart. The hub height wind speed in the different cases was set to 8.5 m/s
(below-rated), 11.5 m/s (at-rated), and 14.5 m/s (above-rated).

In a previous study, it was found that the unscaled IEC model-based wind field is conservative and
scaled IEC model-based wind fields were found to yield different loads than upon use of LES-based wind
fields in different atmospheric stability conditions. The present study aims to understand these differences.
Utilizing Spectral Proper Orthogonal Decomposition (SPOD), the original wind fields were decomposed and
reconstructed to study the influence of large and small coherent structures represented by their distinct
frequencies. SPOD analysis was complemented by wind field spectral analysis considering atmospheric surface
layer height, integral length scales, and co-coherence estimates.

Integral length scales in the scaled IEC Kaimal model were found to be half of those in unstable atmosphere
LES wind fields. The aero-elastic impact on the IEA 22 MW reference wind turbine with a 280 m rotor diameter
was evaluated. The analysis reveals that large coherent structures, particularly low-frequency (≤ 0.06Hz) ones,
significantly impact wind turbine loads, contingent upon atmospheric stratification. Compared to the scaled
IEC Kaimal model wind field, the maximum tower fore–aft bending moment and the maximum blade root
flap-wise bending moment were found to be higher, for example, by 10% and 5% respectively in an unstable
atmosphere during below-rated wind turbine operation. In the same scenario, standard deviation of the tower
fore–aft bending moment was found to be higher by up to 50% while standard deviation of the blade root flap-
wise bending moment was found to be lower by up to 25%. These findings underscore the critical importance of
accurately modeling atmospheric turbulence and its coherent structures for more reliable design and operation
of large wind turbines.
1. Introduction

The process of designing wind turbines follows a structured ap-
proach outlined by the International Electrotechnical Commission (IEC)
wind turbine design standards [1]. These standards encompass a wide
spectrum of wind turbine operation regimes under normal and ex-
treme inflow conditions. Such a structured approach has enabled the
development of reliable wind turbines and contributed to the success
of the wind energy field. To better adapt to the future wind energy
deployment goals, one of the key challenges raised by the design
standards is the wind inflow criteria [2]. This challenge stems from the
continuous increase in wind turbine size with >15 MW wind turbines
already deployed and some in stages of development. These wind
turbines have rotor diameters exceeding 250m, increasingly subjecting

∗ Corresponding author.
E-mail address: n.s.dangi@tudelft.nl (N. Dangi).

them to the more intricate dynamics of the atmospheric boundary layer
(ABL), above the atmospheric surface layer (ASL).

It has been noted in the article [2] on grand challenges for future
wind turbine systems that an especially significant opportunity for
improvement in the standards is related to the two spectral models
allowed in the IEC design standards. These are the Mann Turbulence
model [3] and the Kaimal model [4,5] with Davenport’s exponential
decay model [6]. The latter is an empirical model which, among other
parameters, characterizes the coherence (defined below) of the wind
field based on the exponential decay model. In contrast, the Mann
model is more intricate, utilizing the spectral tensor to create wind
fields that are more physically realistic. These models were developed
with small turbines in mind and for flow over flat terrain in neutral
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Renewable Energy 241 (2025) 122248 
atmospheric conditions. The spatial and temporal distribution of the
turbulence, represented by coherence, is inconsistently modeled by the
two. For instance, the authors in [7] found that for vertical separations,
the co-coherence with the Mann model was higher than with the Kaimal
model at small wavenumbers. Hence, it is necessary to refine and
evolve these existing models to ensure their suitability and enhance
load predictions for current and forthcoming large wind turbines in
varied atmospheric conditions.

Spatial and temporal scales of motion can be comprehended utiliz-
ng space–time correlation and coherence. The former measures the
orrespondence of fluctuations at two points over time. The latter
escribes the relationship between signal in the frequency domain. The
heory related to the wind-induced response of wind turbines can be
raced back to the 1960s [8]. The effect of atmospheric stability on the

coherence has been investigated in, for example, [9–11].
Focusing on recent literature, the authors of [12] investigate the

coherent structures (‘‘connected, large-scale turbulent fluid mass with
a phase-correlated vorticity over its extent’’ [13]) in the wind fields
generated by the use of the Mann and the Kaimal model. Their study
was motivated by an earlier study in which they found the fatigue
life for a floating spar wind turbine to be sensitive to the choice of
turbulence model. Using proper orthogonal decomposition (POD), they
find that the Mann turbulence model generates coherent structures that
stretch in the horizontal direction for the longitudinal component. In
contrast, the structures found in the Kaimal model are more random in
heir shape. Additionally, in [14], it was noted that the Mann modes
eem to be stretched in the lateral direction, whereas Kaimal is more
entered around the hub.

In [15], the authors investigate the performance of the Mann model
for impact on the response of a bottom-fixed wind turbine. They set
the inputs of the Mann model to site-specific wind spectra of one hour
of measurements in neutral atmospheric conditions. They find that the
Mann model does not reach the high energy levels of measurements at
low frequencies. The Mann model with site-specific inputs was found
to match more closely at low frequencies but not at high frequencies.
The response at low frequencies (<0.1Hz) was found to have major
impact on total damage equivalent moments of the tower bottom bend-
ing fore–aft moment. Such observation was also made in [16]. Their
nalysis of coherent structures showed that similar vertical coherence
as observed for the Mann model with and without site-specific inputs.
o direct conclusion about the realism of the lateral coherence could
e made because of no measurements for laterally separated points. In
eneral, the need for accurate lateral coherence modeling was stressed,
specially for low frequencies.

In [14], the authors perform a set of simulations using the Mann
nd Kaimal model, Large-eddy simulations (LES) and measurements.
heir analysis focused on scales relevant for a 10MW wind turbine
ith a rotor diameter of 180m and a hub height of 119m. Their study

ncluded assessing only the different wind fields and not the impact
n the wind turbine. Among others, the spectral characteristics of
he different wind fields were presented. Coherent structures in the
nstable atmosphere were found to be larger than in the neutral and
table ones. More significant coherent structures were also found in the
nstable atmosphere, which was concluded on the basis of the energy
ontent of the first POD mode. As expected, the Mann and Kaimal
odels were found to represent wind field characteristics in neutral

tratification better than in stable and unstable stratification.
The study in [17] assesses the impact of different wind fields on
6MW spar floating offshore wind turbine. Their analyses reveal

that wind fields generated by both Mann and Kaimal models lead to
ver-prediction of fatigue loading in high-wind scenarios and under-
rediction in low-wind scenarios, compared to LES wind fields. In line
ith other literature, they mention the trend of simulated fatigue loads

n relation to the spatial coherence in the wind field. Both stochastic
urbulence models were found to over predict fatigue loading in high-

ind scenarios and under predict it when the wind speed is low.

2 
However, detailed studies isolating the impacts of different coherent
structures on the wind turbine loads are still scarce. Two articles that
may be considered to provide such a study can be found in [18,19].

The study in [18] assesses the impact of different coherent struc-
ures on the global response of a 5MW floating wind turbine. Their
ethodology involved using POD on the wind fields generated by the
ann and the Kaimal models and reconstructing wind fields with dif-

erent coherent structures. Their reconstructed wind fields had energy
ontents of 20%, 40–50% and 60–80%, depending on the wind speed,

compared to the original wind field. Adding to the body of literature,
their results highlight the different results obtained due to the choice
of the turbulence model. Moreover, they find that the majority of the
surge and pitch response of the turbine could be related to the first POD

ode, implying a low-frequency mode. However, it should be noted
hat the temporal coefficients of spatial POD modes may contain a mix

of frequencies [20]. The differences in yaw responses were found to be
due to the POD modes representing 45% of energy in comparison to the
original wind field. In a recent article, the authors of [19] use POD in
a similar manner to assess the performance and wake of a scaled wind
turbine. They also assess the impact of the coherent structures on the
thrust and power of a 2.5 MW wind turbine in a neutral atmosphere.

A recent investigation conducted by [21] focuses on evaluating
the impact of integral length scale (a parameter representative of the
average size of the largest energy-containing turbulent eddies) on the
loads experienced by a 15 MW wind turbine. The study employs LES
to generate five ABL flows with varying integral length scales and
atmospheric stability conditions (neutral and unstable), maintaining a

ean hub height wind speed of 8 m∕s, corresponding to wind turbine
peration at below-rated capacity. The LES-generated wind fields were
issected into mean and turbulent components. Turbulent fluctuations
ere scaled to ensure consistent turbulence intensity across all cases.
owever, they note that in real-world scenarios, atmospheric stability,

ntegral length scales, turbulence intensity, and mean wind speed are
oupled and interact in complex ways. To examine the influence of
ntegral length scale, the study employs three types of decomposed

inflow wind fields: mean shear plus turbulence, mean shear alone,
and mean uniform plus turbulence. These wind fields are then input
into standalone OpenFAST simulations with active rotor speed control
but without pitch and yaw control. The findings reveal that when the
integral length scale is larger than the rotor diameter (D), up to 1.7D,
there is an increase in thrust, blade root shear, and flap-wise moment.
Consistent with prior research, turbulence was found to impact the
wind turbine loads profoundly. Their study did not aim to evaluate
the influence of various coherent structures and did not include an
analysis of stable ABL and Kaimal or Mann model-based wind fields.
They suggest that future studies should explore the effects of integral
length scale in scenarios of wind turbine operation at-rated and above-
rated capacities. Lastly, in a recent aero-elastic study conducted by the
authors [22] using the IEA 22MW wind turbine, it was found that the
nscaled IEC Kaimal model-based wind field is conservative, and that

scaled IEC model-based wind fields yield different loads compared to
LES-based wind fields under various atmospheric stability conditions.
In the present study, these differences are further investigated.

Through this literature review, it becomes apparent that there is
a need to improve turbulence models within the current IEC design
standards. This improvement is essential for better suitability to the
conditions faced by large wind turbines situated well above the atmo-
spheric surface layer, particularly in offshore environments, frequently
characterized by non-neutral conditions [23–25].

The existing literature presents numerous discrepancies in the re-
sults due to the choice of turbulence models. The coherent structures
have been found to be a key driver for these discrepancies. However, a
comprehensive investigation that conducts a detailed analysis of the
spatio-temporal characteristics of the wind field and understands its
effects on wind turbine loads is yet to be undertaken. This gap in

the literature becomes particularly pronounced when considering the
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Renewable Energy 241 (2025) 122248 
combined analysis in a non-neutral atmosphere. The present study aims
to fill this gap in the literature by conducting a systematic study on the
impact of coherent structures on aero-elastic loads. The study presents
oth the influence of different atmospheric stability on coherent struc-
ures and the effect of various coherent structures on aero-elastic loads.

Furthermore, the existing literature is intended to be enhanced by pre-
senting spatio-temporal characteristics of wind fields at scales relevant
for the very large wind turbines. Further, the present study uses spectral
POD rather than the classical POD. This approach allows for the extrac-
tion of modes with specific frequencies. A similar approach to study the
different coherent structures using dynamic mode decomposition can
be found in [26].

The structure of this article is as follows: Section 2 provides a
rief theoretical background on the methods utilized in this study.
ext, Section 3 provides the simulation setup. Later, the results are
iscussed in two subsections; Section 4.1 provides a breakdown of

the different coherent structures in different atmospheric conditions,
following which Section 4.2 presents the aero-elastic impact of the
different coherent structures in terms of several quantities of interest.
astly, concluding remarks and recommendations for further work are
laced in Section 5.

2. Methods

The v1.0.1 IEA 22MW reference wind turbine (RWT) [27,28], with a
hub height of 170m and a rotor diameter of 280m was chosen for this
study. The wind turbine operation during below, at, and above-rated
wind speed conditions was analyzed. Twelve wind fields with different
atmospheric conditions were considered for analysis, generated using
ES (employing NREL SOWFA1 [29] coupled with OpenFOAM [30])
nd the Kaimal model (utilizing NREL TurbSim [31]). The original

wind fields and wind fields with different turbulence energy contri-
butions reconstructed using SPOD were imported to standalone blade
element momentum (BEM) theory simulations in the widely used aero-
elastic tool NREL OpenFAST2 [32]. The coming subsections provide a
heoretical background on the methods used in this study.

2.1. Large eddy simulations

The scope of this article is to utilize NREL SOWFA to generate LES-
ased precursor ABL wind fields. Standalone BEM theory simulations
ere run with wind fields from LES ABL precursors. NREL SOWFA [29]

s a widely used open-source high-fidelity tool that is a set of computa-
ional fluid dynamics (CFD) solvers, boundary conditions, and turbine
odels. SOWFA simulates the ABL and is coupled to OpenFOAM [30]

nd NREL OpenFAST [32]. ABL is the bottom 0.3 km to 3 km of the
roposphere and is often turbulent and varies in thickness in space and
ime. The conditions in ABL are determined by the effects of the Earth’s
urface, which slows the wind due to surface drag, warms the air during
aytime and cools it at night, and changes in moisture and pollutant

concentration [33]. Below is a short description of the LES solver, in
ine with nomenclature from [34].

The spatially filtered, incompressible Navier–Stokes equations to
ive the resolved-scale (large-eddy scale) dynamics of fluid flow incor-

porate the filtered continuity equation as shown in Eq. (1).
𝜕 ̄𝑢𝑗
𝜕 𝑥𝑗

= 0 (1)

where the overbar denotes spatial filtering and �̄�𝑗 = 𝑢𝑗 − 𝑢′𝑗 is the
resolved-scale velocity vector, which is the instantaneous velocity vec-
or, 𝑢𝑗 , minus the subfilter-scale (SFS) velocity vector, 𝑢′𝑗 . The filtered

1 NREL SOWFA-6 was used in this study and is hereafter referred to as
REL SOWFA.
2 NREL OpenFAST v3.5.1 was used in this study and is hereafter referred

to as NREL OpenFAST.
 c

3 
momentum equation is shown in Eq. (2)
𝜕 ̄𝑢𝑖
𝜕 𝑡 + 𝜕

𝜕 𝑥𝑗
(

�̄�𝑗 �̄�𝑖
)

= − 2𝜖𝑖3𝑘𝛺3�̄�𝑘
⏟⏞⏞⏟⏞⏞⏟

I

−
𝜕 ̃𝑝
𝜕 𝑥𝑖

⏟⏟⏟
II

− 1
𝜌0

𝜕
𝜕 𝑥𝑖

𝑝0(𝑥, 𝑦)
⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟

III

−
𝜕 𝜏𝐷𝑖𝑗
𝜕 𝑥𝑗

⏟⏟⏟
IV

+ 𝑔
(

�̄� − 𝜃0
𝜃0

)

𝛿𝑖3
⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟

V

+ 1
𝜌0
𝐹 𝑇𝑖

⏟⏟⏟
VI

(2)

Term I is the Coriolis force due to planetary rotation, and 𝜖𝑖𝑗 𝑘 is
the alternating tensor. The rotation rate vector is given by 𝛺𝑗 , as,
𝛺 = 𝜔[0, cos(𝜙), sin(𝜙)], where 𝜔 is the planetary rotation rate and 𝜙
is the latitude. This study used a latitude of 52.8◦, representing the
Dutch North Sea [35]. Term II is the gradient of the modified pressure
variable. Term III represents the background driving pressure gradient.
Term IV is the divergence of the deviatoric part of the fluid stress
tensor. The stress is composed of a viscous and an SFS part. The one
quation eddy-viscosity SFS model from [36,37] was used. Term V is
sed to model buoyancy effects using the Boussinesq approximation.
erm VI accounts for other density normalized forces, if relevant, for
xample, the body force field exerted in the case of an actuator line
urbine model. The equation for the transport of resolved potential
emperature is shown in Eq. (3).
𝜕�̄�
𝜕 𝑡 + 𝜕

𝜕 𝑥𝑗
(

𝑢𝑗 �̄�
)

= − 𝜕 𝑞𝑗
𝜕 𝑥𝑗

(3)

Here 𝑞𝑗 represents the flux of temperature by viscous and SFS effects.

2.2. Spectral proper orthogonal decomposition

Spectral Proper Orthogonal Decomposition (SPOD) is a frequency-
omain adaptation of Proper Orthogonal Decomposition (POD). It cal-
ulates modes by estimating the eigenvectors of the cross-spectral
ensity (CSD) matrix. SPOD generates a series of orthogonal modes at
ach frequency, ordered by energy. SPOD stands out from classical POD
y featuring modes that vary across space and time, being orthogonal
nder a space–time inner product rather than solely in space [20]. This

unique characteristic makes them particularly effective in capturing
spatio-temporal coherence within the data [38]. A short overview of
the method (following [39]) with mathematical principles as initially
outlined by Lumley in the 1960s [40,41] is provided here.

Let 𝑞𝑖 = 𝑞
(

𝑡𝑖
)

be a multi-dimensional fluctuating flow field obtained
y subtracting the temporal mean 𝑞. This matrix can be written in a

snapshot form as 𝑄 =
[

𝑞1, 𝑞2,… , 𝑞𝑛𝑡
]

. Here 𝑖 = 1,… , 𝑛𝑡, and the length 𝑛

corresponds to the number of variables times the number of grid points.
SPOD specializes in POD to analyze turbulent flows or statistically

stationary processes. It aims to identify optimal modes in the context
of the space–time inner product (Eq. (4)).

‖𝑞‖2𝑥,𝑡 = ⟨𝑞 , 𝑞⟩𝑥,𝑡 = ∫

∞

−∞ ∫𝜁
𝑞∗(𝑥, 𝑡)𝑞(𝑥, 𝑡)d𝑥 d𝑡. (4)

Note that a term 𝑊 (𝑥), a positive-definite Hermitian matrix to ac-
ount for component-wise weights is dropped here to maintain uniform
ontribution of all components. 𝜁 represents the spatial domain of

interest and (.)* denotes the complex conjugate. In the case of SPOD,
he POD eigenvalue problem is solved for the Fourier transformed

two-point space–time correlation matrix (CSD matrix). The Welch [42]
method was followed to estimate the CSD. 7 segments with 50% overlap
leading to 13 blocks were used. A hamming window was applied to
the overlapping blocks to reduce spectral leakage. The subsequent
matrix containing all realizations of the Fourier transform at the 𝑙th
requency can be written as �̂�𝑙 =

[

𝑞(1)𝑙 , 𝑞(2)𝑙 ,… , 𝑞(𝑛𝑏𝑙 𝑘)𝑙

]

. From this form,
he SPOD modes, 𝛷, and associated energies, 𝜆, can be computed as
he eigenvectors and eigenvalues of the CSD matrix 𝑆𝑙 = �̂�𝑙�̂�∗

𝑙 . More
conomically, an analogous eigenvalue problem can be solved for the
oefficients 𝜓 that expand the SPOD modes in terms of the Fourier
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realizations, as shown in Eq. (5).
1
𝑛𝑏𝑙 𝑘

�̂�∗
𝑙 �̂�𝑙𝛹𝑙 = 𝛹𝑙𝛬𝑙 (5)

In terms of the column matrix 𝛹𝑙 =
[

𝜓 (1)
𝑙 , 𝜓 (2)

𝑙 ,… , 𝜓(𝑛𝑏𝑙 𝑘)𝑙

]

, the SPOD

odes at the 𝑙th frequency are recovered as formulated in Eq. (6).

𝛷𝑙 =
1

√

𝑛𝑏𝑙 𝑘
�̂�𝑙𝛹𝑙𝛬

−1∕2
𝑙 (6)

The matrix of SPOD energies 𝛬𝑙 = diag
(

𝜆(1)𝑙 , 𝜆
(2)
𝑙 ,… , 𝜆(𝑛𝑏𝑙 𝑘)𝑙

)

, is ar-

ranged in descending order of energies. The SPOD modes are contained
in 𝛷𝑙 =

[

𝜙(1)
𝑙 , 𝜙

(2)
𝑙 ,… , 𝜙(𝑛𝑏𝑙 𝑘)𝑙

]

.
One may perform the inversion of the SPOD solution to reconstruct

the original data in its entirety or desired parts. This study’s recon-
struction was done to generate wind fields with the desired frequency
content. The frequencies of interest were chosen as 0.01–0.03 Hz, 0.01–
.06 Hz and 0.06–0.25 Hz. The reasoning is to isolate the effect of
ifferent coherent structures: the lower-frequency coherent structures

represent larger eddies, while the higher-frequency coherent structures
represent smaller eddies. Given the novelty of the use of SPOD in this
study, the ranges were established here to account for approximately
50%, 20% and 10% of the total turbulence energy, respectively. Addi-
tionally, the established ranges resemble structures of high coherence,
intermediate coherence and least coherence between two points (see
Fig. 6). The reconstruction was done in the frequency domain, and
he approach provided in [43] was followed. The original realizations

of the Fourier transform at each frequency can be reconstructed as
�̂�𝑙 = 𝛷𝑙𝐴𝑙, where 𝐴𝑙 is the matrix of expansion coefficients 𝐴𝑙 =
𝑛𝑏𝑙 𝑘𝛬1∕2

𝑙 𝛹∗
𝑙 = 𝛷∗

𝑙 �̂�𝑙. Next, the Fourier-transformed data of the 𝑘th
block can be reconstructed as shown in Eq. (7)

̂ (𝑘) =
⎡

⎢

⎢

⎣

(

∑

𝑖
𝑎𝑖𝑘𝜙

(𝑖)

)

𝑙=1

,

(

∑

𝑖
𝑎𝑖𝑘𝜙

(𝑖)

)

𝑙=2

,… ,

(

∑

𝑖
𝑎𝑖𝑘𝜙

(𝑖)

)

𝑙=𝑛𝑓 𝑓

⎤

⎥

⎥

⎦

(7)

Lastly, the original data in the 𝑘th blocks 𝑄(𝑘) was recovered using
the window weighted inversion (see Appendix A of [39]) formulated in
Eq. (8).

𝑞(𝑘)𝑗 = 1
𝑤(𝑗)

−1
{

𝑞(𝑘)𝑗
}

(8)

Regarding the reconstruction of wind fields with specific frequency
contents, a band-pass filter was used only to retain the expansion
oefficients of the desired frequencies. All the modes at the desired
requency were used for reconstruction. An example visualization of
he SPOD results and reconstruction is shown in Appendix A.

2.3. Wind field characteristics

In addition to the SPOD analysis and reconstruction of wind fields, a
uantification of the spectral characteristics of the wind was carried out
o compare further the IEC Kaimal model-based and LES wind fields.

The co-coherence, quad-coherence, and root-coherence were com-
puted (Eq. (9), where f is the frequency). These refer to the real
art, imaginary part, and amplitude of a two-point cross-spectrum,
espectively, normalized by the product of power spectra for each
oint [44].

coh(𝑓 ) = Re
[

𝑆𝑥𝑦(𝑓 )
]

√

𝑆𝑥𝑥(𝑓 )𝑆𝑦𝑦(𝑓 )
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

co-coherence

+𝑖

[

𝑆𝑥𝑦(𝑓 )
]

√

𝑆𝑥𝑥(𝑓 )𝑆𝑦𝑦(𝑓 )
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

quad-coherence

(9)

The IEC Kaimal model ignores the quad co-coherence. Hence, only
the co-coherence is presented and discussed here as a comparison. The
EC guideline [1] specifies the use of the Kaimal auto spectrum with the

modified Davenport’s exponential coherence model for the longitudinal
4 
velocity component as shown in Eq. (10).

coh(𝑟, 𝑓 ) = exp
[

−12
(

(

𝑓 𝑟∕𝑉hub
)2 +

(

0.12𝑟∕𝐿c
)2
)0.5

]

(10)

In Eq. (10), 𝑟 represents the length of the projection 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
given as 8.1 times the longitudinal turbulence scale parameter which
is suggested to be 42m for hub heights ≥60m, and 𝑉ℎ𝑢𝑏 is the velocity
at the hub height. Assessing the co-coherence allows one to get infor-
mation about the phase of the two signals. A negative co-coherence
indicates an out-of-phase relationship between the two signals, of phase
relationship between the two signals (here, the velocity components
at different location(s)). Additionally, the integral length scales in
the stream-wise and span-wise directions were calculated with the
formulations described in [45] and shown in Eq. (11).

𝐿𝑥𝑖 = �̄� ⋅ ∫

𝑡(𝑅𝑖(𝑡)=0)

𝑡=0
𝑅𝑖(𝑡)d𝑡

𝐿𝑦𝑖 = ∫

+∞

0
𝑅𝑖(𝜏), d𝜏

(11)

The stream-wise integral length scale is denoted by 𝐿𝑥𝑖 and the span-
ise integral length scale is denoted by 𝐿𝑦𝑖 . Here, 𝑖 is used to denote the

hree wind speed components, 𝑅𝑖 is the single-sided auto-covariance
unction of the fluctuating wind velocity, and 𝜏 denotes the time lag.
𝑥
𝑖 was computed on the basis of the integration up to the first zero-
rossing [46] of 𝑅𝑖. 𝐿

𝑦
𝑖 was computed by an integral of an exponential

ecay function to approximate the correlation coefficients as a function
f span-wise separation [45].

As noted previously, the IEC Kaimal and Mann models are intended
for use in the atmospheric surface layer in a neutrally stratified atmo-
phere. However, the present study incorporates stable and unstable
tmospheric boundary layers. Hence, it is relevant to assess the atmo-

spheric surface layer height in the wind fields generated in the present
tudy to highlight wind field characteristics not captured by the IEC

models. Recall that the atmospheric surface layer is the first 10–20% of
the atmospheric boundary layer [33], where the turbulent fluxes may
be approximated as constant. To get a more comprehensive estimate
of the ASL height, the friction velocity variation against altitude was
analyzed. Following [47], the friction velocity (𝑢∗) was estimated as
shown in Eq. (12).

𝑢∗ =
(

𝑢′𝑤′2 + 𝑣′𝑤′2
)1∕4

(12)

The altitude at which the friction velocity was found to decrease
sharply was chosen as the ASL height [48] (shown in Fig. A.18), and
the values are discussed later and tabulated in Table 1.

3. Simulation set-up

3.1. Wind field generation

The simulations involved 12 distinct wind fields, with 9 LES-based
wind fields and 3 wind fields employing the IEC Kaimal model. The
ES configuration comprised two stages. A precursor ABL was initially
enerated within an empty domain, illustrated as solid black lines in

Fig. 1. To achieve a fully developed ABL, this precursor simulation was
un for 20 000 s for cases with neutral and unstable ABL and 25 000 s

for cases with stable ABL [49]. This disparity in duration aimed to
accommodate more complex development of shear, leading to low-level
jet-like scenarios. An adjustable time-step was used in these simulations
based on free-stream wind speed based Courant–Friedrichs–Lewy (CFL)
number [50] being at maximum, 0.75; leading to a time-step between
0.3 s to 0.5 s, depending on the mean free-stream wind speed.

Subsequently, in all cases, the next 700 s were used for actuator line
model (ALM)-based LES was executed. The wind fields were sampled
in the ALM-LES setup. The horizontal homogeneity and shear profile
development were examined within the 700 s to confirm the developed
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Fig. 1. 3-D view of the domain. The dotted rectangles represent two refinement
regions. The sampling plane is denoted as a filled black rectangle at an upstream
distance of 3D. The rotor is denoted by a magenta circle.

ABL and variation within acceptable bounds. A sampling plane with
probes was employed to record velocity at a 3D upstream distance
(shown in Fig. 2). This distance was deemed sufficient to sample
velocity without the influence of the wind turbine induction zone
(shown in Fig. A.19). The ALM-LES domain differed from the precursor
domain only in utilizing two refinement boxes, delineated by dotted
lines in Fig. 1. The global mesh sizing was 10m (in line with existing
literature [21,51,52]), and the local mesh size in the refinement boxes
1 and 2 was 5m and 2.5 m, respectively. These refinement boxes did
not intersect with the sampling plane; hence, velocity probing occurred
within cells isotropically sized 10m. The wind field sampled here was
later used for standalone BEM simulations.

In regards to the result sensitivity with the grid size, it may be
noted that the focus of this study is on large-scale structures instead of
the high- frequency small-scale structures. A sensitivity study of ABL-
LES can be found in [53], highlighting the differences in atmospheric
characteristics. In line with their recommendations, the grid sizing in
the neutral and unstable ABL LES of this study can be considered well
resolved. The grid sensitivity of the stable ABL LES on the results of
this study are provided in Appendix D. The results indicate marginal
differences (up to ±4%) in the load channels of interest, hence, to
ensure reasonable computational costs of the three stable LES, the grid
size is chosen as 10m. The velocity probing sampling frequency was set
to correspond to once every 5 time steps of the simulation, which lead
to a sampling frequency of approximately 4Hz. The sampling probes
are shown in Fig. 2. The energy spectra of the wind field was analyzed
to chose a reasonable cut- off frequency for the further analysis. As
in one of the approaches in [53], the energy spectra was plotted and
the inertial subrange was identified using the Kolmogorov’s −5∕3 slope,
shown in Fig. A.14. This resulted in the choice of 0.25 Hz as the cut-off
frequency.

Regarding the precursor ABL parameters, first, the surface rough-
ness was chosen based on the implicit Charnock equation:

𝑧0 =
𝐴𝑐
𝑔

⎡

⎢

⎢

⎣

𝜅 𝑉ℎ𝑢𝑏
ln 𝑧ℎ𝑢𝑏

𝑧0

⎤

⎥

⎥

⎦

2

(13)

In the above equation, 𝐴𝑐 is Charnock’s constant and is recommended
to be 0.011 for open sea [54], 𝜅 = 0.4 is von Karman’s constant,
𝑔 = 9.81 m∕s2 is acceleration due to gravity and 𝑧ℎ𝑢𝑏 = 170m is the hub
height of the IEA 22MW wind turbine. Using a hub height velocity of
11.5 m/s, numerically solving the above equation yields 𝑧0 = 0.0001m.
This input surface roughness was set the same for all the simulations.
The Schumann–Grotzbach wall shear stress model was used on the
lower surface with the Monin–Obukhov similarity theory [55] based
on the calculation of surface friction velocity. For the upper boundary,
the conditions were set to represent the geostrophic wind; wall shear
5 
Fig. 2. 2-D view of the domain in the Y–Z plane. The probes are shown as black hollow
circles. The rotor is denoted by a magenta circle. The white dotted line represents a
line along the base location chosen for coherence analysis. The red asterisks (each
separated by 50m) and green asterisks (each separated by 30m) are the points chosen
for coherence analysis of laterally and vertically separated points, respectively.

stress was set to zero, and the slip condition for velocity (zero perpen-
dicular velocity) was specified. The reference wind speed was set as the
corresponding value for the different cases at hub height, driven by a
constantly adjusting pressure gradient.

Next, the Coriolis parameter was calculated using a latitude of
52.8 deg, representative of the Dutch North Sea [35]. A capping in-
version at 500m was set for all simulations. The reference potential
temperature was set as 300 K. Within a 100m inversion width, the
potential temperature was set to vary from 300K to 305K. Above the
inversion layer, a potential temperature gradient of 0.003 K/m was
specified [34].

On the lower boundary, a temperature flux of −0.02K-m/s in the
altitude direction was applied for the unstable ABL simulations, while
0.02 K-m/s was applied for the stable ABL simulations [56]. On the
upper boundary, the temperature flux was set as zero. The precursor
ABL simulation domain’s other faces (north, east, south, and west) were
set to cyclic boundary conditions. The simulations were run using the
DelftBlue [57] and the Dutch national supercomputer, Snellius. Each
precursor ABL simulation had a wall clock time between 30 to 72 h,
depending on the case and number of cores used.

The lower fidelity wind field, the Kaimal model-based inflow pro-
files were generated using TurbSim [31]. The Kaimal model-based
wind fields used in this study differ from the IEC guidelines in two
ways. First, a power law wind shear exponent (𝛼) of 0.11 was used, as
this value matched the neutral atmosphere LES wind profiles. The IEC
offshore guideline specifies 𝛼 = 0.14. Second, the turbulence intensity
was scaled down to match the turbulence intensity of the corresponding
LES cases, which have a hub height turbulence intensity close to 5%.
For both methods, a hub height wind speed of 8.5 m/s was selected to
represent wind turbine operation below-rated conditions. Next, a hub
height wind speed of 11.5 m/s was chosen, corresponding to near-rated
conditions for wind turbine operation. Lastly, a hub height wind speed
of 14.5 m/s was selected to represent the above-rated wind turbine
operation.

3.2. Inflow profiles

The planar and temporally averaged inflow profiles for the distinct
wind fields generated in this study are presented and discussed here.
Fig. 3(a) displays the inflow profiles for the scenario with a hub height
wind speed of 8.5 m/s. The results show a stable atmosphere with
high wind shear, an unstable atmosphere with low wind shear, and
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Fig. 3. Inflow profiles of planar averaged U component of wind speed and its turbulence intensity (TI), for different atmospheric conditions. The magenta lines indicate the rotor
tips and hub height.
Fig. 4. SPOD mode 1 with frequency 0.01 Hz in the at-rated scenario.

a neutral atmosphere with a power law wind shear of approximately
0.11. Next, for the at-rated scenario, as shown in Fig. 3(b), the stable
atmosphere is characterized by complex wind shear and a low-level jet,
with a wind speed peak occurring near the wind turbine hub height. A
minor overshoot in turbulence at low altitudes is evident in Fig. 3(b),
possibly due to the shallow boundary layer and low-level jet in that
scenario. Furthermore, the stable atmosphere is typically influenced
by small-scale processes [58], and it may be possible that the grid
resolution in this study was coarse to resolve these scales accurately
or that the SFS model did not adequately capture these features at
low altitudes. However, given the LES energy spectra and the cut-
off frequency chosen in this study (Fig. A.14), this effect is deemed
to not affect the wind field spectral analysis conducted in this study.
Furthermore, it is known that the higher frequency region has minimal
impact on loads [14], hence, it does not affect the aero-elastic analysis
of the wind turbine as well. Both the unstable and neutral atmospheres
in the at-rated scenario, as well as those in the above-rated scenario
(Fig. 3(c)), exhibit characteristics similar to those observed in Fig. 3(a).
In particular, in Fig. 3(c), the wind speed in the stable atmosphere
plateaus above the rotor hub height. Similar profiles are also seen in
6 
a numerical study by the authors of [59]. In general, a low turbulence
intensity trend is observed, which can be attributed to the low surface
roughness and high altitudes. Exceptionally low turbulence intensities
(1%) at higher altitudes in stable atmospheres, a finding also noted in
the literature, such as in [60].

3.3. Aero-elastic simulations

The wind turbine aero-elastic simulations were performed using
NREL OpenFAST [32], a widely used open-source aero-hydro-servo-
elastic tool. Stand-alone OpenFAST simulations were run with the wind
field output from the sampling probes from LES. The blade element mo-
mentum theory along with the time-dependent Øye’s dynamic inflow
model (see [61] for details) was used for the aerodynamic calculations.
The Beddoes–Leishman dynamic stall model with the Minnema/Pierce
variant (see [62] for details) was used for incorporating the effects
of dynamic stall. The module ElastoDyn was used for the structural
calculations. This module uses the Euler–Bernoulli beam and does
not incorporate a blade-torsion degree of freedom. The NREL ROSCO
controller [63] was used to control among other parameters, the wind
turbine blade pitch and rotational speed.

4. Results

4.1. Impact of atmospheric stability on wind field spectral characteristics

Here, the characteristics of the 12 different wind fields are presented
and discussed. This is aided by visualizing the different coherent struc-
tures obtained by utilizing SPOD, by analysis of the lateral and vertical
co-coherence and integral length scales. The SPOD aided coherent
structure visualizations are shown below for the cases with a hub height
wind speed of 11.5 m/s, corresponding to the rated conditions for the
wind turbine. Due to the similarity between the different cases, the
remaining visualizations are provided in Appendix B. The co-coherence
and integral length scales are estimated for all the different inflow
conditions.

First, focusing on the SPOD results, Fig. 4 shows the coherent
structures with a frequency of 0.01 Hz in the different wind fields
with a hub height wind speed of 11.5 m/s. It can be noted that the
stable atmosphere has prominent laterally stretched structures, while
the other wind fields have diagonally or vertically stretched structures
(as also reported in, for example, [64]). The lack of vertical mixing
and the shallow boundary layer in a stable atmosphere are among
the factors leading to these layered, wave-like structures. The authors
of [65] use flow visualization techniques and find such quasi-horizontal
modes in a very stable atmosphere. The study in [66] also reports
wave-like activity on the top of a stable surface layer. Next, it can be
seen in Fig. 4(d) that the Kaimal model does not account for large
coherent structures at this rotor scale. This characteristic may have
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Fig. 5. SPOD mode 1 with frequency 0.13 Hz in the at-rated scenario.

Table 1
Estimated atmospheric surface layer height in different LES wind fields. AR, BR, R
refer to the cases with above-rated, below-rated, and rated wind turbine operation,
respectively.

Scenarios Atmospheric surface layer height

AR NABL 125 m
AR SABL 105 m
AR USABL 135 m
BR NABL 145 m
BR SABL 25 m
BR USABL 115 m
R NABL 135 m
R SABL 25 m
R USABL 135 m

been adequate for smaller rotors but may not allow for an accurate
representation of the spatio-temporal resolution across the diameter
of the larger rotors. A similar observation can be made for Figs. B.20
and B.24 for the 0.01 Hz coherent structures in below and above-rated
scenario. Furthermore, it can be said that the low-frequency SPOD
modes in LES-based wind fields have a higher energy content than the
scaled IEC Kaimal model-based wind field. Two exceptions to this trend
are the stable atmosphere cases in Figs. 4(b) and B.20(b). Next, Fig. 5
provides visualization of the higher-frequency, low-energy coherent
structures. These structures are small and will impact wind turbine
loads locally and have minimal global impact [67].

Further insights into the different coherent structures are provided
using co-coherence analysis (Eq. (9)). Below, all estimates of co-
coherence are provided using the Welch method [42] with 7 segments,
50% overlap, and a Hann window function. A simple moving average
filter over 5 points smoothed the resulting co-coherence estimates.

The co-coherence in the different wind fields was compared with
the IEC coherence function (Eq. (10)). As previously noted, the IEC
coherence function is designed for neutral stratification within the at-
mospheric surface layer (ASL). Hence, it is worthwhile to first estimate
the ASL height. This study estimated the ASL height by analyzing
the friction velocity (Eq. (12)) variation against altitude. The estimate
of ASL height helps realize the altitudes above which the wind field
7 
Fig. 6. Co-coherence for the U component at different lateral separations in the at-rated
scenario. The measurement points are shown in Fig. 2.

characteristics are not inherently represented by the IEC coherence
function and need better modeling for large rotors. The ASL heights
for the different wind fields are tabulated in Table 1.

It can be observed that the stable atmospheres have a very shallow
ASL, especially in the below and at-rated scenarios, which have an
ASL height of 25m. Generally, it has been found that unstable at-
mospheres have a higher ASL height, as anticipated. The neutral and
unstable atmosphere has been found to have an ASL height ranging
from 100–150m, with the 500m capping inversion height used in this
study. It is important to note that the wind turbine’s hub height is
170 m, and all estimated ASL heights fall below this altitude. This
highlights the wind turbine rotor’s exposure to the complex dynamics
of the ABL at higher altitudes. These values appear consistent with the
commonly accepted guideline that places the height of the atmospheric
surface layer within the initial 10–20% of the atmospheric boundary
layer (ABL) [33]. Based on the 500m capping inversion in the present
study, this guideline suggests the height of the atmospheric surface
layer to be between 50–100,m.

The lateral and vertical co-coherence (𝛾𝑢𝑢) of the U component
was analyzed. The focus was not on the longitudinal co-coherence or
the other wind components, as previous research indicates that wind
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Fig. 7. Co-coherence for the U component at different vertical separations in the at-
ated scenario. The measurement points are shown in Fig. 2.

turbine loads are most sensitive to the co-coherence of the stream-wise
component in the lateral and vertical directions [68]. Four altitudes
anging from 125m to 275m were chosen in steps of 50m along

a base span location as shown in Fig. 2. The lateral co-coherence
was then analyzed for points separated by 30m, and 60m. Further,
the vertical co-coherence with a reference altitude was analyzed for
vertical separations of ±30m and ±60m. Regarding the co-coherence,
one common observation that can be made is that the IEC coherence
unction yields a sharp drop in the co-coherence at frequencies lower
han 0.1 Hz, unlike the co-coherence observed in the LES wind fields, in
he chosen laterally and vertical separations (Figs. 6 and 7). The vertical

co-coherence is higher in the unstable and neutral atmosphere than
n the stable atmosphere (Fig. 7). This result is intuitive considering
he more shallow boundary layer in the stable atmospheres. The phase

angle is disregarded in the IEC coherence function, but it can be seen
hat this is not the case with the LES wind fields and that co-coherence
alls below zero on several occasions. However, the quad-coherence
s not assessed because it is known to have negligible impact on the
oads [67].

Lastly, the integral length scales shown in Fig. 8 represent the
largest eddies in the ABL simulated in the present study. The estimates
were computed using the approach shown in Eq. (11). The stream-wise
𝐿𝑢𝑥), span-wise (𝐿𝑢𝑦), and altitude-wise (𝐿𝑢𝑧) integral length scales are

shown in Figs. 8(a), 8(b), and 8(c), respectively. The largest integral
ength scales are observed for the unstable atmosphere with 𝐿𝑢𝑥 up to
.5 times the rotor diameter, given the 500m capping inversion used in
his study. In contrast, it can be seen that the IEC Kaimal model cannot

resolve large eddies and the variation of integral length scales with
wind speeds. For instance, the largest 𝐿𝑢𝑥 with the IEC Kaimal model
wind fields is less than half of the integral length scales in the LES wind
field with unstable atmosphere. It may be noted that the variation in
the integral length scale across wind speeds intuitively complements
the coherent structures visualized by SPOD. For instance, as shown
in Fig. 8(a), the stream-wise integral length scale in an unstable at-
mosphere increases with wind speed. Similarly, a comparison between
Figs. B.20 and B.24 reveals larger coherent structures in the latter case

ith higher wind speed. Interestingly, the integral length scales in the
ABL are found to decrease with the wind speed (a similar trend also
een in [69]), which might be attributed to the energy content at lower
requencies at lower wind speeds. For example, the SPOD reveals that
he 0.01 Hz mode has an energy of 26% (Fig. B.20(b)), 11% (Fig. 4(b)),

and 21% (Fig. B.24(b)) for the below, at, and above-rated wind speeds.
8 
Fig. 8. Integral length scales of the U component at hub height, for the different wind
fields. The left axis provides the absolute values and the right axis provides the values
ormalized with the rotor diameter.

4.2. Impact of different coherent structures on loads

Based on the discussion in the previous section, it is evident that the
LES wind fields in this study exhibit different characteristics compared
to those generated by the IEC Kaimal model. Specifically, the LES
wind fields feature larger integral length scales and more prominent
coherent structures. Various frequency coherent structures were iden-
tified, and corresponding wind fields were reconstructed using SPOD.
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This section presents the aero-elastic analysis of the 22MW RWT in
these reconstructed wind fields. The analysis focuses on the tower base
ore–aft bending moment (𝑀𝑇−fa), blade flap-wise bending moment
𝑀flap), and azimuthal axial force contributing to thrust (𝐹𝑥). All values
re normalized by the values corresponding to the scaled IEC Kaimal
odel-based original wind field. Here, originally refers to the initial
ind field, that is, the wind field obtained from the respective method
efore SPOD and reconstruction.

Fig. 9 presents the 𝑚𝑎𝑥(𝑀𝑇−fa) in the different wind fields. In below-
rated wind turbine operation (Fig. 9(a)), it can be seen that 𝑚𝑎𝑥(𝑀𝑇−fa)
is consistently higher in the various LES wind fields, with the largest
difference being approximately 10% in the unstable atmosphere. This
trend correlates with the span-wise integral length scale (𝐿𝑢𝑦) shown
in Fig. 8(b) for below-rated wind speed. At and above-rated wind
urbine operation, 𝑚𝑎𝑥(𝑀𝑇−fa) is lower for the stable atmospheres,
igher for the unstable atmosphere, and quite similar in the neutral
tmosphere. This behavior in a stable atmosphere is attributed to the
ery low turbulence intensities, as seen in Figs. 3(b) and 3(c). Given
he minor discrepancies (±3%) observed between the neutral and scaled
EC Kaimal model-based wind fields at and above-rated wind turbine
peration, it can be said that 𝑀𝑇−fa is insensitive to the coherent
tructures in these situations. A similar trend was observed for the mean

values 𝑀𝑇−fa (not shown here for brevity). Regarding the influence of
different coherent structures, it is evident that much of the 𝑚𝑎𝑥(𝑀𝑇−fa)
is captured by the lower frequency coherent structures, more so than
by the higher frequency coherent structures. These structures have a
larger amplitude and energy content. It has been consistently observed
that wind fields with coherent structures at frequencies of ≤0.06Hz can
replicate much of the global response of a wind turbine. In contrast,
wind fields with coherent structures in the 0.06–0.25Hz range account
for a smaller fraction of the wind turbine’s global response, suggesting
that these structures primarily have a localized impact on the wind
turbine.

The comparison of 𝑚𝑎𝑥(𝑀flap) is shown in Fig. 10. A similar trend
is observed with smaller differences, than for 𝑚𝑎𝑥(𝑀𝑇−fa). This lesser
impact is expected because differences in 𝑀flap tend to average out by
the effects of shear and turbulence [69]. It is known that a higher wind
hear leads to higher loads. Thus, the increased loads in the unstable
tmosphere (low shear, 𝛼 ≈ 0.04) suggest the impact of the coherent
tructures.

Moreover, although the maximum design-driving loads discussed
bove show minimal differences between the neutral atmosphere and
caled IEC Kaimal model-based wind fields, a different observation was
oted for the mean azimuthal blade loads. This is illustrated in Fig. 11.

The mean axial force 𝐹𝑥 differed by up to ±10% (increase in the lower
part and decrease in the upper part) in the neutral atmosphere, both be-
low and above-rated operation, compared to the corresponding scaled
IEC Kaimal model-based wind field. At-rated operation, this difference
was up to ±5% (increase in the lower part and decrease in the upper
part). This smaller difference is attributed to the low turbulence inten-
sity, which causes less variation in rotor thrust, resulting in consistently
higher thrust compared to the scaled IEC Kaimal model-based wind
field (as evident from the 𝑇𝑓−a comparison, which is dominated by rotor
thrust). Given that the wind shear, turbulence intensity, and hub height
wind speed are similar to the scaled IEC Kaimal model-based wind
field, particularly in comparison to the neutral atmosphere, it can be
concluded that the coherent structures and spatial flow characteristics
cause the differences in azimuthal loads.

Next, the standard deviations of 𝑇𝑓−a and 𝑀flap are presented in
Figs. 12 and 13, respectively. From Fig. 12, it can be seen that 𝜎𝑇𝑓−a is
onsistently higher (up to +50%) in the unstable atmosphere across all
hosen wind turbine operating conditions. Conversely, 𝜎𝑇𝑓−a is found
o be lower (up to −50%) in the stable atmosphere, with an exception
oted in Fig. 12(a). It is apparent from Fig. 8(c) that, for the case with
 hub height wind speed of 8.5 m/s, the stable atmosphere has a higher
ltitude-wise integral length scale than the scaled IEC Kaimal wind
9 
Fig. 9. Maximum values of tower fore–aft bending moment. Values are normalized
with the corresponding values for the original IEC NTM Scaled TI scenario.

field. Therefore, considering the correlation of 𝜎𝑇𝑓−a with 𝐿𝑢𝑧, it can be
concluded that the larger eddies are responsible for the discrepancies
observed.

Fig. 13 shows that none of the LES wind fields lead to higher 𝜎𝑀flap
compared to the scaled IEC Kaimal wind field. The only exception is the
𝜎𝑀flap in the stable atmosphere at above-rated operation (Fig. 13(c)).

he neutral atmosphere wind fields result in similar 𝜎𝑀flap values,
with an exception noted in Fig. 13(a). This exception is attributed to
the higher energy content in the scaled IEC Kaimal wind field near
the rotor’s 1P frequency, approximately 0.08 Hz. The SPOD results
support this, showing that 𝜎 is 75% lower in wind fields with
𝑀flap
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Fig. 10. Maximum values of blade flap-wise bending moment. Values are normalized
with the corresponding values for the original IEC NTM Scaled TI scenario.

coherent structures between frequencies of 0.06 Hz and 0.25 Hz. The
unstable atmosphere wind fields yield 𝜎𝑀flap values that are up to 25%
lower. This decrease is attributed to the low wind shear in unstable
atmospheres and relatively similar turbulence intensity, especially at
higher altitudes (Fig. 3). Conversely, the stable atmosphere wind fields,
despite their complex and high wind shear, lead to lower 𝜎𝑀flap values.
This is due to the averaging effect of high wind shear combined with
low turbulence intensity. These results align with the trends observed
in [70].
10 
Fig. 11. Azimuthal variation of axial force in NABL.

5. Conclusions and recommendations

The objective of this study was two-fold. Firstly, the objective was to
assess how effectively the IEC Kaimal model represents the atmospheric
inflow conditions at scales relevant to large wind turbines, specifically
the IEA 22MW wind turbine. Secondly, the study aimed to assess
the aero-elastic response of the wind turbine under distinct inflow
conditions characterized by varying atmospheric stability and wind
speeds.

This study utilized low- and high-fidelity modeling. Wind fields
based on the IEC Kaimal model were generated using NREL Turb-
Sim, and LES with NREL SOWFA-6 simulated neutral, stable, and
unstable conditions. The IEC fields were scaled to match the turbu-
lence intensity and shear of LES neutral wind fields. Twelve wind
fields were generated, decomposed, and reconstructed to capture co-
herent structures. Spectral Proper Orthogonal Decomposition (SPOD)
was applied to isolate frequency-specific structures, with spectral anal-
ysis performed using co-coherence and integral length scale estimates.
NREL OpenFAST was used to assess the wind turbine’s aero-elastic
response.
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Fig. 12. Standard deviation of tower fore–aft bending moment. Values are normalized
with the corresponding values for the original IEC NTM Scaled TI scenario.

SPOD revealed the large coherent structures with low frequencies
0.01 Hz), which are horizontally stretched for the stable atmosphere
hile vertically stretched for the neutral and unstable atmosphere
wing to the active vertical mixing. The IEC Kaimal model-based
ind field were found to not contain these large coherent structures,
specially in relation to the rotor diameter of 280m. Future work
ccompanying measurements at this scale will aid in gathering a more
ccurate estimate of the coherent structures. The SPOD results were
omplemented through integral length scale estimates. With the 500m
apping inversion used in this study, it was found that the LES wind
ields exhibited stream-wise integral length scales sized 70–140m or
.2 − 0.5D (highest for the unstable atmosphere in the above-rated wind
peed scenario) while the IEC Kaimal model-based wind field had 𝐿𝑥𝑢 of
.2 D. Additionally, the IEC Kaimal model did not capture the variation
f 𝐿𝑢 with wind speeds.

Regarding wind field co-coherence, discrepancies between LES and
IEC Kaimal model-based wind fields were pronounced, especially at
igher altitudes. In LES-based wind fields, coherent structures decayed
ess rapidly at lower frequencies, highlighting their larger size than
he IEC Kaimal model. Stable atmospheres exhibited lower vertical
 s

11 
Fig. 13. Standard deviation of blade flap-wise bending moment. Values are normalized
ith the corresponding values for the original IEC NTM Scaled TI scenario.

co-coherence, while neutral atmospheres generally showed higher co-
coherence at frequencies of interest (≤0.2Hz). A friction velocity-based
ASL height estimate revealed that the ASL height varied from 100 to
150m depending on stratification, with a notable case of a shallow
stable atmosphere resulting in an ASL height of 25m. Hence, the IEA
22MW wind turbine, with a maximum tip height of approximately
310m, has most of its rotor exposed to complex ABL dynamics that
exceed the modeling capabilities of the IEC Kaimal model-based wind
fields.

The aero-elastic response was evaluated using BEM on NREL Open-
FAST. The analysis was focused on tower fore–aft bending moment
𝑇𝑓−𝑎), blade root flap-wise bending moment (𝑀𝑓 𝑙 𝑎𝑝), and axial force
𝐹𝑥) contributing to thrust. It was found that the design driving
𝑚𝑎𝑥(𝑇𝑓−𝑎) and 𝑚𝑎𝑥(𝑀𝑓 𝑙 𝑎𝑝) are higher by up to 15% and up to 8%
espectively, in comparison to the scaled IEC Kaimal model-based wind
ield. The azimuthal variation of 𝐹𝑥 revealed differences (up to ±7.5%)
long the rotor for even the case of a neutral atmosphere compared
o the scaled IEC Kaimal model-based wind field. These discrepancies
ere attributed to the coherent structures given the similar wind
hear and turbulence intensity. The discrepancies were larger for the
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below and above-rated operating conditions than for rated operating
conditions. The variation of 𝜎(𝑇𝑓−𝑎) showed differences up to +50% for
nstable atmosphere, compared to the IEC NTM Scaled TI wind field, at
ll operating conditions. In contrast, the difference was −50% for stable
tmospheres. The variation of 𝑇𝑓−𝑎 was found to correlate with 𝐿𝑧𝑢. The
arameter 𝜎(𝑀𝑓 𝑙 𝑎𝑝) was found to be less sensitive to the atmospheric
tratification with a maximum change of −25%. The contrasting effect
f high (low) wind shear and low (high) turbulence intensity was
ttributed to the observed variation. Much of the observed variation
as captured by the low frequency (≤0.06Hz) SPOD modes.

In conclusion, IEC Kaimal model must incorporate the ability to
epresent coherent structures indicative of the desired atmospheric
tratification. The higher coherence observed at higher altitudes, above
he ASL, underscores the need to develop more comprehensive coher-
nce models. This will be the next step in the research, likely requiring
alidation with measurements at these higher altitudes. Further ex-
mining the relationships between integral length scales and lateral
nd vertical coherence could help refine current models. This will help
nhance the current formulation of the IEC Kaimal model coherence
hich has same decay in lateral and vertical directions. Furthermore,
nalyzing the reconstructed SPOD wind fields could provide insights
nto low-frequency coherent structures, aiding model development.
egarding the aero-elastic response, the next step will be to assess the

oads using higher-fidelity modeling.
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Appendix A. Wind field characteristics

Fig. A.14 provides the wind field energy spectrum for the justifica-
ion of the chosen cut-off frequency of 0.25 Hz.

Next, an example visualization of the wind field characteristics of
the decomposed (Fig. A.15) and reconstructed wind fields (Figs. A.16
and A.17) by utilizing SPOD is shown below.

The calculated friction velocity and estimated ASL height (in line
ith approach in Section 2.3) are shown in Fig. A.18.

Fig. A.19 below shows the wind turbine induction zone wind speed
rofile to justify the choice of 3D upstream distance for sampling

free-stream wind field.

Appendix B. Wind field decomposition and spectral analysis

See Figs. B.20–B.27, in addition to results provided in Section 4.1.
12 
Fig. A.14. Example visualization of wind field spectrum for the at-rated wind speed
scenario in a stable atmosphere. The cut-off frequency was identified as the one
corresponding to the highest wavenumber (denoted as black line) in the inertial
subrange of the LES.

Fig. A.15. Energy distribution of the leading SPOD mode across different frequencies.
he SPOD identified 13 modes for each frequency.

Fig. A.16. Instantaneous U component with different frequencies, compared to the
riginal wind field. All modes at the corresponding frequency were used to reconstruct
he velocity.

https://www.tudelft.nl/dhpc
http://www.surf.nl
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Fig. A.17. Example visualization of the results of the spectral orthogonal decomposi-
tion (SPOD).

Fig. A.18. Friction velocity in different inflow conditions plotted against the altitude.
The magenta lines indicate the estimated atmospheric surface layer height.

Fig. A.19. Wind turbine upstream region wind profile to show the negligible influence
of induction zone at 3D upstream distance.
13 
Fig. B.20. SPOD mode 1 with frequency 0.01 Hz in the below-rated scenario.

Fig. B.21. SPOD mode 1 with frequency 0.13 Hz in the below-rated scenario.

Appendix C. Spectral proper orthogonal decomposition validation

The current implementation of the SPOD, as outlined in [43],
was validated using a simulation dataset of the von Kármán vortex
street, which was extracted from [71,72]. The authors conducted a 2D
Unsteady Cylinder Flow in a simulation domain spanning from −0.5 m
to 7.5 m in the stream-wise direction and −0.5 m to 0.5 m in the span-
wise direction. Their simulation was conducted at a Reynolds number
(Re) of 160 and a cylinder of radius 0.0625 m was placed at the origin



N. Dangi et al. Renewable Energy 241 (2025) 122248 
Fig. B.22. Co-coherence for the U component at different lateral separations and
altitudes in the below-rated scenario. The measurement points are shown in Fig. 2.

Fig. B.23. Co-coherence for the U component at different vertical separations in the
below-rated scenario. The measurement points are shown in Fig. 2.

of the domain (0m, 0m). An example visualization of the flow is shown
in Fig. C.28 and the time-averaged flow field is shown in Fig. C.29.

This case was chosen because one can estimate the vortex shedding
frequency of the swirling vortices in the von Kármán vortex street. This
14 
Fig. B.24. SPOD mode 1 with frequency 0.01 Hz in the above-rated scenario.

Fig. B.25. SPOD mode 1 with frequency 0.13 Hz in the above-rated scenario.

can be done by using Eq. (C.1) [73] and Eq. (C.2).

𝑆 𝑡 = 0.2655 − 1.018
√

𝑅𝑒
(C.1)

𝑓 = 𝑈 ∗ 𝑆 𝑡
𝑑

(C.2)

In the above equations, St is the dimensionless Strouhal number, f
is the vortex shedding frequency, U is the flow velocity in m/s and d
is the length scale of the body, here the cylinder diameter. Plugging in
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Fig. B.26. Co-coherence for the U component at different lateral separations and
altitudes in the above-rated scenario. The measurement points are shown in Fig. 2.

Fig. B.27. Co-coherence for the U component at different vertical separations in the
above-rated scenario. The measurement points are shown in Fig. 2.

the values in the above equation, it can be found that f is ≈1.5Hz.
The SPOD procedure described in Section 2.2 was utilized on the

above data-set. Fig. C.30 presents the SPOD modes of the flow at
distinct frequencies. Based on the above calculation, it was expected
15 
Fig. C.28. An instantaneous visualization of the flow-field of the 2-D unsteady flow
simulation extracted from [71,72].

Fig. C.29. A visualization of the time-averaged flow-field of the 2-D unsteady flow
simulation extracted from [71,72].

that the vortex shedding would be observed at ≈1.5Hz and in its integer
multiples, albeit with lower energy. Figs. C.30(c) to C.30(f) illustrate
this expectation and the lower frequencies show large structures not
related to the von Kármán vortex street.

Appendix D. Sensitivity study of large eddy simulations of the
stable atmospheric boundary layer

A sensitivity study of the LES of the stable atmosphere was con-
ducted to determine whether under-resolved small-scale structures on
a coarser grid affect the wind turbine loads. The results presented
in this section are meant to highlight aspects relevant to this study
rather than provide an in-depth analysis of the differences. For a
detailed understanding of the sensitivity of ABL-LES results, the reader
is referred to [53] and the references therein.

To keep the computational cost reasonable this study was conducted
on a domain smaller than the one utilized (Fig. 1) in the main study.
Three domains with size 640m × 640m × 640m were utilized with
isotropic grids of size 10m, 5m and 3.125 m (in line with [74]). The
solver settings were identical to those detailed in Section 3, except that
the inversion layer height was set to 200m in the cases of this sensitivity
study.

From Fig. D.31 it can be seen that an acceptable quasi-steady state
has been achieved. Similar checks were made on the temperature,
surface flux, boundary layer height (not shown here for brevity). From
the planar-averaged velocity profile in Fig. D.32, it can be seen that the
boundary layer becomes shallower, that is, for example, the maximum
velocity is reached at a lower altitude as the grid is refined. The
fluctuations in the lower altitudes are found to be resolved better
with the finer grid while the mean velocity profile has no remarkable
differences, apart from a slight offset in wind speed at heights about
the inversion layer. This offset was found to be linked to a slightly
different strength of the inertial oscillations in the coarse LES than in
the fine resolution LES (also see section 2 and 3.4 of [75]). The change
in wind speed profiles due to this effect will manifest only above the
boundary layer and are not expected to affect the wind profiles in the
rotor exposed area in the main study, which used a higher inversion
height.

Upon plotting the spectra of the wind field (not shown here),
as expected, there was an increase in energy at higher frequencies.
However, a drop in energy spectrum was found at very low frequencies.
In a recent paper [75], this behavior has been observed too, but their
study could not provide a reasonable explanation for this behavior
(see section 3.4.6 of their study). The author of [76] finds high SGS
model dissipation at small wave-numbers and hypothesizes it to be
linked to the effective filter width. Figure 7 of [53] also shows this
trend, however, their study does not discuss it. Owing to these dis-
crepancies and open-questions, these stable ABL-LES wind fields were
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Fig. C.30. SPOD mode 1 for different frequencies in the 2-D unsteady flow simulation
extracted from [71,72].

Fig. D.31. Visualization of the development of the stable atmosphere precursor with
isotropic grid size of 3.125 m.
16 
Fig. D.32. Spatio-temporal averaged profiles for the stable atmosphere precursors with
three different grid sizes. The averaging was conducted over the last 1000 s of the
precursor. The magenta lines indicate the rotor tips and hub height.

Fig. D.33. Blade flap-wise bending moment variation due to LES grid size.

input to standalone OpenFAST simulations as in the main study and
the aero-elastic impact was assessed on the IEA 22MW wind turbine.
The blade flap-wise bending moment and tower fore–aft bending mo-
ment are known to be sensitive to low-frequency wind fluctuations.
Hence, a slight increase (+4%) in maximum value of blade-flap-wise
(𝑚𝑎𝑥(𝑀flap)) bending moment was found, for the coarser LES simula-
tion (Fig. D.33). Given the lower energy of high-frequency fluctuations
in the coarser simulation, the standard deviation (𝜎𝑀flap ) has been
found to be marginally lower (−3%). A similar trend was seen for the
tower fore–aft bending moment. With this observation, it can be noted
that there is no major necessity for the use of the finer grid for the
purpose of this study, which revolves around large-scale structures.
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