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Abstract

Offshore wind is a promising clean energy alternative to fossil fuels. The
wind resource at sea is considerably stronger than on land, and the off-
shore wind turbines (OWTs) tend to be larger. Currently, more than 160
commercial offshore wind farms (OWFs) are in operation worldwide, of
which 2% are floating wind farms (FWFs). Bottom-fixed OWTs are mainly
installed close to shore and in shallow water, where operation, maintenance
and substructure costs are lower than for floating solutions. However, some
countries have deep water close to the coast, which makes the development
of floating offshore wind turbines (FOWTs) an attractive alternative (e.g. in
Japan, Norway, and the west coast of the USA). The floating offshore wind
industry is expected to continue to reduce costs, making it competitive with
bottom-fixed developments in the near future.

The atmospheric inflow to wind turbines includes mesoscale and mi-
croscale processes. For a FOWT, the floater introduces additional degrees
of freedom compared to a bottom-fixed foundation, thus extending the
dynamic response of FOWTs to a wider frequency interval. The natural
frequencies of the floaters are in the range of the microturbulence frequen-
cies influenced by the thermal stratification of the atmosphere (atmospheric
stability). The design standards for wind turbines do not usually take at-
mospheric stability into account. However, atmospheric stability should be
considered in the design of state-of-the-art FOWTs to improve estimates of
the wind loads, structural response and power production.

This thesis investigates the impact of atmospheric stability on the
FOWT response and fatigue loads through numerical simulations. The
two study cases include the 5 MW OC3-Hywind spar wind turbine (WT)
and the 5 MW OC4 DeepCwind semi-submersible WT. The wind inflow is
generated using different turbulence spectral models: Davenport-Kaimal,
Uniform Shear, Pointed-Blunt, and Højstrup Spectral Model with Daven-
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port co-coherence. The variable atmospheric stability is simulated using
the Pointed-Blunt Model and the Højstrup Spectral Model with Davenport
co-coherence. The effects of single-point and two-point spectra on the
two WTs are assessed separately and then jointly. A single wave loading
scenario with a fixed significant wave height and peak period is adopted.

In both study cases, the simulated fatigue damage associated with the
tower top twisting and the side-side bending moment is found to increase
in an unstable atmosphere compared to a near-neutral atmosphere, as is the
yaw and sway of the floaters. In a near-neutral atmosphere, the difference
in the spatial turbulence characteristics (co-coherence) in the two spectral
models (Uniform Shear Model and the Davenport-Kaimal Model) is also
seen to affect the response of the OC3-Hywind and the OC4 DeepCwind.
For example, the tower side-side bending moment is found to be greater
by up to 27% in a less coherent turbulent flow. This emphasises the need
to base the design of FOWT on lateral co-coherence models derived from
offshore field measurements at separations relevant to FOWTs, which are
currently scarce.

The simulated response of the OC3-Hywind to atmospheric stability
using the Pointed-Blunt Model is compared to the observed response from
the full-scale measurements of a 6 MW spar WT at Hywind Scotland. The
simulated floater pitch and yaw are found to be consistent with the measured
responses. This highlights the importance of incorporating atmospheric
stability into the design of FOWTs.

In addition, analyses of wind measurements at a coastal site, Vindeby,
are carried out with a focus on turbulence characteristics. These charac-
teristics are then compared with measurements from an offshore platform,
FINO1, from which the Pointed-Blunt model is derived. The spectral tur-
bulence characteristics observed at Vindeby (≤ 45 m above sea level (asl))
show a reasonable agreement with the characteristics observed at FINO1
(≤ 81.5 m asl).

This thesis recommends the inclusion of atmospheric stability in the
design of state-of-the-art FOWTs, to obtain representative wind loading.
Future wind measurements to include heights above 100 m asl, and meas-
urements to obtain information on lateral co-coherence are encouraged to
provide relevant design data. Lateral co-coherence, which is representative
of offshore sites with relevant separation distances for modern FOWTs,
has been partially addressed in the COTUR (COherence of TURbulence
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with lidars) project. However, lateral co-coherence in the MABL remains a
topic for further study.

Keywords: Floating wind turbine, Atmospheric stability, Turbulence
model, Spectral turbulence characteristics, Co-coherence, Floater response,
Fatigue load
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Chapter 1

Introduction

1.1 Background

In 2015, 196 countries signed the Paris Agreement to achieve net-zero
emissions by 2050 (United Nations, 2015). Most countries have come
up with a strategy to replace fossil fuels with low-carbon energy sources,
including wind. According to IRENA (2021), wind energy production
was the second highest amongst the renewable energy sources during the
year 2020, with the average annual growth of wind energy between 2018
and 2020 being around 10% (IEA, 2020). In 2021, the annual growth
rate increased by 17% compared to 2020, which corresponds to a power
generation of 1870 TWh, the largest compared to other power production
methods (IEA, 2022). Nonetheless, this figure is insufficient to meet the
net-zero carbon emission target, as the power generation is expected to be
7900 TWh by 2030 (IEA, 2022).

From 2001 to 2021, the cumulative installed wind energy capacity, both
onshore and offshore, increased from 24 GW to 837 GW (Jaganmohan,
2022). As of 2021, only about 7% of the installed capacity came from
offshore wind farms (OWFs) (IEA, 2022). Despite this small share, offshore
wind is a promising source of clean energy as it has a higher capacity
factor than onshore wind (Fleming, 2019). In addition, offshore wind has
the advantage of having less visual and noise impact than onshore wind
(Brunel, 2021).

According to European Comission (2022), the European Union (EU)
aims to achieve new installed offshore wind capacity of about 60 GW
by 2030 and 300 GW by 2050. In 2021, the newly commissioned OWFs
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in the EU reached only 1 GW (Europe, 2022). The Norwegian govern-
ment is aiming for an installed offshore wind capacity of 30 GW by 2040
(regjeringen.no, 2022). This ambitious target implies that an annual in-
stalled capacity of at least 1.8 GW is required from 2023 to 2040.

Presently, offshore wind has a greater levelised cost of electricity
(LCOE) than onshore wind due to the higher capital expenditure (CAPEX),
operating expenditure (OPEX), and maintenance costs (EIA, 2022). A
significant improvement in the design of offshore wind turbines (OWTs) is
needed to reduce the LCOE of offshore wind. In particular, the improve-
ment requires a reduction in the uncertainties of the environmental loading,
especially the dynamic wind loads, a requirement that has motivated the
present study. Improved modelling of the dynamic wind loads relies on
a better knowledge of the atmospheric flow physics for different thermal
stratifications and, in general, in various terrains (Veers et al., 2019).

This thesis investigates the response sensitivity of floating offshore wind
turbines (FOWTs) to wind thermal stratification. The dynamic behaviour
of the FOWTs is studied numerically, using an established aero-hydro-
servo-elastic analysis tool. Wind conditions representative of different
atmospheric stability are simulated based on the state-of-the-art turbulence
spectra. This thesis also includes a comparison of the numerically simulated
sensitivity trends of FOWTs with those observed in the field. The topic has
been of great interest to both academia and industry in the context of the
aforementioned offshore wind development plans.

1.2 Motivation and research questions

Figure 1.1 shows the growth in wind turbine size from 1991 to 2016. During
this period, the rotor diameter of OWTs has increased nearly fivefold. As
the offshore wind sector matures in technology, it is expected that even
larger wind turbines will be deployed to extract more wind energy further
offshore. Water depth is the main aspect that determines the choice of
foundation for an OWT. For example, the Burbo Bank Extension project
with 8 MW turbines was installed on fixed monopile foundations in water
depths between 5 m to 35 m (DONG Energy, 2013).

In September 2020, GE Renewable Energy announced that 190 of
their largest wind turbine (Haliade-X) with a rated capacity of 13 MW
and a rotor diameter of 220 m will be deployed at the Dogger Bank Wind
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Farm (Phase A, B, and C) (GE Renewable Energy, 2020). The Haliade-X
turbine reaches a height of up to 260 m above the surface, higher than
the Burbo Bank Extension wind turbine (WT) as illustrated in fig. 1.1. At
Dogger Bank Phase A, B, and C, the Haliade-X turbine will be paired with
a monopile foundation due to the relatively shallow water of ≈30 m in
the area (GE Renewable Energy, 2020). Yet, the Dogger Bank Offshore
Development Zone stretches about 8660 km2 with water depths ranging
from 18 m to 63 m, allowing the Haliade-X turbine to also be installed on a
floater.

While the floater motions and structural load responses of a large rotor
floating offshore wind turbine (FOWT) due to wave loading have been
investigated in the literature (e.g. by Paulsen et al. (2013); Li and Bachynski
(2021)), the effect of wind loading has been addressed in a limited number
of studies, namely by Bachynski and Eliassen (2019); Doubrawa et al.
(2019); Nybø et al. (2020). Moreover, the met-ocean conditions for FOWT
design are not yet fully understood and have been highlighted as one of the
grand challenges in wind energy by Veers et al. (2019). Refined modelling
of met-ocean conditions for FOWT design is therefore essential for the
future development of state-of-the-art FOWTs.

At offshore sites, the structure of the turbulence varies with the thermal
stratification of the atmosphere, more commonly known as atmospheric
stability (Businger et al., 1971). Atmospheric stability also affects the
surface layer height as illustrated in fig. 1.1.

Since the 1970s, surface layer turbulence has been conveniently para-
meterised by a set of basic variables, such as the height above ground, the
surface roughness length, the friction velocity and the Obukhov length
(Kaimal et al., 1972). Hereinafter, this parameterisation will be referred to
as surface-layer scaling.

Standards and codes that are developed for WT designs rely largely on
surface-layer scaling, either directly or indirectly. However, in the marine
atmospheric boundary layer (MABL), the marine surface layer is often
shallower than the height of a WT. Hence, the turbulence models used to
compute wind loading on WTs are expected to become less reliable with
increasing WT size, as sketched in fig. 1.1. In the International Electrotech-
nical Committee (IEC) 61400-1 standard (IEC, 2005), the information on
wind inflow condition is characterised using the hub height of the WT as
a reference. This standard recommends two different turbulence models,
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where the thermal stratification of the atmosphere is generally disregarded
for structural design (IEC, 2005). This is unlikely to be the case in the
MABL for the range of wind speeds encountered by WTs.

This thesis aims to develop a framework to assess the dynamic response
of a FOWT under variable atmospheric stability conditions. The main ques-
tions addressed are: (i) how can the thermal stratification of the atmosphere
be accounted for in the design of a FOWT, and (ii) how are the structural
loads and motions of a FOWT affected by non-neutral wind conditions?
The following specific sub-questions are derived from the main research
questions:

• Sub-question 1: Why do the two turbulence models from IEC (2005)
lead to different FOWT responses?

• Sub-question 2: How does the thermal stratification of the atmosphere
affect the motions of a FOWT?

• Sub-question 3: How do the simulated responses of FOWT under
non-neutral stability conditions compare with relevant full-scale
response measurements?

• Sub-question 4: How do the wind turbulence characteristics at a
coastal site (Vindeby Wind Farm, 3 km from the coast at 4 m wa-
ter depth) compare with the characteristics measured far offshore
(FINO1 Platform, 40 km from the coast at 30 m water depth)?

The commonly used approach to estimate wind loading on slender
structures (typically bridges and towers) is following the Davenport Wind
Loading Chain (Davenport, 1961a), which consists of five main aspects:
wind climate, influence of terrains, aerodynamic effects, dynamic effects
(including WT control system and waves), as well as design criteria (Isyu-
mov, 2012). The aforementioned sub-questions can be related to the chain
as shown in fig. 1.2. In this thesis, the Davenport Wind Loading Chain is
applied to the design of a FOWT.

1.3 Thesis structure

This thesis compiles five papers published between 2019 and 2022. The
first part covers the literature review, the methodology, the research sum-
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Figure 1.2: Davenport wind loading chain for a FOWT.

mary and recommendations for future work. Chapter 2 summarises the
fundamental knowledge related to the marine surface layer and the aero-
hydro-servo-elastic tool used to numerically simulate the floater motions
and the structural loads of FOWTs. Chapter 3 summarises the findings
in relation to the main research questions and the sub-questions from the
papers. Lastly, chapter 4 concludes the thesis and recommends some future
studies/work.

The second part of this thesis contains the five published peer-reviewed
papers which address the research questions outlined in section 1.2, where
fig. 1.3 outlines the relationship between the papers and the research ques-
tions.

Sub-question 1 discusses the comparison of structural loads and floater
motions of a FOWT from numerical simulations using the Davenport-
Kaimal Model as well as the Uniform Shear Model in IEC (2005). Sub-
question 1 is addressed in Paper 2 (Putri et al., 2020a) and Paper 3 (Putri
et al., 2020b).

Sub-question 2 discusses the structural loads and floater motions of a
FOWT by considering non-neutral atmospheres in the numerical simula-
tions, using the turbulence model in Cheynet et al. (2018). Sub-question 2
is addressed in Paper 2 (Putri et al., 2020a), Paper 3 (Putri et al., 2020b)
and partly in Paper 1 (Putri et al., 2019).

Sub-question 3 discusses the comparison of the floater motions of a
numerically simulated spar FOWT under the influence of variable atmo-
spheric thermal stratification with the full-scale response measurements.
Sub-question 3 is addressed in Paper 5 (Putri and Obhrai, 2022).

Finally, Sub-question 4 addresses the wind turbulence characteristics
at a coastal site, near the Vindeby offshore wind farm. The turbulence
characteristics are compared with those at a location farther offshore, the
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FINO1 Platform. Sub-question 4 is answered in Paper 4 (Putri et al., 2022).

1.4 Study limitations

The present thesis focuses on the effect of different MABL thermal stratific-
ations on the structural loads and floater motions of FOWTs for free wind
conditions only. The influence of atmospheric stability on the development
of the WT wake is not covered.

The turbulence models considered in this thesis are based on surface-
layer scaling, which may not be applicable to the design of large FOWTs
as visualised in fig. 1.1. The work presented in this thesis stays within the
framework of Gaussian, horizontally homogeneous, and stationary micro-
turbulence. Non-stationary turbulence may represent a substantial fraction
of offshore wind conditions (Cheynet et al., 2018; Putri et al., 2022).

The selection of coherence values to capture the spatial correlation
of turbulent winds in this thesis is limited by the availability of relevant
observations, especially for non-neutral atmospheric stability. The present
thesis is also limited by the lack of wind measurements at heights above the
surface layer and the detailed full-scale data from FOWTs, which makes it
difficult to validate the results of the presented numerical models.

As wave loading is not the main focus of this study, the numerical
simulations were performed using only the irregular linear wave theory.
For simplicity, fully-developed sea states without swell were used in the
simulations. The use of non-linear wave theory for aeroelastic simulations
would better capture the wave spectra at frequencies lower than 0.04 Hz
(Xu et al., 2019), which coincide with the natural frequencies of the floater.
Furthermore, the influence of the wind-wave interactions is not addressed
in the numerical simulations but is discussed briefly in Paper 4 (Putri et al.,
2022).

Lastly, the FOWT structural loads and floater motions were calculated
using a simplified model of a mooring system in the time-domain numerical
simulations. Equivalent cross-sectional properties of the multi-segment
mooring lines are used in the numerical simulation model. Additionally,
the hydrodynamic damping (viscous effect) of the mooring lines due to
their movement in the water and the interaction of the mooring lines with
the seabed soil are not modelled. The linear mooring model is valid for
small floater displacements and thus limits the magnitude of the simulated
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motions (Jonkman et al., 2009; Hall et al., 2014; Robertson et al., 2014).



Chapter 2

Background and methods

This chapter gives an overview of the MABL and its characteristics, dif-
ferent turbulent wind models for both neutral and non-neutral atmospheric
stabilities, the aero-hydro-servo-elastic tool for numerical simulations of
the FOWTs, as well as the spar and the semi-submersible wind turbine
models used in the study.

2.1 The marine atmospheric boundary layer

The atmospheric boundary layer (ABL) is the lowest part of the Earth’s
atmosphere that is directly influenced by the surface. The surface refers
to either the ground or the sea surface. The ABL extends from the Earth’s
surface up to its depth, h, which typically ranges from ≈ 1−3 km on land
(Stull, 1988; Garratt, 1994; Kaimal and Finnigan, 1994). Above the sea
surface, h is in the order of 102m to 103m metres (Zeng et al., 2004; Ho
et al., 2015).

Natural three-dimensional wind can be described in a Cartesian co-
ordinate system where the mean wind direction follows the x-axis. With
one axis aligned with the mean wind direction, the along-wind component
(u), lateral wind component (v), and vertical wind component (w) corres-
pond consecutively to the x, y, and z axes of the right-hand rule coordinate
system. Each wind component can be decomposed into a mean value (with
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an overbar sign) and a fluctuating value (with a prime sign), such that

u = u+u′ (2.1)

v = v′ (2.2)

w = w′ (2.3)

where u is the mean wind speed. The fluctuating components are assumed
to be stationary, ergodic, Gaussian random processes, and horizontally
homogeneous in space. The ratio of the along-wind component fluctuation
to its mean value can be measured by the so-called turbulence intensity,

T I =
σu

u
(2.4)

where σu is the standard deviation of the along-wind component.

Based on eqs. (2.1) to (2.3), a reference velocity u∗ associated with the
wind stress acting on the surface known as the friction velocity, could be
computed as (Stull, 1988),

u∗ =
4
√

u′w′2 + v′w′2. (2.5)

Friction velocity is an important parameter for the surface layer and is
strongly influenced by the presence of the ground. The surface layer
stretches from the surface roughness z0 up to about 10% of the ABL depth
(Tennekes et al., 1972; Holton, 1973). The roughness length z0 depends
on the topography (Wieringa, 1992). The surface layer in the MABL is
usually shallower than above the ground due to the significantly smaller
value of z0.

The roughness length in the MABL depends on the wave conditions,
which in turn are dependent on the wind speed. Based on the data from fully-
developed seas with no swell, Charnock (1955) described the roughness
length over a sea surface in an empirical form,

z0 =
αcu2

∗
g

(2.6)

where g is the acceleration of gravity and αc is the Charnock constant
≈ 0.015 which varies with sea condition (Wu, 1980). For developing sea
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states or mixed sea with swell, Smedman et al. (2003) proposed a refined
formulation to calculate the roughness length.

2.2 Non-dimensional parameters in the surface layer

The Obukhov length L has the dimension of a distance and quantifies
the ratio of the mechanically generated turbulence to buoyancy-generated
turbulence. The atmosphere is stable when negative buoyancy inhibits
turbulence (L > 0), while it is unstable (L < 0) when positive buoyancy
amplifies turbulence. In the near-neutral atmospheres (|L|> 10000 m), the
mechanically generated turbulence dominates over buoyancy.

Atmospheric stability on land varies diurnally, depending on the solar
irradiance (Stull, 1988). The heat capacity of the ground is considerably
lower than that of the ocean, thus the atmosphere above land is often stable
at night and unstable during the day. Sea temperature varies seasonally due
to its higher heat capacity, so atmospheric stability above the ocean varies
seasonally. In particular, the atmosphere is often stable in summer, when
the sea surface temperature is lower than the air temperature. It is unstable
in winter, when the sea temperature is often higher than the air temperature.

The atmospheric stability is described using the non-dimensional sta-
bility parameter ζ defined as

ζ =
z
L
=−(g/θ)(w′θ ′)0

u3∗/κz
(2.7)

where z is the height above the surface, L is the Obukhov length (Monin
and Obukhov, 1954), θ is the mean virtual potential temperature, w′θ ′0 is
the vertical flux of virtual potential temperature, and κ ≈ 0.4 is the von
Kármán constant (Högström, 1988).

Monin and Obukhov (1954) proposed that the characteristics of tur-
bulence in the surface layer can be approximated to follow a universal
behaviour when normalised by scaling parameters. One of the two main
scaling parameters is the friction velocity u∗ (eq. (2.5)).

If normalised by u∗, the mean wind shear and the dissipation of turbu-
lent kinetic energy in the surface layer follow the non-dimensional functions



14 Background and methods

below, respectively (Kaimal and Finnigan, 1994),

φm(ζ ) = (κz/u∗)(∂u/∂ z) (2.8)

φε(ζ ) = κzε/u3
∗ (2.9)

where ε is the rate of turbulent kinetic energy dissipation. For near-neutral
atmospheres,

ε = u2
∗

(
u∗
κz

)
. (2.10)

Equations (2.8) and (2.9) have previously been fitted to measurement data
from different sites for -2≤ ζ ≤1 by, among others, Kaimal et al. (1972);
Högström (1988); Businger (1988), leading to some discrepancies in the
resulting empirical formulations. These discrepancies were attributed to
flow distortion by the wind sensors for ζ < 0 (Högström, 1988). In the
following, the empirical formulae from the Kansas measurement are used
as a reference (Kaimal and Finnigan, 1994),

φm ≈
{
(1+16|ζ |)−1/4 , −2 ≤ ζ < 0

1+5ζ , 0 ≤ ζ ≤ 1
(2.11)

φε ≈





(
1+0.5|ζ |2/3

)3/2
, −2 ≤ ζ < 0

1+5ζ , 0 ≤ ζ ≤ 1.
(2.12)

By integrating eq. (2.8) over the height z, the logarithmic mean wind
speed profile u(z) for the surface layer can be derived. For a near-neutral
atmosphere, this wind speed profile is

u(z) =
u∗
κ

ln
(

z
z0

)
. (2.13)

Under stable conditions, the vertical temperature gradient is positive,
such that the mean wind speed profile becomes,

u(z) =
u∗
κ

[
ln
(

z
z0

)
+ΨM

( z
L

)]
(2.14)

ΨM

( z
L

)
= α

z
L

(2.15)



2.3 Turbulence models for near-neutral atmosphere 15

where α is an empirical constant and taken as α ≈ 5 (Businger et al., 1971).
For unstable conditions, the vertical temperature gradient is negative, hence
the mean wind speed profile becomes

u(z) =
u∗
κ

[
ln
(

z
z0

)
−ΨM

( z
L

)]
. (2.16)

Following Högström (1988), ΨM for an unstable atmosphere could be
expressed as

ΨM

( z
L

)
= 2ln

(
1+ x−1

M
2

)
− ln

(
1+ x−2

M
2

)
+2tan−1 (x−1

M
)
− π

2
(2.17)

and xM is defined as

xM =
(

1−19.3
z
L

)1/4
. (2.18)

2.3 Turbulence models for near-neutral atmosphere

The knowledge of the mean wind speed and the integral turbulence char-
acteristics alone is insufficient for the design of OWTs. Information on
the spectral structure of the turbulence is also needed. For near-neutral
atmospheres, spectral turbulence models such as the Davenport-Kaimal
Model (Thresher et al., 1981; IEC, 2005), the Uniform Shear Model (Mann,
1994), and the Pointed-Blunt Model (Cheynet, 2018) are used in this thesis.
Henceforward, a turbulence model is referred to as a combination of one-
point and two-point spectra. This includes the real part of the normalised
two-point spectra, the so-called co-coherence. The term ”coherence model”
will then refer to a co-coherence model, throughout this thesis.

2.3.1 The Davenport-Kaimal Spectral Model

The Davenport-Kaimal Model (Thresher et al., 1981) combines the one-
point Kaimal Spectral Model (Kaimal and Finnigan, 1994) and the Daven-
port Coherence Model (Davenport, 1961b). The Kaimal Spectral Model
was derived based on 15 hours of data in a flat, homogeneous onshore
site (Kaimal et al., 1972) at heights up to 32 m (Haugen et al., 1971). The
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Kaimal Spectral Model uses surface-layer scaling to normalise the velocity
spectra, i.e. the friction velocity as the scaling velocity and z as the scaling
length.

Following Kaimal and Finnigan (1994), the non-dimensional one-point
wind velocity spectra Su, Sv, and Sw are respectively,

f Su( f )
u2∗

=
102n

(1+33n)5/3 (2.19)

f Sv( f )
u2∗

=
17n

(1+9.5n)5/3 (2.20)

f Sw( f )
u2∗

=
2.1n(

1+5.3n5/3
) . (2.21)

where n is a reduced frequency

n =
f z
u
. (2.22)

The averaging period for u within the stationary assumption is typically
10 min according to IEC (2005). However, the temporal range could vary
up to 60 min depending on the atmospheric stability and whether it is
offshore or onshore (Dobson, 1981; Kaimal and Finnigan, 1994).

Annex B of IEC (2005) provides the spectra shown in eqs. (2.19)
to (2.21) which uses a different formulation to Kaimal and Finnigan (1994),
such that

f Si( f )
σ2

i
=

4 f Li

uhub(
1+

6 f Li

uhub

)5/3 (2.23)

where i = u,v,w, Si is the velocity spectrum for each component i, σi is the
standard deviation of the velocity component i, Li is the integral length scale
for the velocity component i (m), and uhub is the mean wind speed at hub
height. As shown in eq. (2.23), the same spectral function is formulated for
the three velocity components, where σi and Li are respectively the standard
deviation and the turbulence length scale of the velocity component i =
u,v,w. The length-scale parameter Li is given so Lu > Lv > Lw.
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Davenport (1961b) defined that the normalised two-point auto-power
spectral densities at two different heights for the along-wind component u
can be approximated by an exponential decay,

γDavenport(∆z, f ) = exp
(
−c

f ∆z
uz1z2

)
(2.24)

where ∆z = |z2 − z1| is the vertical separation distance, and c ≈ 7.7 is the
exponential decay coefficient (Davenport, 1961b). uz1z2 is the average wind
speed at z1 (uz1) and z2 (uz2), so that

uz1z2 =
uz2 +uz1

2
. (2.25)

Based on eq. (2.24), IEC (2005) established an exponential coherence
model that attempts to better capture the co-coherence at large separation
distances,

γIEC(∆s, f ) = exp


−12

√(
f ∆s
uhub

)2

+

(
0.12∆s

Li

)2

 (2.26)

where uhub is the mean speed at hub height and ∆s is the separation distance,
either in the lateral (∆y) or vertical direction (∆z). In IEC (2005), eq. (2.26)
is only defined for the along-wind component u.

Figure 2.1 and fig. 2.2 present the co-coherence of all three velocity
components for vertical separations ∆z = 20 m and ∆z = 100 m respect-
ively. The Davenport co-coherences in eq. (2.24) were established using
coefficients cu

z = 12, cv
z = 10, and cw

z = 3.
The Davenport Coherence Model (eq. (2.24)) and the IEC-Davenport

Coherence Model (eq. (2.26)) give similar co-coherence for the along-wind
component but not for the lateral and vertical components (fig. 2.1). This is
due to the use of the same decay coefficient for the along-wind component,
c = 12.

2.3.2 Uniform Shear/Spectral Tensor Model

Mann (1994) proposed a spectral tensor model for the near-neutral atmo-
sphere that describes the second-order structure of turbulence using only
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three parameters, namely, αε2/3, Γ, and LM. αε2/3 measures the energy
dissipation of turbulence, LM reflects the eddy size, and Γ quantifies the
degree of anisotropy. This spectral tensor assumes isotropic turbulence as
an initial state, which is distorted by a linear shear. The distortion causes the
eddies to stretch and break, with the lifetime of the eddies being captured
in the parameter Γ.

The uniform shear model used in the thesis is based on the model
without the blocking effect of the ground. The uniform shear model
which includes the blocking effect is fairly complex, hence the model
without the blocking effect is deemed sufficient for most engineering uses
(Mann, 1994). The analytical formulation of the uniform shear model is
not provided here for brevity but is available in Mann (1994).

The uniform shear model gives negative γv for n > 0.18 as shown in
fig. 2.1 and for n > 0.16 in fig. 2.2. For ∆z = 100 m in fig. 2.2, as the
frequency ≈ 0, the co-coherence of the along-wind component is lower
than unity, as was also noted by Kristensen and Jensen (1979).

2.3.3 Pointed-Blunt Model (Neutral)

The Pointed-Blunt Model was derived using two years of measurement data
from the FINO1 Platform (Cheynet et al., 2018). The measurements were
carried out at heights of 41.5 m to 81.5 m above sea level (asl) (Neumann
and Nolopp, 2007). The turbulence spectrum for each velocity component
is composed of a ”pointed” spectrum and a ”blunt” spectrum. This termino-
logy is taken from Olesen et al. (1984). The blunt model has a similar form
to the spectra given in eqs. (2.19) and (2.20). The pointed model creates a
spectral peak in the low-frequency range and has the same formulation as
eq. (2.21).

For a neutral atmosphere, the Pointed-Blunt spectra are

f Si

u2∗
=

ai
1n

(1+bi
1n)5/3 +

ai
2n

1+bi
2n5/3 (2.27)

where ai
1, ai

2, bi
1, and bi

2 are coefficients that are estimated by fitting the
function to the spectral estimates in the least-square sense. This model
captures the spectra in the low frequencies better than the Kaimal spectra
(eqs. (2.19) to (2.21)). Secondly, the model aims to capture the flat spectral
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Figure 2.1: Co-coherence for vertical separation ∆z = 20 m of the three
velocity components as a function of reduced frequency, eq. (2.22). u =
40 ms−1 and z = 41.5 m. γu is the co-coherence for u, γv for v, and γw for
w.

peak due to eddy distortion for near-neutral atmospheres (Högström et al.,
2002; Drobinski et al., 2004).

Figure 2.3 compares the non-dimensional near-neutral velocity spectra
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Figure 2.2: Same as fig. 2.1, but for ∆z = 100 m.

using Kaimal and Finnigan (1994); Mann (1994); Cheynet et al. (2018).
The flat spectral peak for the along-wind component is visible in the
Pointed-Blunt Model as shown in fig. 2.3, top panel.

In the present thesis, the one-point spectra shown in eq. (2.27) are
paired with the IEC exponential coherence model (eq. (2.26)) in Putri
et al. (2020a,b) to simulate near-neutral atmospheric stability conditions.
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Figure 2.3: Non-dimensional velocity spectra for near-neutral condition of
the three velocity components as a function of reduced frequency, eq. (2.22).
u = 40 ms−1 and z = 41.5 m.

Additionally, in Putri and Obhrai (2022), eq. (2.27) is combined with the
co-coherence function following Cheynet et al. (2018). The co-coherence
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function from Cheynet et al. (2018) is written as

γi(∆z, f )≈ exp
{
−
[

∆z
uz1z2

√
(ci

1 f )2 +(ci
2)

2
]}

(2.28)

where i = u,v,w in γi, and ci
1 as well as ci

2 are coefficients derived from the
measured data on the FINO1 Platform.

2.4 Turbulence models for non-neutral atmosphere

This section describes the turbulence models that were developed for non-
neutral conditions, namely the Højstrup Spectral Model (Højstrup, 1981)
and the Pointed-Blunt Model (Cheynet et al., 2018).

2.4.1 Højstrup Spectral Model
Højstrup (1981) developed a turbulence spectral model for unstable atmo-
spheres, consisting of a low-frequency part and a high-frequency part. The
low-frequency part for u and v scales with the inversion height zi and is
a function of the atmospheric stability, while the w spectrum scales with
height z. The high-frequency part for all velocity components scales with
height z.

The Højstrup Spectral Model was compared with measurements at
heights less than 12 m from the Risø78 experiment (Peterson et al., 1980).
The spectra for all velocity components are read as,

f Su( f )
u2∗

=
0.5ni(

1+2.2n5/3
i

)
(

zi

−L

)2/3

+
105n

(1+33n)5/3 (2.29)

f Sv( f )
u2∗

=
0.32ni(

1+1.1n5/3
i

)
(

zi

−L

)2/3

+
17n

(1+9.5n)5/3 (2.30)

f Sw( f )
u2∗

=
32n

(1+17n)5/3

(
z
−L

)2/3

+
2n(

1+5.3n5/3
) (2.31)

where ni = f zi/u and L is the Obukhov length.
In Putri et al. (2019), the Højstrup Spectral Model given in eqs. (2.29)

to (2.31) is combined with the Davenport Coherence Model (Davenport,
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1977), which considers both lateral and vertical separations, as

γDavenport2(∆y,∆z, f ) = exp


−

√√√√
(

ci
y f ∆y
uz1z2

)2

+

(
ci

z f ∆z
uz1z2

)2

 (2.32)

where ∆y is the separation distance in the lateral direction, ci
y and ci

z are
respectively the exponential decay coefficients for the lateral and vertical
separations, provided in table 2.1.

Table 2.1: Decay coefficients used for Equation (2.32)

Coefficient cu
y cv

y cw
y cu

z cv
z cw

z

Value 7 7 6.5 10 10 3

2.4.2 Pointed-Blunt Model (Non-neutral)

The Pointed-Blunt Model accounting for unstable atmospheric stability
conditions follows the same form as eq. (2.27) where coefficients ai

1, ai
2,

bi
1, and bi

2 are defined in Cheynet et al. (2018). For a stable atmospheric
stability condition, the turbulence spectra are,

f Si

u2∗
≈ c1n−2/3 +

ai
2n

1+bi
2n5/3 +a3n−2 (2.33)

where coefficients ai
2, a3, bi

2, and c1 are given in Cheynet et al. (2018).
Figure 2.4 compares the velocity spectra from Kaimal and Finnigan

(1994) for a near-neutral condition as well as for an unstable condition
(ζ =−0.5) from Højstrup (1981) and Cheynet et al. (2018). The Højstrup
Spectral Model shifts the spectral peak of all velocity components to
lower frequencies, compared to the Kaimal Model for a near-neutral con-
dition. This spectral peak shift is as described by Smedman-Högström
and Högström (1975). The Pointed-Blunt Model gives two spectral peaks,
which are noticeable for the three wind components.
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Figure 2.4: Non-dimensional velocity spectra of the three velocity com-
ponents as a function of reduced frequency (eq. (2.22)), for ζ =−0.5. u =
40 ms−1, z = 41.5 m, and zi =700 m.

To describe unstable atmospheric turbulence, Putri et al. (2020a,b) com-
bined the Pointed-Blunt Spectral Model with the co-coherence formulation
shown in eq. (2.26). In Putri and Obhrai (2022), the Pointed-Blunt Spectral
Model is used together with the co-coherence in eq. (2.28) for both unstable
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Figure 2.5: Estimated co-coherence at Vindeby for all velocity components
as a function of various atmospheric stability conditions (Putri et al., 2022).
k = 2π f/uz1z2 is the wave number and dz = ∆z.

and stable conditions.
Figure 2.5 shows the estimated co-coherence as a function of the at-

mospheric stability at Vindeby for ∆z = 27 m. The range of atmospheric
stability considered is −2 ≤ ζ ≤ 2. The co-coherence decreases as the
atmospheric stability changes from unstable, to near-neutral, and to stable.
This is observed for all velocity components.
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2.5 Influence of turbulence spectra on FOWT loads and
motions

The influence of one-point and two-point spectra on the structural loads of
state-of-the-art FOWTs has previously been investigated by, e.g. Bachynski
and Eliassen (2019); Doubrawa et al. (2019). They compared the resulting
floater displacements and the hourly damage equivalent loads (DELs)
using the Uniform Shear Model and the IEC Davenport-Kaimal Model.
Both models resulted in different wind loading on the FOWT, which were
thought to be due to different co-coherence inputs.

The influence of the co-coherence on the structural response depends
on the mode shapes. For a linear structure, this influence can be quantified
using the so-called joint acceptance function (p. 81 Dyrbye and Hansen,
1997). If the mode shape has a constant sign, increasing co-coherence is
likely to be associated with an increasing response. If the mode shape
changes sign across the structure, a larger modal response may be obtained
for a lower co-coherence, depending on the resonant frequency and the
characteristics of the mode shapes (Cheynet, 2018).

Sathe et al. (2013) investigated the simulated fatigue loads of a bottom-
fixed 5 MW WT using the Uniform Shear Model (Mann, 1994) considering
(i) varying atmospheric stability from site-specific measurements, (ii) near-
neutral stability from site-specific measurements, and (iii) IEC-specified
parameters for the Uniform Shear Model (IEC, 2005). The fatigue damage
was quantified in proportion to the mean wind speed and atmospheric
stability distribution. The variable atmospheric stability case yielded 17%
lower tower loads than when only near-neutral stability was considered.
The blade loads were not affected by the atmospheric stability. The IEC
case resulted in 96% higher tower base fatigue damage than the site-specific
case.

2.6 Coupled aeroelastic simulation of offshore wind tur-
bine

This section provides the basic background to aero-hydro-servo-elastic
simulations, including the Blade Element Momentum (BEM) theory, the
Simulation Workbench for Marine Application (SIMA) aeroelastic tool, as
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well as the wind turbine models used in the thesis.

2.6.1 Blade Element Momentum theory

BEM theory states that the wind flow experienced by the blades can be
described by considering a two-dimensional (2D) flow acting on a local
airfoil cross-section. This is a consequence of the magnitude of the along-
wind component and the tangential rotational velocity of the blade being
dominant over the lateral wind component v (Hansen, 2015). Figure 2.6
illustrates the local velocities and forces on an airfoil cross-section.

According to the blade element theory (Moriarty and Hansen, 2005;
Hansen, 2015), the local differential thrust force (dT ), the local differential
tangential force (dFt), and the local differential torque (dQ) are respectively

Lift

Drag

T

α

Vrel =
√
V 2 + (ωr)2

Rotor plane

Blade chord plane

ωr(1 + a′)

V = u(1− a)

Hub

Ft

ϕ

c

Figure 2.6: Local airfoil element definition. V is the incoming wind speed
reduced by an induction factor a, ω is the rotational speed, a′ is the tangen-
tial induction factor, Vrel is the relative wind speed, α is the angle of attack,
φ is the local inflow angle, c is the local airfoil length, T is the thrust force,
and Ft is the tangential force.
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calculated as

dT =
1
2

BρcV 2
rel [Cl(α)cosφ +Cd(α)sinφ ]dr (2.34)

dFt =
1
2

BρcV 2
rel [Cl(α)sinφ −Cd(α)cosφ ]dr (2.35)

dQ = rdFt (2.36)

where B denotes the number of blades, ρ is the density of air [kgm−3], c
is the local airfoil length, Vrel is the relative wind speed, α is the angle of
attack, φ is the local inflow angle, dr is the radial increment of the blade, r
is the radial position of the local airfoil, Cl and Cd are respectively the lift
and drag coefficients. Due to the ’tapered’ nature of the blade, both Cl and
Cd are not constant along the blade span. These coefficients are normally
provided for a specific airfoil type as a function of α .

Substituting Vrel with the incoming wind speed u and the induction
factors a also a′ according to the momentum theory, eqs. (2.34) and (2.35)
are rewritten as

dT = 4πrρu2a(1−a)dr (2.37)

dFt = 4πr2
ρuωa′(1−a)dr (2.38)

The classical BEM theory is established by combining eqs. (2.34)
to (2.38) to compute induction factors a as well as a′. A more advanced
BEM theory may include additional corrections such as Prandtl’s tip-loss
correction (Glauert, 1935), Glauert’s tip correction (Glauert, 1926), hub-
loss correction (Moriarty and Hansen, 2005), skewed-wake correction or
dynamic inflow (Pitt and Peters, 1981; Snel and Schepers, 1995), and tower
blockage correction (Bak et al., 2001).

This thesis adopts an aerodynamic model on the rotor blades which
does not take into account the unsteady aerodynamic effects. Nonetheless, a
dynamic inflow model is incorporated, which has been shown (e.g. by Papi
et al. (2023)) to be important in accurately modelling the aerodynamics of
FOWTs.

Turbulence fluctuations of the wind velocity across a WT rotor could
affect the overall wind loading. As sketched in fig. 2.6, the along-wind
component would alter the angle of attack, which would then affect the
forces. Since turbulence is a three-dimensional process, variations in the
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wind load are expected along the blade span and among the three blades.

2.6.2 Aero-hydro-servo-elastic tool

All numerical simulations of the FOWT were performed using the Simula-
tion Workbench for Marine Application (SIMA) (SINTEF, 2022). The tool
couples the large-body floater analysis in Simulation of Marine Operations
(SIMO) and the finite element analysis (FEA) in RIFLEX. The SIMO
module calculates the motions of rigid bodies, including the floater and
the nacelle/hub. RIFLEX computes the deflections and forces of flexible
structures including the tower, blades, and mooring lines. The aerodynamic
loads are calculated using RIFLEX-Coupled Wind Turbine, where the
classical BEM theory including Prandtl’s tip-loss correction and dynamic
inflow is applied.

A coupled SIMO-RIFLEX analysis requires environmental inputs such
as wind, waves, and currents. In this thesis, the currents loads have been
disregarded and the same wave condition has been applied for all turbulent
wind load cases, due to the emphasis on the varying turbulent wind input
conditions. The wind input is provided as a multi-point time series over the
rotor-swept area.

The wave time series were generated using the JONSWAP spectrum
(Hasselmann et al., 1980) by defining the values of the significant wave
height (HS) and the corresponding wave peak period (Tp). The turbulent
wind time series were generated using three different tools for each turbu-
lent model: TurbSim (Jonkman, 2016) for the Davenport-Kaimal Model,
Mann Turbulence Generator (MTG) (Larsen and Hansen, 2019) for the
Uniform Shear Model, and windSimFast (Cheynet, 2020) for the Pointed-
Blunt Model, the Højstrup Spectral Model, and the Davenport-Kaimal
Model in Putri et al. (2019).

The wind turbine controller used in this thesis comprises two basic
systems that operate independently. Firstly, a generator-torque controller
which is activated when uhub is below the rated speed, to optimise the power
generation. Secondly, a collective blade-pitch controller is activated when
uhub is above the rated speed, to maintain constant torque and to minimise
the load on the rotor.
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Table 2.2: OC3-Hywind key parameters.

Parameter Value

Rotor configuration 3-bladed, upwind
Drot 126 m
zhub 90 m asl
Cut-in, rated, cut-out speed 3 ms−1, 11.4 ms−1 and 25 ms−1

Cut-in, rated rotor speed 6.9 rpm, 12.1 rpm
Water depth 320 m
Hdra f t 120 m below sea level (bsl)
Htrans 12 m bsl
H f b 10 m asl
H f lead 70 m bsl
Mooring 3 catenary lines
Mooring radius to anchor

853.87 m
from platform centreline
D1, D2 6.5 m, 9.4 m

2.6.3 OC3-Hywind Spar Wind Turbine

The OC3-Hywind Spar Wind Turbine is part of the Offshore Code Com-
parison Collaboration (OC3) project. The OC3-Hywind project adopts the
spar floater from the Hywind demo wind turbine developed by Equinor and
pairs it with the 5 MW reference wind turbine established by the National
Renewable Energy Laboratory (NREL) (Jonkman, 2010).

The OC3-Hywind is illustrated in fig. 2.7 and its main properties are
provided in table 2.2. The OC3-Hywind spar floater has been modified
from its original properties to adapt the NREL 5-MW baseline turbine
(Jonkman, 2010).

The wind turbine deployed in OC3-Hywind has the same structural
and aerodynamic properties of the hub, nacelle and rotor as the NREL
5-MW baseline turbine. The tower and the control system properties have
been adjusted to fit the spar floater characteristics (Jonkman, 2010). The
complete aerodynamic properties of the rotor can be found in Jonkman
et al. (2009).

Currently, the FOWTs installed in Norway are based on a spar floater.
One of the main reasons for this is that the turbines can be erected directly
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Figure 2.7: OC3 Hywind Wind Turbine sketch. Upper left panel shows the
front view, upper right panel shows the side view, and bottom left panel
shows the plan view of the turbine. Definitions are provided in table 2.2.
SWL is the sea water level.

in deep-water Norwegian harbours. The spar turbine is therefore the main
focus of this thesis.
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Table 2.3: OC4-DeepCwind key parameters.

Parameter Value

Rotor configuration 3-bladed, upwind
Drot 126 m
zhub 90 m asl
Cut-in, rated, cut-out speed 3 ms−1, 11.4 ms−1 and 25 ms−1

Cut-in, rated rotor speed 6.9 rpm, 12.1 rpm
Water depth 320 m
Hdra f t 20 m bsl
Hucol , D2 26 m, 12 m
Hbcol , D3 6 m, 24 m
Scol 50 m
H f b 10 m asl
H f lead 14 m bsl
D1, Dpon 6.5 m, 1.6 m
Mooring 3 catenary lines
Mooring radius to anchor

837.6 m
from platform centreline
Angle between adjacent mooring line 120◦

2.6.4 OC4 DeepCwind Semi-submersible Wind Turbine
The OC4 DeepCwind Semi-submersible Wind Turbine is a part of the
Offshore Code Comparison Collaboration Continuation (OC4) project.
The DeepCwind was originally developed as a means to validate various
aeroelastic tools (Robertson et al., 2014).

Figure 2.8 visualises the DeepCwind and table 2.3 presents its key
parameters. Its semi-submersible floater is based on a prototype tested in a
wave basin in the USA (Robertson et al., 2014). The prototype has been
scaled up 50 times to become the DeepCwind model.

The DeepCwind floater consists of a main column and three offset
columns. Each offset column is divided into an upper column and a base
column (see fig. 2.8). These columns are connected by 12 pontoon members
and three cross braces. DeepCwind has the NREL 5-MW baseline turbine
with some modifications to the tower and control system properties to
accommodate the floater’s properties (Robertson et al., 2014).
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Figure 2.8: OC4 DeepCwind Wind Turbine sketch. Upper panel shows the
side view and bottom panel shows the plan view of the turbine. Definitions
are provided in table 2.3. SWL is the sea water level.



Chapter 3

Summary of papers

This chapter summarises the main findings from five papers included in the
second part of the thesis. The five papers together cover how the thermal
stratification of the atmosphere can be included in the design of FOWTs
and the impact of non-neutral stratification on the loads and motions of a
FOWT.

3.1 Paper 1 - Offshore wind turbine loads and motions in
unstable atmospheric conditions

Paper 1 investigates the influence of an unstable atmosphere on the OC3-
Hywind’s structural loads and floater motions. The wind turbine design
guideline, IEC 61400-1(IEC, 2005), recommends turbulent models that
were originally derived for near-neutral stratification. However, non-neutral
conditions are common above the ocean (Krogsæter and Reuder, 2015;
Cheynet et al., 2018).

The unstable wind conditions are simulated using the Højstrup Spectral
Model (Højstrup, 1981) (see section 2.4.1 in this thesis) paired with the Dav-
enport Coherence Model (Davenport, 1977) (eq. (2.32)). The Davenport-
Kaimal Model (Thresher et al., 1981) (section 2.3.1 in this thesis) is also
used for comparison of the OC3-Hywind’s responses under a near-neutral
atmosphere. The simulated TI decreases as the absolute value of the Obuk-
hov length increases and zi decreases.

The tower top torsional moment, the tower base side-side bending
moment, and the blade root flap-wise bending moment of the OC3-Hywind
turbine are studied using DEL. These bending moments are the most
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sensitive stress-resultants to atmospheric stability. The simulated DELs
are 65%, 37%, and 24% higher in a very unstable atmosphere than in a
neutral atmosphere, respectively for the tower top torsional moment, the
tower base side-side bending moment, and the blade root flap-wise bending
moment. The magnitude of the TI governs the magnitude of the tower
top torsional moment DEL and the tower base side-side bending moment
DEL. However, the blade root flap-wise bending moment does not show
a clear dependency on atmospheric stability. The mooring line tension is
also studied with respect to DEL, with the result that no clear dependence
of the mooring line tension on atmospheric stability was found.

The floater’s roll, sway, and yaw exhibit the greatest sensitivity to
variation in atmospheric stability. The magnitude of the three floater’s
motions increases with the TI. It is therefore necessary to consider unstable
thermal stratification when predicting the wind-induced response of the
floater and bending moment DELs of state-of-the-art FOWTs.

3.2 Paper 2 - Numerical analysis of the effect of offshore
turbulent wind inflow on the response of a spar wind
turbine

Paper 1 considers a single co-coherence to obtain the floater motions and
stress resultants of the OC3-Hywind. Paper 2 examines the effect of a
one-point autospectrum and a two-point autospectrum on the structural
loads and floater motions of the OC3-Hywind.

The OC3-Hywind’s floater motions and fatigue loads induced by turbu-
lent wind based on IEC (2005): the Uniform Shear Model (section 2.3.2 in
this thesis) and the IEC Davenport-Kaimal Model (eqs. (2.23) and (2.26))
are compared. Additionally, the Pointed-Blunt Spectral Model (eq. (2.27))
is used to simulate near-neutral and unstable turbulent wind fields. For
all stability conditions, eq. (2.27) is combined with the IEC-Davenport
Coherence Model (eq. (2.26)).

The Uniform Shear Model and the IEC Davenport-Kaimal Model give
different co-coherence levels depending on the separation distance and
frequency. For the same variance of all velocity components, the two
models give different magnitudes of floater motion and fatigue loads. The
largest sensitivity to the wind co-coherence is experienced in terms of the
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tower top torsional moment and the tower base side-side bending moment.
The bending moments simulated using the Uniform Shear model are 27%
and 20% higher than those simulated using the IEC Davenport-Kaimal
model. Sway, roll and yaw of the floater show the greatest sensitivity to the
co-coherence, which captures the spatial variability of turbulence.

The greatest sensitivity to atmospheric stability is noted for the tower
top torsional moment and the tower base side-side bending moment when
simulating turbulence using the Pointed-Blunt Spectral Model. Comparing
an unstable condition (ζ =−1.63) and a near-neutral condition (ζ ≈ 0), the
tower top torsional moment and the tower base side-side bending moment
vary by 27% each. Similar to the simulated results when using the Højstrup
Spectral Model in Paper 1, strongly unstable atmospheres induce the largest
TI, and the TI decreases as the stability changes to near-neutral, where the
magnitude of the DELs follows.

Both one-point and two-point autospectra introduce uncertainty in the
simulated fatigue loads and floater motions of the OC3-Hywind. Paper 2
concludes by recommending the use of site-specific wind measurements
that account for non-neutral atmospheres for the design of a spar FOWT,
where available.

3.3 Paper 3 - Response sensitivity of a semisubmersible
floating offshore wind turbine to different wind spec-
tral models

Paper 3 studies the influence of different inflow conditions on the re-
sponses of a semi-submersible FOWT, the OC4 DeepCwind. The wind
fields are generated by considering the same load cases as Paper 2: the
Uniform Shear Model (section 2.3.2 in this thesis), the IEC Davenport-
Kaimal Model (eqs. (2.23) and (2.26)), and the Pointed-Blunt Spectral
Model (eq. (2.27)) for a near-neutral atmosphere. Unstable atmospheres
are simulated using the Pointed-Blunt Spectral Model. The IEC-Davenport
Coherence Model (eq. (2.26)) is joined with the Pointed-Blunt Spectral
Model for all atmospheric stratifications.

The floater yaw and the yaw twisting moment are shown to be the most
sensitive to wind inflow conditions, while the floater sway and the tower
base side-side bending moment are the second most sensitive. This was
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also observed for the spar wind turbine OC3-Hywind in Paper 2. This may
be due to several factors, particularly the use of the same turbine, (NREL 5
MW offshore baseline) and hence the same blade-pitch control system.

The sensitivity to atmospheric stability is also evident in the displace-
ment response of the floater and the structural fatigue loads. The tower
torsional moment and the tower side-side bending moment DELs are 28%
higher in unstable atmospheres than in neutral atmospheres. Paper 3 re-
commends the inclusion of proper modelling of wind spectral density and
co-coherence when simulating the fatigue loads and floater motions of a
semi-submersible FOWT.

3.4 Paper 4 - Turbulence in a coastal environment: the
case of Vindeby

Paper 4 analyses turbulence spectral characteristics from wind records
at the Vindeby offshore wind farm, from a mast called South Mast West
(SMW). This paper aims to identify similarities between the turbulence
characteristics at Vindeby and those at the FINO1 platform in the North
Sea. The dataset analysed includes the measurements at 6 m, 18 m and
45 m asl.

Despite their proximity to the sea surface, the sonic anemometers are
mostly located above the wave boundary layer. Measurements at 18 m asl
follow the surface-layer scaling. Furthermore, the power spectral density
of the along wind velocity component at 18 m and 45 m asl is consistent
with the empirical spectral models estimated at 41 m on FINO1.

The estimated vertical co-coherence of the along-wind component for
near-neutral atmospheres could be described by the same 3-parameter
exponential decay function as used on FINO1. An exception is the co-
coherence of the lateral wind component due to the closer distance to the
sea surface. The co-coherence estimates of the three turbulent components
are lowest for stable thermal stratification and highest for unstable stability
conditions.

Paper 4 concludes that the Vindeby dataset could be considered repres-
entative for the design of OWTs despite being recorded below the height
of the state-of-the-art OWTs. This is due to the consistency of turbulence
characteristics between Vindeby and FINO1. Paper 4 also suggests that
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future wind measurements at offshore sites should include heights up to
250 m asl to capture turbulence information where the surface-layer scaling
may no longer be relevant.

3.5 Paper 5 - Wind-induced response of an offshore wind
turbine under non-neutral conditions: A comparison
with Hywind Scotland

Paper 5 compares the wind-induced responses of a spar FOWT (5 MW
OC3-Hywind) from numerical simulations with measurements from a
6 MW spar FOWT at the Hywind Scotland wind farm. Different stabil-
ity conditions were considered and the response components of interest
were pitch and yaw. The numerical simulations use turbulence spectra in
eqs. (2.27) and (2.33) combined with the co-coherence function in eq. (2.28)
to simulate the wind fields.

The simulated and measured platform pitch and yaw displacement re-
sponses are consistent. The floater pitch increases with the mean wind speed
up to the rated speed and decreases when the wind speed is greater than the
rated speed due to the blade-pitch control system. As the atmospheric stabil-
ity moves from moderately stable (0.3 ≤ ζ < 0.5) to moderately unstable
(−0.5 ≤ ζ <−0.5), the platform pitch and yaw displacements increase in
both simulations and observations.

The discrepancy in the Hywind Scotland responses between stable and
unstable conditions is greater than the simulated responses. This may be
partly due to the different platform sizes, as well as the different methods
used to classify the atmospheric thermal stratification. The effect of atmo-
spheric stability on lateral co-coherence is not fully understood due to a
lack of full-scale observations. It is assumed that the vertical and lateral
co-coherences are the same, which is a limitation of this study. This may
also contribute to the observed deviation. Paper 5 concludes that the use
of appropriate turbulence modelling in aeroelastic simulations of OWTs
could reasonably predict the platform degree of freedom (DOF) responses
of a spar FOWT.
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Conclusions and future works

4.1 Conclusions

The five papers summarised in this thesis altogether provide a framework
for considering the atmospheric stability in the design of floating offshore
wind turbines (FOWTs) and its consequences on the floater motions and
fatigue loads of a 5 MW spar FOWT (OC3-Hywind) and a 5 MW semi-
submersible FOWT (OC4 DeepCwind). The influence of atmospheric
stability on the loading of the two FOWTs is assessed using the one-point
and two-point turbulence autospectra from several turbulence models.

Paper 1 and Paper 2 conclude that the OC3-Hywind floater degrees of
freedom (DOFs) and fatigue loads are sensitive to the thermal stratification
of the atmosphere. Specifically, the fatigue damage could be 65% greater for
very unstable atmospheres than for neutral atmospheres. Paper 3 concludes
that the DeepCwind floater’s DOFs and structural bending moments are
also responsive to atmospheric stability. Paper 5 shows that the simulated
OC3-Hywind displacement responses compare reasonably well with the
measured full-scale data of the Hywind Scotland spar turbine. However,
there is still considerable uncertainty about the appropriate parameters
to simulate co-coherence for lateral separations at distances and heights
relevant to modern FOWTs.

Paper 4 shows that the spectral characteristics of the turbulence at a
coastal site (Vindeby) are consistent with those at an offshore site (FINO1
platform). This consistent behaviour is very encouraging for the develop-
ment of turbulence models for the design of state-of-the-art FOWTs.

This thesis recommends the use of turbulence information, where avail-
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able, taking into account atmospheric stability for the design of FOWTs.
Especially, the knowledge of the co-coherence for both lateral and vertical
separations. Paper 4 shows that non-neutral atmospheres could occur quite
frequently at an offshore site, particularly at the operational speeds of
FOWTs. Hence, integrating the knowledge of atmospheric stability into
a FOWT design, e.g. by accurately predicting fatigue loads, could help
optimise the capital expenditure (CAPEX) and operating expense (OPEX)
of the FOWT.

4.2 Future works and recommendations

To improve the modelling of wind loading on state-of-the-art FOWT fatigue
loads and DOF responses, several recommendations are made for future
studies.

The first is to perform aeroelastic simulations using the latest wind
turbine designs with rotor diameters up to 220 m. These larger turbines are
becoming increasingly common for commercial use. Secondly, to carry
out wind measurements at heights above 100 m. This data could provide
essential information for turbulence modelling in aeroelastic simulations,
particularly the knowledge of the co-coherence for lateral and vertical
separations. Thirdly, the inclusion of wake effects in aeroelastic simulations
by taking into account atmospheric stability would be valuable to better
understand the interactions between turbines within a wind farm. Finally,
the use of non-linear load-displacement mooring models would provide a
more accurate simulation of the dynamic behaviour of FOWTs.
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Abstract. Even though it is widely known that unstable atmospheric stability conditions can lead 

to higher turbulence, the use of proper turbulent wind models considering unstable conditions 

are not often used in the simulation of loads and motions of offshore wind turbines. For this 

reason, the Højstrup model, which was specifically developed for unstable conditions, is used to 

simulate a spar-buoy offshore wind turbine (OWT) and investigate the importance of unstable 

conditions in the design of floating offshore wind turbines. It is found that fatigue damage of a 

spar-buoy OWT is strongly influenced by unstable conditions, where very unstable condition 

gives 65% higher fatigue damage than neutral conditions for the tower top torsion, followed by 

37% higher for tower base side-side bending and 24% higher for blade root flap-wise mode. 

1. Introduction 

The fast development of offshore wind turbines in the recent years has brought offshore wind into deeper 

waters with the help of floating platform concepts. Floating platform concepts can be divided in three 

different groups based on how the platform gains stability: buoyancy, station-keeping system, and 

gravity-based. The buoyancy group relies on the water plane area to gain its stability, such as a barge 

type floater. Tensioned-leg platform falls into the station-keeping system group where it depends on its 

tendons both to gain stability and as a station-keeping system. The gravity-based group relies on its 

weight to gain stability where spar-floater is included in this group since the platform is ballasted to 

obtain sufficient weight. While the knowledge of floating platforms is available from the oil and gas 

experience, the use of large rotor turbines on floating platforms has become a challenge due to 

uncertainties in turbulent wind models which may cause excessive platform motions. Depending on the 

floater type, a specific degree of freedom (DOF) could be more prominent than other DOFs. Excessive 

motions can also lead to severe fatigue damage on floating offshore wind turbine (FOWT) components 

which need to be thoroughly assessed in the design of FOWTs.  

One of the reasons for the pronounced platform motions is the excitation from low frequency 

turbulent wind that is within the range of floating platforms natural frequencies (< 0.05 Hz for typical 

platform translation DOFs). When considering turbulent wind, the influence of air temperature –known 

as atmospheric stability– cannot be ignored except for the case of extreme winds [1]. Atmospheric 

stability is associated with vertical movement of air parcels depending on air’s temperature. When the 

air parcels’ temperature is colder than the surrounding air, then they sink resulting in stable conditions. 

The opposite creates unstable conditions where air parcels are warmer than the surrounding air and they 

rise creating buoyant-generated turbulence. By including the effect of atmospheric stability, a more 

accurate fatigue load and platform motion estimation can be achieved for the design of FOWTs. In the 

current available OWT design standard (IEC 61400 [2]) two turbulent wind models are recommended 

by assuming only neutral atmospheric conditions: the Kaimal model with a given exponential coherence 

model and the Mann uniform shear turbulence model [3]. Meanwhile, analysis of offshore wind 
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measurement data has shown that unstable atmospheric conditions are most prevalent offshore, notably 

during winter time composing approximately 48.6% occurrence in a year [4].  

This study aims to investigate the influence of unstable atmospheric conditions on the OC3-Hywind 

turbine [5] loads and motions with the use of the Højstrup 1981 [6] wind model. These results were 

compared with the Kaimal model [7] which represents neutral atmospheric conditions. MATLAB codes 

[8] were used to generate turbulent wind fields based on the Højstrup spectral model combined with the 

Davenport Coherence function [9], as well as the Kaimal spectral model combined with the Davenport 

Coherence function as input to coupled SIMO-RIFLEX [10] simulations of the OC3-Hywind.  

 

2. Theoretical background 

Højstrup spectral model is one of the turbulent wind models designed to simulate unstable atmospheric 

conditions. The model was developed based on measurements taken in Kansas in 1968 and Minnesota 

in 1973, and showed a good agreement with data from the RISØ 1978 experiment [6]. This model is an 

extension of the Kaimal spectral model and comprises two semi-empirical spectra [6]: 

         𝑆(𝑛) = 𝑆𝐿(𝑛) + 𝑆𝑀(𝑛)                                                     (1) 

where 𝑆𝑀(𝑛) is the Kaimal spectra and 𝑆𝐿(𝑛) characterises the low-frequency part of the spectra [6]. 

The low frequency part of the spectra may be important when considering the loads and motions of large 

FOWTs as their natural frequencies tend to lie within the low frequency range.  

Kaimal spectra are derived based on the Kansas measurements with the approach of collapsing all 

spectra into universal curves in the inertial subrange, and the spectral behaviour at lower frequencies are 

observed as a function of the stability parameter 𝑧/𝐿 (where 𝑧 is height above surface and 𝐿 is Obukhov 

length) [7]. Inertial subrange spectral behaviour converges to a -2/3 line at the high frequency end, while 

at low frequencies, the spectra depend on 𝑧/𝐿 [7]. The empirical spectral formulas for neutral lapse rate 

as proposed by Kaimal for 𝑢, 𝑣, and 𝑤 wind components are [7]: 

𝑛𝑆𝑢(𝑛)

𝑢∗
2

=
105 𝑓

(1 + 33 𝑓)5/3
 

𝑛𝑆𝑣(𝑛)

𝑢∗
2

=
17 𝑓

(1 + 9.5 𝑓)5/3
 

𝑛𝑆𝑤(𝑛)

𝑢∗
2

=
2 𝑓

1 + 5.3 𝑓5/3
 

where 𝑢∗ is the friction velocity, 𝑓 is the dimensionless frequency (𝑛𝑧/𝑈), 𝑈 is the mean horizontal 

wind velocity and 𝑛 is frequency. The above spectra represent 𝑆𝑀(𝑛) component in the Højstrup model 

and the addition of low frequency part 𝑆𝐿(𝑛) will complete the Højstrup spectral equations. The Højstrup 

model can then be written as [6]: 

𝑛𝑆𝑢(𝑛)

𝑢∗
2

=
0.5 𝑓𝑖

1 + 2.2 𝑓𝑖
5/3

(
𝑧𝑖

−𝐿
)

2/3

+
105 𝑓

(1 + 33 𝑓)5/3
 

𝑛𝑆𝑣(𝑛)

𝑢∗
2

=
0.32 𝑓𝑖

1 + 1.1 𝑓𝑖
5/3

(
𝑧𝑖

−𝐿
)

2/3

+
17 𝑓

(1 + 9.5 𝑓)5/3
 

𝑛𝑆𝑤(𝑛)

𝑢∗
2

=
32 𝑓

(1 + 17 𝑓)5/3
(

𝑧

−𝐿
)

2/3

+
2 𝑓

1 + 5.3 𝑓5/3
 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
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where 𝑓𝑖 = 𝑛𝑧𝑖/𝑈 and 𝑧𝑖 is the lowest inversion height. 𝑆𝑤 in Equation (7) is expressed in terms of 𝑓 

and not 𝑓𝑖 since the velocity fluctuations of the 𝑤-component is limited by the presence of the solid 

surface, hence it does not scale with 𝑧𝑖 and 𝑓𝑖 [6]. When parameter 𝐿 approaches infinity, then Equation 

(5) to (7) are reduced to the Kaimal spectra in (2) to (4), describing neutral atmospheric conditions. In 

this study, the 𝑢∗ value is approximated with 𝑢∗0 according to Højstrup [11] and formulated as: 

𝑢∗ = 𝑢∗0 (1 −
𝑧

𝑧𝑖
)  

As can be seen from (5) to (7), parameters affecting the Højstrup model include 𝑧, 𝑧𝑖, 𝐿, and 𝑢∗. Since 

height (𝑧) is a physical measure and not a representative of meteorological condition, we will neglect 

the presence of 𝑧. Instead, we refer to a stability parameter 𝑧/𝐿 which indirectly represents parameter 

𝐿. The lowest inversion height 𝑧𝑖 represents the height of the boundary layer, which is influenced by 

atmospheric stability conditions. From stable to unstable conditions, 𝑧𝑖 increases as shown in [4], where 

they found from measurements at an offshore site (FINO1) that 𝑧𝑖 varies from approximately 700 m for 

unstable, 431 m for neutral, and drops to 104 m for stable conditions. Likewise, Obukhov length 𝐿 

represents the effect of shear friction to buoyancy ratio towards the vertical air movement and 

characterises the turbulence in the surface layer [12]. The sign of 𝐿 depends on the temperature gradient. 

In the case of stable conditions, the temperature gradient is positive and results in positive 𝐿. The 

opposite is true for unstable conditions where the temperature gradient is negative. 

Table 1. Parametric study of the Højstrup model 
    

𝑧𝑖 (m) 𝐿 (m) 
𝑇𝐼𝑢 (%) 

at 𝑧 = 90 m 

𝑇𝐼𝑢 (%) 

at 𝑧 = 167.5 m 

1000 -100 

1.02 1.00 

3.05 3.01 

6.10 6.01 

8.13 8.02 

12.20 12.02 

18.30 18.03 

24.40 24.05 

300 

-100 

5.56 5.46 

500 6.30 6.19 

700 6.80 6.69 

900 7.73 7.61 

1000 8.13 8.02 

1500 8.85 8.73 

2000 9.35 9.23 

1000 

-1500 6.69 6.50 

-1000 6.78 6.58 

-700 6.89 6.68 

-400 7.12 6.91 

-100 8.13 8.02 

-50 9.01 8.97 

∞ 6.36 6.15 

(8) 
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To understand the effect of each parameter in the Højstrup model, a parametric study was conducted 

with 𝑧𝑖 = 1000 m, and 𝐿 = -100 m used as a benchmark. A reference mean wind speed 𝑈 = 11.4 ms-1 

was set at the height 𝑧 = 90 m (these values were selected as they represent the rated wind speed and 

hub height of wind turbine used in this study). Table 1 summarises the parametric study and the 

simulated results of the 𝑢 wind component turbulence intensity (TI). It can be seen from Table 1 that 

variations in 𝑧𝑖 and 𝐿 resulted in 𝑇𝐼𝑢 in the range of 5% to 9% and 6% to 9% respectively. 

 
Figure 1. Spectra of 𝑢-component at 𝑧 = 90 m for various 𝑧𝑖. 

 

 
Figure 2. Spectra of 𝑢-component at 𝑧 = 90 m for various 𝐿. 
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We observed that both inversion height 𝑧𝑖 and Obukhov length 𝐿 play an important role in the energy 

content of the Højstrup model. The increase in 𝑧𝑖 on the Højstrup model resulted in increasing energy 

for 𝑢-wind components as presented in Figure 1, especially at low frequencies 𝑓 (<0.05 Hz). At 𝑓>0.1Hz 

the influence of 𝑧𝑖 diminishes and all converge to -2/3 line. This behaviour was also observed for 𝑣 and 

𝑤-components. The influence of 𝑧𝑖 on the Højstrup model implies that higher 𝑧𝑖 results in more energy 

only at lower frequencies. 

Figure 2 shows the target spectra of the 𝑢-component comparing various 𝐿 values at 𝑧 = 90 m. As 

the stability goes from neutral to very unstable (from 𝐿 = ∞ to 𝐿 = -50 m), the 𝑢-spectra shifts up, 

indicating higher energy content as the atmospheric conditions becomes unstable. Unlike 𝑧𝑖, where its 

influence on the spectral content diminishes at higher frequencies, the higher energy content with 

variation in 𝐿 was observed for all reduced frequencies.  

 

3. Methodology 

The simulations for this study were based on the spar-buoy type FOWT from Phase IV of the Offshore 

Code Comparison Collaboration (OC3) project [5]. This phase uses the 5 MW standard wind turbine of 

the National Renewable Energy Laboratory (NREL) with some changes in the support and control 

system, in conjunction with the spar-buoy concept ‘Hywind’ developed by Equinor [5]. The OC3-

Hywind properties are summarised in Table 2. 

 

Table 2. OC3-Hywind specifications. 

Parameter  

Rotor configuration 3 bladed 

Rotor diameter 126 m 

Hub height 90 m (above sea level) 

Cut-in, rated, cut-out wind speed 3, 11.4, 25 ms-1 

Cut-in, rated rotor speed 6.9 rpm, 12.1 rpm 

Water depth 320 m 

Draft 120 m 

Mooring line 3 lines, 120o apart from each other 

 

3.1. Turbulent wind field simulations 

Turbulent wind fields are required for structural simulations input and thus were generated prior to the 

simulations. The turbulent wind field is represented as a turbulence box with the size of 32768 x 32 x 

32 nodes, respectively for along wind, cross wind, and vertical wind direction. A MATLAB model 

developed by Cheynet [8] was used to simulate the turbulent wind field. The number of nodes in the 

along wind direction represents the number of steps in the wind simulation. The Højstrup spectra 𝑆𝑢, 

𝑆𝑣, and 𝑆𝑤 were determined at each turbulence box node and Davenport coherence was used to compute 

the coherence at each frequency step. Similarly, the Kaimal spectra 𝑆𝑢, 𝑆𝑣, and 𝑆𝑤 were determined at 

each turbulence box node along with Davenport coherence for coherence computation at each frequency 

step. The decay coefficients used in the Davenport coherence are given in Table 3 and were used for all 

load cases. According to the study by Cheynet et. al [13] who studied measured offshore wind data from 

the FINO 1 platform, these decay coefficients vary with stability conditions such that the co-coherence 

increases with progressively more unstable conditions. Therefore, the use of constant decay coefficients 

for different load cases given in Table 4 is an approximation, and thus is a limitation in this present 

study. 

A random phase was then applied to the spectra at each node and each frequency step and finally 

Inverse Fast Fourier Transform (IFFT) was used to get the fluctuating wind speeds. The corrected 
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logarithmic wind profile from the DNV standards [14] was selected to represent the mean wind profile 

in our simulations. Accounting for the influence of atmospheric stability conditions, the mean wind 

velocity at a particular height is defined as [14]: 

𝑈(𝑧) =  
𝑢∗

𝜅
[ln (

𝑧

𝑧0
) − 𝜓] 

where 𝜅 is a constant (0.4) and 𝜓 depends on the value of 𝐿, where for unstable conditions 𝐿 < 0 [14]: 

𝜓 =  2 ln(1 + 𝑥) + ln(1 + 𝑥2) − 2 atan(𝑥) 

in which 𝑥 =  (1 − 19.3𝑧/𝐿)1/4. For neutral conditions (𝐿 = ∞), 𝜓 = 0 and this was used for Kaimal 

model. 

Six different random seeds were used for each load case to allow for the simulations to closely 

resemble the stochastic nature of wind and to reduce uncertainty in the simulations. The sampling 

frequency used in the simulations was approximately 9.1 s, corresponding to 3600 s simulations with 

the aforementioned time steps. A value of surface roughness of  𝑧0 of 0.00014 m, was used based on 

measurements from [15] at the Høvsøre site, and 𝑢∗0 of 0.4 ms-1 were used and kept constant in the 

simulations. The mean wind profile is computed by setting reference wind speed at the hub height 𝑈ℎ𝑢𝑏. 

By utilising Eq. 9, the wind speed at height z relative to the hub height 𝑧ℎ𝑢𝑏 is calculated as: 

𝑈(𝑧) =  
[ln (

𝑧
𝑧0

) − 𝜓]

[ln (
𝑧ℎ𝑢𝑏

𝑧0
) − 𝜓ℎ𝑢𝑏]

𝑈ℎ𝑢𝑏 

 The load cases performed in this study are given in Table 4. Each load case was run for three different 

mean wind speeds: 8, 11.4, and 15 ms-1, corresponding to below rated, rated, and above rated wind speed 

respectively. 

Table 3. Decay coefficient used for Davenport Coherence Model. 

Coefficient 𝐶𝑢
𝑦

 𝐶𝑣
𝑦

 𝐶𝑤
𝑦

 𝐶𝑢
𝑧 𝐶𝑣

𝑧 𝐶𝑤
𝑧  

Value 7 7 6.5 10 10 3 

 

Table 4. Load cases. 

Spectral model 𝑧𝑖 (m) 𝐿 (m) Stability condition 

Højstrup 

700 

-50 Very unstable 

-90 Unstable 

-180 Slightly unstable 

1000 

-50 Very unstable 

-90 Unstable 

-180 Slightly unstable 

Kaimal 
700 ∞ Neutral 

1000 ∞ Neutral 

 

3.2. Coupled SIMO-RIFLEX 

SIMO-RIFLEX is a coupled simulation tool available in the Simulation Workbench for Marine 

Application (SIMA), which was developed by MARINTEK. SIMO is able to model flexible multibody 

systems and perform non-linear time domain simulation of surface vessels subjected to combined wind, 

wave, and current forces [16]. RIFLEX is a tool especially designed for analysis of slender marine 

structures with a finite element method that is able to handle unlimited displacements and rotations [10]. 

(9) 

(10) 

(11) 
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Within RIFLEX, there is an extension to include aerodynamic forces on elastic structural members (i.e. 

blades) using Blade Element Momentum (BEM) theory and control systems for blade pitch and 

electrical torque [10]. The coupled tools were necessary since the OC3-Hywind is a multibody surface 

vessel with slender elements. 

The generated turbulent wind fields are stored in binary format and used as an input to the coupled 

SIMO-RIFLEX simulations. In addition to the wind loads described in subsection 3.1, wave loads were 

also included in our simulations. For all load cases given in Table 4, JONSWAP irregular waves with a 

peak parameter γ = 3.3, significant wave height 𝐻𝑆 = 6 m, and peak period 𝑇𝑝 = 12 s were defined. The 

SIMO-RIFLEX simulations used a 3600 s duration for each load case and each seed, with 0.02 s time 

step.  

4. Results and discussion  
In order to understand the simulation results better, results are presented under three different 

subsections: the simulated wind field characteristics, the fatigue loads of OC3-Hywind components, as 

well as the motion responses.  

4.1. Simulated turbulent wind field 

From section 2 we note that theoretically in the Højstrup model, parameters 𝐿 and 𝑧𝑖 affect both spectral 

energy and TI in a way that when the atmosphere becomes progressively more unstable, spectral energy 

and TI are increasing. A theoretical comparison between the Højstrup and Kaimal model shows that the 

Kaimal model has lower spectral energy (Figure 2) and TI (Table 1) than Højstrup model. This implies 

that neutral conditions produce lower levels of turbulence than unstable conditions. Figure 3 presents 

the TI from the turbulence box at height 𝑧 = 92.5 m, and compares all load cases at different wind speeds. 

The turbulence box follows a sampling frequency of 9.1 Hz for a 1-hour average. The TI shown in 

Figure 3 are averaged from the six seeds for each case.  

 

Figure 3. TI at 𝑧 = 92.5 m from the simulations. Solid line for 𝑧𝑖 = 1000 m, dotted line for 𝑧𝑖 = 700 m. 

In general, it is observed that TI is decreasing with increasing wind speed (Figure 3). We also noted that 

TI was decreasing with height. As shown in Figure 3, Højstrup with 𝐿 = -50 m generated the highest TI 

followed by Højstrup with 𝐿 = -90 m, 𝐿 = -180 m and Kaimal respectively by considering the same 𝑧𝑖. 
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Comparing different 𝑧𝑖, it is clear that higher 𝑧𝑖 results in higher TI, even though the effect of 𝑧𝑖 on TI 

is not as pronounced as the effect of 𝐿 (Figure 3). Variation in 𝑧𝑖 gives approximately 14% difference 

between the maximum and minimum TI, while variation in 𝐿 gives 40% difference between the 

maximum and minimum TI (Figure 3). This effect of 𝑧𝑖 was also noted for the Kaimal model despite 𝑧𝑖 

not being an input parameter in the model (Figure 3) but is included via the 𝑢∗ value in Eq. 8 which 

incorporates 𝑧𝑖.  

 

4.2. Damage equivalent loads 

Fatigue loads of the OC3-Hywind turbine components are measured in the form of damage equivalent 

load (DEL). Rainflow counting method [17] was used as the stress range filter. To quantify the DEL 

from load time series, the relation between the occurring stress and its number of cycle is required. This 

relation is commonly known as S-N curve and is usually obtained by experiments for different materials. 

In the absence of a S-N curve, the number of cycles 𝑁𝑖 resulting in failure at a specific stress 𝑆𝑖 can be 

determined with 𝑁𝑖 = 𝑆0
𝑚𝑆𝑖

−𝑚, where 𝑆0 is the highest stress in the time series and 𝑚 is the Wöhler 

exponent. Normally, a quantified equivalent damage 𝑆𝑒𝑞 for a given number of cycles 𝑛𝑒𝑞 is considered 

to make an easier interpretation of the accumulated loads 𝐷𝑡𝑜𝑡𝑎𝑙 = 𝑛𝑒𝑞  𝑆𝑒𝑞
𝑚 . By substituting 𝐷𝑡𝑜𝑡𝑎𝑙 =

 ∑ 𝑛𝑖𝑆𝑖
𝑚, the damage equivalent load is calculated as [18]: 

𝑆𝑒𝑞 =  (
∑ 𝑛𝑖𝑆𝑖

𝑚

𝑛𝑒𝑞
)

1/𝑚

 

where 𝑛𝑖 is the number of cycle occurrences for the considered load range class, obtained from rainflow 

counting along with 𝑆𝑖. In the calculation, the value of 𝑛𝑒𝑞 = 107, 𝑚 = 3 for tower and mooring line 

components (steel material), and 𝑚 = 12 for blade (fiberglass material) were selected. DEL of the OC3-

Hywind turbine were computed for the following wind turbine load components: tower base fore-aft 

bending, tower base side-side bending, tower top torsion, blade root flap-wise bending, blade root edge-

wise bending, and mooring lines tension. DEL results are presented in the normalised form relative to 

the load case of Kaimal 𝑧𝑖 = 1000 at 8 ms-1. The normalised DEL shown in Figure 4 to Figure 6 are the 

averaged values from all six seeds. 

We note that in general, the Højstrup model with 𝐿 = -50 m resulted in the highest DEL followed by 

Højstrup with 𝐿 = -90 m, 𝐿 = -180 m and finally Kaimal by comparing the same 𝑧𝑖. This was observed 

for each of the aforementioned load components, except for the mooring lines tension where no clear 

pattern was seen. Below rated wind speed (8 ms-1) very unstable conditions (𝐿 = -50 m) resulted in 

higher DEL for both values of 𝑧𝑖. At rated wind speed and above (11.4 ms-1 and 15 ms-1 ), exceptions 

were noted for the tower base fore-aft bending and the blade root flap-wise DEL’s (Figure 6), which 

showed no obvious trends. When comparing different 𝑧𝑖, generally higher 𝑧𝑖 resulted in higher DEL’s 

with the Kaimal model and 𝑧𝑖 = 700 giving the lowest DEL’s, compared to other load cases. 

As presented in Figure 4, the largest DEL variation between load cases was observed for the tower 

top torsion with 65% difference between the minimum and the maximum values. The second largest 

DEL variation with 37% difference between the minimum and the maximum values was observed for 

the tower base side-side bending as shown in Figure 5. On the other hand, the least DEL’s variation was 

noted for blade root edge-wise bending with only 3% difference between the minimum and the 

maximum values. A small DEL’s variation of 7% was also observed for the tower base fore-aft. Mooring 

line 3 tension DEL’s varied by 25% when comparing minimum and the maximum values, which is the 

highest variation amongst the three lines. Our simulations also resulted in a 24% difference between the 

minimum and the maximum values for the blade root flap-wise bending DEL’s. 

In respect to variation in wind speed, normally the DEL increases with wind speed as shown in Figure 

4 for the tower top torsion DEL’s. The increase of the DEL with wind speed was also observed for other 

load components, except for tower base side-side bending DEL’s which seemed to decrease with wind 

speed (Figure 5). Meanwhile, mooring lines tension DEL’s showed no specific pattern with wind speed.  

(12) 
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Figure 4. Normalised DEL for tower top torsion (normalized by the load case of Kaimal at 8 ms-1). 

Left figure shows the results for 𝑧𝑖 = 1000 m and the right hand figure for 𝑧𝑖 = 700 m.  

 

Figure 5. Normalised DEL for tower base side-side bending (normalized by the load case of Kaimal at 

8 ms-1). Left figure shows the results for 𝑧𝑖 = 1000 m and the right hand figure for 𝑧𝑖 = 700 m. 
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Figure 6. Normalised DEL for blade root flap-wise bending (normalized by the load case of Kaimal at 

8 ms-1). Left figure shows the results for 𝑧𝑖 = 1000 m and the right hand figure for 𝑧𝑖 = 700 m. 

 

Figure 7 shows the spectral density plot of tower top torsion comparing neutral to very unstable stability 

conditions for 𝑈 = 11.4 ms-1  and 𝑧𝑖 = 1000 m. It can be seen that the highest spectral energy is found 

for Højstrup with 𝐿 = -50 m, followed by Højstrup 𝐿 = -90 m, Højstrup 𝐿 = -180 m, and Kaimal, observed 

for all frequencies except at 0.2 Hz. The tower top torsion is excited by waves at frequency 𝑓 = 0.083Hz, 

blade 1P (𝑓 = 0.2 Hz) and blade 3P (𝑓 = 0.6 Hz). The same was observed for all other wind speeds. 

When comparing the same results for 𝑧𝑖 = 1000 m and 𝑧𝑖 = 700 m, in general a similar trend was 

observed except at 𝑓 = 0.2 Hz where Højstrup with 𝐿 = -50 m produced the highest spectral energy. The 

boundary layer height of 𝑧𝑖 = 700 m was also observed to result in lower energy spectra when compared 

to the results for 𝑧𝑖 = 1000 m for all Højstrup cases. 

The spectral energy density plots for the tower base side-side bending also showed that the highest 

spectral energy was found under very unstable conditions (Højstrup with 𝐿 = -50 m) similar to the tower 

top torsion. Particularly at frequencies  𝑓 < 0.15 Hz and 𝑓 > 0.45 Hz whereas at 0.15 Hz < 𝑓 < 0.45 Hz, 

the variation between the load cases was quite small. The highest spectral peak is found for 𝑓 ~ 0.5 Hz 

which corresponds to the tower base side-side bending natural frequency. Similarly, this trend was 

observed for other wind speeds except that at 8 ms-1, where the magnitude of the spectral energy is 

notably higher particularly near the natural frequency of the tower base side-side mode. Comparing 

𝑧𝑖=1000 m and 𝑧𝑖= 700 m, in general a similar trend was observed and lower 𝑧𝑖 was observed to result 

in lower energy spectra for all Højstrup cases. 

The spectral energy of the blade root flap-wise bending shows that this mode was excited by the 

wave frequencies, blade 1P, 2P, and 3P at all considered wind speeds. At frequencies lower than 1P, the 

spectral energy showed no notable variation with different stability conditions. At frequencies higher 

than 1P, one can note that generally Højstrup with 𝐿 = -50 m resulted in the highest spectral energy 

followed by Højstrup 𝐿 = -90 m, Højstrup 𝐿 = -180 m, and Kaimal. However, in the peak of 1P, 2P, and 

3P spectral energy of Kaimal case overlapped with Højstrup with 𝐿 = -50 m especially at rated wind 

speed and above. A similar trend was noted for the 𝑧𝑖 = 700 m, except it produced lower energy spectra 

than when 𝑧𝑖 = 1000 m for all Højstrup load cases. 
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Figure 7. Spectral density plot of tower top torsion for 𝑈 = 11.4 ms-1 at 𝑧𝑖 = 1000 m. 

 

4.3. Platform motions  

Aside from fatigue damage (DEL’s), it is also important to evaluate the motions in six DOF experienced 

by the OC3-Hywind. Our simulations showed that the roll, sway and yaw platform motions exhibited 

notable differences between the load cases as opposed to pitch, surge and heave. In this subsection, 

emphasis is put on platform roll and sway, however, it is important to note that the magnitude of both 

sway translation and roll motion were very small, within the range of -1 m to 1 m for sway and -0.3o to 

0.6o for roll. 

 

 
Figure 8. Platform roll rotation (all load case). Left figure 𝑧𝑖 = 1000 m, right figure for 𝑧𝑖 = 700 m. 
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Figure 8 presents platform roll of the OC3-Hywind comparing all load cases. It can be seen from this 

figure that generally Højstrup with L = -50 m resulted in the highest roll followed by Højstrup L=-90 m, 

L= -180 m and finally Kaimal. Comparing the left and right plots in Figure 8, the influence of 𝑧𝑖 on 

platform roll motion was not notable since the overall platform roll distribution is relatively similar for 

both boundary layer heights.   

 

 
Figure 9. Platform sway translation (all load case). Left figure 𝑧𝑖= 1000 m, right figure for 𝑧𝑖= 700 m. 

 

 

 
Figure 10. Platform yaw rotation (all load case). Left figure 𝑧𝑖 = 1000 m, right figure for 𝑧𝑖 = 700 m. 

The platform sway response comparing all load cases is shown in Figure 9. As seen from this figure, 

one can observe a similar trend with the platform roll response where generally the highest sway was 
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found under Højstrup with L = -50 m, followed by Højstrup with L = -90 m, L = -180 m and Kaimal 

respectively. Likewise for roll motion, the influence of 𝑧𝑖 on platform sway was not notable.  

Platform yaw response comparing all load cases can be seen in Figure 10. This figure shows that 

Højstrup with L= -50 m generally yielded the highest platform yaw followed by Højstrup L = -90 m,     

L = -180 m and finally Kaimal. The effect of 𝑧𝑖 on platform yaw was also not clearly observed. 

In terms of spectral energy, platform roll, sway, and yaw motions were excited by the waves and 

generally, Højstrup with L = -50 m gave the highest spectral energy for roll, sway, and yaw followed by 

Højstrup with L = -90 m, L = -180 m and Kaimal. The highest spectral peak for platform roll was noted 

at the platform’s roll natural frequency f ~ 0.034 Hz for all load cases. The same was observed for sway 

where the platform’s sway natural frequency at f ~ 0.0073 Hz had the highest spectral peak for all load 

cases. For yaw motion, the highest spectral peak was found at low frequency f ~ 0.005 Hz, which might 

be the excitation from the low frequency content in the Højstrup spectral wind model for all unstable 

load cases. Comparing 𝑧𝑖 = 1000 m and 𝑧𝑖 = 700 m, higher 𝑧𝑖 generally resulted in higher spectral energy 

for platform roll, sway, and yaw. 

 

4.4. Discussion  

The parameters 𝐿 and 𝑧𝑖 seem to affect the generated TI, where TI is increasing with 𝑧𝑖 and with 𝐿 

as 𝑧/𝐿<0 gets closer to zero. This is in agreement with the sensitivity study performed in section 2. The 

influence of the parameters 𝐿 and 𝑧𝑖 on the generated TI can also be related to the DEL’s and platform 

motion responses, such that higher TI results in higher DEL’s and platform motion, when considering 

the same wind speed. 

When comparing the Højstrup and Kaimal wind models, one can see that the addition of lower 

spectral frequency components to represent unstable atmospheric conditions has resulted in higher 

energy spectra for 𝑢, 𝑣, and 𝑤 wind components. This addition also produces higher TI as well as DEL’s 

and platform motions of the OC3-Hywind turbine. Based on this argument, we are able to simulate the 

effect of enhanced turbulence levels under unstable atmospheric stability unlike previous studies which 

have used for example the Mann spectral tensor model fitted to measurements under unstable 

atmospheric conditions [16]. Having said the above, exclusions were applicable to the following 

components: 

 

 Mooring lines tension DEL has no clear trends for progressively unstable conditions or even 

increasing wind speed 

 Despite the finding that platform pitch motion did not vary much with load case variation, it is 

worth mentioning that the OC3-Hywind platform was found to be dominated by pitching 

backwards (the platform pitched in the range of -2o to +8o). This platform pitch response might 

be due to the influence of the blade-pitching activity [19] 

 Platform pitch, heave, and surge motions seemed to be ‘invariant’ with load case variation for 

the OC3 Hywind turbine, probably due to these DOF being heavily influenced by the wave 

excitation. We noted that the spectral plots of these DOF were very similar for all load cases, 

especially near the peak wave frequency. 

 

Lastly, although 𝑧𝑖 is not an input parameter to Kaimal Model, the influence of 𝑧𝑖 on the generated TI 

and DEL is probably due to the use of an approximated 𝑢∗value, given in equation 8, which involves 𝑧𝑖. 

 

5. Conclusion 

From this study, the importance of unstable atmospheric stability on the loads and motion responses of 

the OC3-Hywind turbine is highlighted. By using the Højstrup model to account for enhanced energy at 

low frequencies under unstable conditions, the DEL of tower top torsion is estimated to be 65% higher 

than in neutral conditions using the Kaimal model, similarly for the tower base side-side bending DEL 

which was 37% higher. It was also found that the use of an appropriate wind model for unstable 
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conditions can produce up to 40% higher TI compared to neutral conditions. It is therefore necessary to 

account for unstable conditions in the design of FOWTs, as unstable conditions are prominent in an 

offshore environment [4] [13]. It is therefore important to develop and validate a turbulent wind model 

suitable for unstable conditions in the offshore marine boundary layer, to reduce the uncertainty in the 

design of large floating offshore wind turbines. 
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Abstract: Turbulent wind at offshore sites is known as the main cause for fatigue on offshore
wind turbine components. Numerical simulations are commonly used to predict the loads and
motions of floating offshore wind turbines; however, the definition of representative wind input
conditions is necessary. In this study, the load and motion responses of a spar-type Offshore Code
Comparison Collaboration (OC3) wind turbine under different turbulent wind conditions is studied
and investigated by using SIMO-Riflex in Simulation Workbench for Marine Applications (SIMA)
workbench. Using the two spectral models given in the International Electrotechnical Commission
(IEC) standards, it is found that a lower wind lateral coherence under neutral atmospheric stability
conditions results in an up to 27% higher tower base side–side bending moment and a 20% higher
tower top torsional moment. Comparing different atmospheric stability conditions simulated using
a spectral model based on FINO1 wind data measurement, the highest turbulent energy content
under very unstable conditions yields a 26% higher tower base side–side bending moment and a
27% higher tower top torsional moment than neutral conditions, which have the lowest turbulent
energy content and turbulent intensity. The yaw-mode of the OC3 wind turbine is found to be the
most influenced component by assessing variations in both the lateral coherence and the atmospheric
stability conditions.

Keywords: turbulent wind; atmospheric stability; wind coherence; Offshore Code Comparison
Collaboration (OC3); turbulent wind model

1. Introduction

The design phase of a wind turbine is considered as one of the most critical steps in wind farm
planning. Many research studies rely on numerical simulations to predict and check the reliability of the
wind turbine structures, especially those located offshore. For this reason, a justifiable environmental
input must be chosen carefully, and reliable measurement data should be used whenever available.
In the absence of reliable measurement data, the International Electrotechnical Commission (IEC)
61400-1, 2005 [1], is often used as the wind turbine design guideline. In this standard, two turbulent
wind models are recommended for wind turbine design: Kaimal Spectra and Exponential Coherence
and Mann Spectral Tensor Model. Herein, the Kaimal Spectra and Exponential Coherence is referred
to as the Kaimal model and the Mann Spectral Tensor Model is referred to as the Mann spectral model.
Both the Kaimal model [2] and the Mann spectral model [3] were derived from measured wind data
under neutral atmospheric conditions. In the IEC 61400-1, the two models are prescribed to have equal
energy content but have significant differences in terms of spatial coherence. Eliassen and Obhrai [4]

Energies 2020, 13, 2506; doi:10.3390/en13102506 www.mdpi.com/journal/energies
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attempted to compare the vertical coherence between the Kaimal model and the Mann spectral model
with measured wind data at the FINO1 platform [5]. It was shown that the observed lateral coherence
at 40 m separation from FINO1 is over-predicted using the Kaimal model but under-predicted using
the Mann spectral model [4].

The study by Godvik [6] shows that a 6 MW spar wind turbine’s platform yaw motion is sensitive
to wind coherence over the rotor area when using the two wind models provided in the IEC 61400-1
standard. The Mann spectral model was found to induce higher yaw motion of the spar wind turbine
compared to the Kaimal model [6]. Bachynski and Eliassen [7] investigated the influence of the
Kaimal model and the Mann spectral model on the global responses of a semisubmersible, spar, and
Tensioned-Leg Platform (TLP) 5 MW wind turbines. The platform yaw responses of the three floater
types were found to be higher when simulating the Mann spectral model wind fields than the Kaimal
model wind fields [7]. Similarly, Doubrawa et al. [8] found that by generating wind fields using the
large eddy simulations (LES) for the two spectral models, the tower base yaw moment of a 6 MW spar
wind turbine was predicted higher when using the Mann spectral model than the Kaimal model. Since
both spectral models differ in terms of spatial coherence (especially in the lateral separations), it is then
suggested [6–8] that the wind spatial coherence under neutral atmospheric stability conditions has a
significant influence for the floaters’ yaw and the spar’s tower base yaw moment. This being said, one
should note that the wind spatial coherence varies with atmospheric stability conditions [9], and that
offshore, there is a prevalence of unstable conditions [10].

An investigation into the influence of atmospheric stability for the load responses of a bottom-fixed
wind turbine was conducted by Sathe et al. [9] using the Mann spectral model. In their study,
the measured wind data from Høvsøre site [11] was fitted to the Mann spectral model and they
simulated turbulent wind fields using the obtained Mann spectral model parameters from the wind
measurement fitting. The fit of the wind measurements at Høvsøre to the Mann spectral model
parameters showed an increase of the spatial coherence as the atmospheric stability conditions changed
from stable through to unstable conditions [9]. However, it should be noted that the Mann spectral
model has not been validated to predict the coherences for non-neutral atmosphere, but it was assumed
that the influence of atmospheric stability on the coherences can be depicted using the Mann spectral
model [9]. Sathe et al. [9] found that up to 17% load difference (depending on the component of
interest) on a bottom-fixed wind turbine is noted when comparing only neutral conditions and various
atmospheric stability conditions. To the authors’ knowledge, no studies have been conducted yet with
respect to analysis of measured spatial coherence of turbulent wind offshore (especially for lateral
separations) under different atmospheric stability conditions due to the data availability. However,
Cheynet et al. [12] derived an empirical vertical coherence model from wind measurement data at
FINO1. The vertical coherences were found to be increasing from stable to neutral and then to unstable
atmospheric stability conditions [12], which is in agreement with the observations from the study by
Sathe et al. [9]. Yet, in the work of Sathe et al. [9], it is not specifically mentioned whether the increasing
coherence from stable to neutral and then to unstable conditions are for lateral separations or vertical
separations, or for both.

As the atmospheric stability conditions shift progressively from neutral to unstable conditions,
the low-frequency wind energy content increases, and thus higher turbulence intensities are observed
under unstable conditions compared to the neutral conditions [12,13]. Putri et al. [14] and Knight and
Obhrai [15] have shown the importance of taking into account the non-neutral atmospheric stratification,
especially unstable conditions, in terms of wind energy content on the loads and motions’ responses of
floating wind turbines. When comparing unstable and neutral conditions, higher yaw-mode loads and
motions of a spar floating wind turbine under unstable conditions were noted up to 40% [14,15].

The findings of References [6–8,14,15] raise the question of whether a spar wind turbine’s load and
motion responses are more prone to variations in the wind coherence or to the turbulent wind energy
content, as we know that the dominant atmospheric stability at offshore is unstable conditions [10].
Hence, this study aims to perform numerical analysis of different incoming turbulent wind inflow
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conditions on a floating spar wind turbine rotor and investigates the spar wind turbine’s load and
motion responses. The Kaimal model and the Mann spectral model are used to simulate wind fields
under neutral conditions with variation in coherence. In addition, the Pointed-Blunt model [12],
an empirical model fitted to measured data at FINO1, is used to simulate wind fields under different
atmospheric stability conditions, from neutral to very unstable. This model is paired with the IEC
exponential coherence [1] in the present study.

2. Theory and Methods

This section gives a brief description of the wind models used to generate the wind fields and its
characteristics with respect to the atmospheric stability conditions, as well as the methodology used in
the present study.

2.1. Atmospheric Stability and Wind Models

Wind spatial coherence or wind coherence is a measure of how related the wind fluctuations at
two points in the wind field are, for a specific separation distance, at different frequencies. The term
‘coherence’ refers to the normalized wind cross-spectrum. The coherence consists of a real part called the
co-coherence and an imaginary part known as the quad-coherence. In a homogeneous turbulent wind
field, the magnitude of the quad-coherence is fairly small for the across-flow separations, compared to
the co-coherence. Hence, the quad-coherence is considered to be negligible [16]. In the following, the
term ‘coherence’ therefore represents the co-coherence, unless otherwise stated.

Atmospheric stability is one factor which affects spatial and temporal characteristics of wind
turbulence [9]. The general classes of atmospheric stability conditions are neutral, stable, and unstable,
which depends on the non-dimensional parameter z/Lm (z = height above surface, Lm = Obukhov
length) [2]. This parameter is proportional to the temperature flux at the surface w′θ′. When z/Lm < 0,
the temperature flux is positive and causes the vertical rise of air parcels, indicating unstable conditions.
This enhanced vertical mixing is often referred to as buoyancy-generated turbulence and occurs only
under unstable atmospheric stability conditions [17]. On the other hand, when z/Lm > 0, we have
stable conditions and a negative temperature flux. Stable conditions are characterized by high wind
shear (mean wind profile) and suppression of vertical mixing [17]. Neutral conditions occur when
z/Lm = 0, and hence, there is no heat exchange between the air parcels and its surroundings [17].

In the present study, different wind inflow conditions are generated by using three different wind
models: the Kaimal model [1], the Mann Spectral Tensor model [1], and the Pointed-Blunt model [12].
Both the Kaimal and Mann spectral models are valid only for neutral atmospheric stability conditions,
while the Pointed-Blunt model was fitted to wind data from the FINO1 offshore platform with variable
atmospheric stability [12]. It is worth noting that the parameters for the Kaimal and Mann spectral
models have been adjusted accordingly to meet the standard requirement and have been set to have
equal energy spectra [1,18], while the spatial coherences formulation is not equalized.

For the wind models described in Section 2.1.1, Section 2.1.2, Section 2.1.3 the influence of the
Coriolis force is not examined, so the directional shear effect is not taken into account. This means that
the longitudinal wind component u- has the same direction as the friction velocity u*.

2.1.1. Kaimal Spectra and Exponential Coherence

First, the Kaimal model is described. The single-sided, non-dimensional velocity spectrum for
each wind component Si is defined as follows [1]:

fSi(f)/σi
2 = (4fLi/Uhub)/(1 + 6fLi/Uhub)5/3 (1)

where:

f: frequency (Hz),
i: velocity component index (1: longitudinal, 2: lateral, and 3: vertical),
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Si: velocity spectrum for each component i,
σi: standard deviation of velocity component i (m/s) (Table 1),
Li: integral length scale of velocity component i (m) (Table 1),
Uhub: mean wind speed at hub height (m/s).

Table 1. Parameters for the Kaimal model [1].

Velocity Component

1 (u) 2 (v) 3 (w)

σi σ1 0.8 σ1 0.5 σ1
Li 8.1 Λ1 2.7 Λ1 0.66 Λ1

with Λ1 = 42 m (z ≥ 60 m) and z is the hub height in meters. The velocity spectra given in Equation (1)
define the single point spectral energy for the three velocity components. The velocity time series at
different points in space are computed based on the spatial coherence and a random phase. In this
case, the following exponential coherence is associated with Equation (1) and applicable only for u
velocity component [1]:

Cohuu(f, ∆) = exp[−12((f∆/Uhub)2 + (0.12∆/Lu)2)1/2] (2)

where:

∆: separation distance, either lateral or vertical (m),
Lu: 8.1 Λ1 (m).

Coherence for the v and w velocity components are not specified in the IEC 61400, and in
TurbSim [19], identity coherence is recommended for both vv- and ww- coherences. In the present
work, the coherence formulated in Equation (2) is adopted for both vv- and ww- turbulence components,
for a more representative coherence in a real wind field than applying the identity coherence. In reality,
different coherence functions should be used for each of the three turbulence components, and ideally,
taken from the relevant site measurements. For the v- turbulence component, a higher lateral coherence
than that for u and w components was observed in the study by Saranyasoontorn et al. [16] based on
wind measurements. The wind conditions were measured from the Micon 65/13 wind turbine near
Bushland in Texas for a mixture of datasets of different stability conditions [16].

2.1.2. Mann Spectral Tensor

The Mann uniform shear turbulence model was developed in the form of a spectral tensor with
isotropic von Karman energy spectrum as its initial condition. The tensor will develop anisotropically
over time due to the mean wind shear [3]. The resulting anisotropic tensor is given as [1,3]:

Φij(k) = E(k)/4πk4 (δijk2 − kikj) (3)

with:

i,j: index for different wind component (1: longitudinal, 2: lateral, and 3: vertical),
Φij: anisotropic tensor for each component ij,
k: non-dimensional wave number for each component direction (k1, k2, k3),
k: non-dimensional wave number magnitude = (k1

2 + k2
2 + k3

2)1/2,
E(k): non-dimensional von Karman isotropic energy spectrum = 1.453k4/(1 + k2)17/8 [1],
δij: non-dimensional spatial separation vector components.
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The complete tensor matrix of Equation (3) is not shown in detail here but can be found in the
IEC 61400-1 [1,18]. The non-dimensional, single-sided velocity component spectrum generated from
Equation (3) can be expressed as [1]:

fSi(f)/σi
2 = σiso

2/ σi
2 (4π`f/Uhub) Ψij(2π`f/Uhub) (4)

where:

Ψij: wave number autospectrum (i = j)/cross-spectrum (i , j),
σi

2: component variance (m2/s2) (Table 1),
σiso: 0.55 σ1,
`: 0.8 Λ1, where Λ1 = 42 m for z ≥ 60 m,

while the coherence is given as [1]:

Cohij(f, ∆y, ∆z) = Real{Ψij(f, ∆y, ∆z)/[Si(f) Sj(f)]1/2} (5)

with:

∆y = separation distance in the lateral direction,
∆z = separation distance in the vertical direction.

Although the mathematical definition of the Mann spectral model is rather complex, the Mann
spectral model is simply described by three parameters: αε2/3, `, and γ, which later will be used as
input parameters for the simulations in this study. αε2/3 is a measure of spectral energy in the inertial
subrange, ` is the length scale (size of the occurring eddy), and γ is the shear parameter (a measure
of anisotropy) [3]. A least squares fit of the Kaimal model to Equation (5) results in shear parameter
γ = 3.9 [1].

2.1.3. Pointed-Blunt

The Pointed-Blunt model [12] was developed based on two years of FINO1 measurement data
(2007–2008) under different atmospheric stability conditions. This model was named after its shape,
which includes the low-frequency part (pointed) and the high-frequency part (blunt). The model
has four floating parameters dependent of the atmospheric stability conditions within the range of
−2 < ζ < 2, where ζ= z/Lm, z is the observed height and Lm is the Obukhov length. The non-dimensional
mathematical formulation for this model is [12]:

fSi(f)/u*
2 = a1

if/(1 + b1
if)5/3 + a2

if/(1 + b2
if5/3) (6)

where:

a1
i, a2

i, b1
i, b2

i: floating parameters,

i: index for different wind component (u: longitudinal, v: lateral, and w: vertical),
u*: friction velocity (m/s), computed using [20]:

U(z) = u*/κ (ln(z/zo) − Ψ) (7)

with:

U(z): mean wind speed at height z (m/s),
κ: von Karman constant (0.4),
zo: surface roughness (m), taken as 0.0001 m for open sea surface [17],
Ψ: 2ln(1 + x) + ln(1 + x2) − 2tan−1(x); x = (1 − 19.3ζ)1/4.
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For this study, the associated coherence for the Pointed-Blunt model is prescribed based on the
exponential coherence model, as provided in Equation (2) from the IEC 61400-1. Due to the absence
of validated lateral coherences following different atmospheric stability conditions, the exponential
coherence in Equation (2) is applied not only for uu- but also for vv- and ww- coherences by assuming
the same values are used for the three components.

2.2. Methodology

A floating spar wind turbine was selected for this study, which is based on the International Energy
Agency (IEA) Annex XXIII Offshore Code Comparison Collaboration (OC3) Phase IV [21]. The OC3
wind turbine has the 5 MW National Renewable Energy Laboratory (NREL) reference wind turbine
(RWT) characteristics with a modified controller to prevent the negative damping effect (excessive
motions) of the spar platform [21]. The main characteristics of the OC3 wind turbine are provided
in Table 2, while the detailed specifications can be found in Jonkman and Musial [21]. Time domain
simulations are performed in this study, where the Simulation Workbench for Marine Applications
(SIMA) [22], specifically coupled SIMO-Riflex, is used as the primary simulation tool to obtain the
OC3 wind turbine’s structural responses and motions. SIMO handles the spar platform’s motions
and station-keeping behavior, while Riflex deals with flexible slender structure analysis (i.e., forces,
moments, and deflection computation of the turbine’s blades, wind turbine tower, and mooring lines)
based on the Finite Element Modeling [22]. Blade Element Momentum (BEM) theory is implemented
in Riflex to compute the aerodynamic responses. The modelled OC3 Hywind wind turbine in SIMA is
illustrated in Figure 1. The OC3 Hywind is modelled separately for the following parts: blades, nacelle,
tower, spar floater, and mooring lines. Each blade is composed with 17 segments representing different
airfoil cross-sections of the NREL 5 MW RWT, while the nacelle is modelled as a body. The tower is
made up by 10 segments for each of the tower’s cross-section properties, in accordance with Jonkman
and Musial [21]. The spar floater is modelled as a body and its hydrodynamic properties are taken
from Jonkman and Musial [21].

Table 2. The Offshore Code Comparison Collaboration (OC3) wind turbine general properties [21].

Properties Value

Power production rating 5 MW
Rotor diameter (hub diameter) 126 m (3 m)

Hub height 90 m
Cut-in, rated, cut-out wind speed 3, 11.4, 25 m/s

Cut-in and rated rotor speed 6.9, 12.1 rpm
Water depth, platform draft 320 m, 120 m

Added mass, drag coefficient 0.969954, 0.6
Number of mooring lines (angle between adjacent lines), mooring line length 3 (120◦), 853.87 m

As input to SIMA, environmental conditions are necessary, where waves and wind act as the main
environmental loads. The waves’ input are taken as constant for all load cases considered in this study,
while the wind input defines the load cases. The simulated wave conditions follow a Joint North Sea
Wave Project (JONSWAP) spectra with a significant wave height of Hs = 4 m, peak period Tp = 8 s,
and a peakedness parameter γ = 3.3, according to DNVGL-CG-0130 [23]. In reality, Hs is dependent
on wind speed and should be varied. Additional simulations were performed with variable Hs and
Tp. It was noted that simulations with a variable Hs yield similar conclusions (in terms of the OC3
Hywind’s responses with respect to the variation in wind input), as to when a constant Hs is adopted.
Since our main objective is to investigate the impact of wind input variation on the OC3 wind turbine’s
responses, a constant Hs with wind speed is used in this study.
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Figure 1. The OC3 Hywind spar wind turbine model in the Simulation Workbench for Marine
Applications (SIMA).

The main input for the simulations in SIMA is wind inflow conditions (wind fields) that is depicted
in the form of ‘moving wind box’ in the u-component direction. This box will be referred to as the
turbulence box. The turbulence boxes are pre-generated using different pre-processing tools depending
on the wind model. TurbSim [19] is used to generate the turbulence box using the Kaimal Model,
Mann Turbulence Generator (MTG) [24] for the Mann spectral model, and windSimFast [25] for the
Pointed-Blunt model, where the windSimFast is a MATLAB®-based code. The turbulence box contains
wind velocity values at each grid point, representing the flow field variation on the rotor for a selected
duration, here taken as 1 hour. The turbulence box size is set to (height ×width × length = 160 m ×
160 m × [Uhub (mean wind speed at hub) × 3600]). For example, if Uhub is 8 m/s, then the turbulence
box size is 160 m × 160 m × 28,800 m. The selected height and width size are to cover the rotor swept
area and account for the platform motions. Furthermore, it is important to note that the grids in the
turbulence box have proper resolutions. A note on the turbulence box’s grid resolution is given in
Section 2.2.1.

The load cases (LC) for this study are summarized in Table 3. The load cases are divided into two
main cases, LC 1 and LC 2. LC 1 concerns turbulent wind under neutral conditions with two different
coherences and LC 2 covers turbulent wind for different atmospheric stability conditions paired with a
fixed exponential coherence.
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Table 3. Load case (LC).

LC No. Wind Model Atmospheric Stability
Conditions Coherence Model Input Parameters

1a Kaimal
Neutral

Equation (2)

Uhub * = 8 m/s (TI ** = 5.95%)
Uhub = 11.4 m/s (TI = 6.08%)
Uhub = 15 m/s (TI = 6.16%)

1b Mann Equation (5)

` = 42 m, γ = 3.9
Uhub = 8 m/s (TI = 5.95%),

αε2/3 = 0.00956
Uhub = 11.4 m/s (TI = 6.08%),

αε2/3 = 0.0203
Uhub = 15 m/s (TI = 6.16%),

αε2/3 = 0.036

2a

Pointed-Blunt

Neutral

Equation (2)

Lm =∞ (ζ = 0)
Lm = −200 m (ζ = −0.407)
Lm = −100 m (ζ = −0.815)

Lm = −50 m (ζ = −1.63)
Uhub = 8, 11.4, 15 m/s

2b Weakly unstable
2c Unstable
2d Very unstable

* Uhub = mean wind speed at hub, ** TI = turbulence intensity

The turbulence intensity (TI) input values for LC 1 are set equal to the values simulated with the
Pointed-Blunt model under neutral stability conditions (LC 2a). Each of the load cases is simulated for
1 hour with six different random seeds to minimize the uncertainty. It is important to note that the
1-hour long time series of the incoming flow are simulated continuously, i.e., not split into 10 min long
segments, in order to include the low-frequency wind gusts.

As a simplification, the effect of wind shear is neglected, and a uniform wind profile is applied for all
load cases presented in Table 3. Additional simulations were also performed using a stability-corrected
logarithmic mean wind profile for all load cases presented in Table 3. For unstable conditions, there
is very little wind shear, and as a result, very little influence was noted on the resultant loads and
motions of the OC3 Hywind (less than 10%, depending on the component of interest). Whereas for
neutral conditions, we observed that the influence of coherence on the OC3 Hywind responses is
greater than the variation in mean wind profile. However, since the focus of this study is a comparison
of the turbulent wind models, it is then decided to simplify the comparison by using a constant mean
wind profile with height.

2.2.1. A Note on the Turbulence Box’s Grid Resolution

When one uses the MTG, the finding by Kim et al. [26] suggests that grid spacing plays an
important role in defining a reliable input, and thus the simulation results. Their study pointed out that
coarser grid resolution gives a more biased result compared to the finer grid resolution. Hence, a grid
resolution check is performed, particularly for the Mann spectral model where the wind turbulence
box is generated using MTG. In MTG, the number of grid points in the x, y, and z directions (Nx,
Ny, Nz) must follow 2n, where n is a positive integer. To satisfy this requirement, a number of grid
point in the x-direction, Nx = 32,768 is selected, which corresponds to a time step dt of 0.11 s for a
3600 s duration (dt = duration/Nx). Table 4 provides different grid resolutions to be checked. Figure 2a
presents the Mann spectral model spectra of the u-component (Su) simulated by the MTG tool for
different grid resolutions in Table 4, compared with the target spectra for the Mann spectral model. It
can be seen that the variation in grid resolution influences the simulated spectra of the along-wind
component Su, particularly at frequencies higher than 0.7 Hz. The simulated spectra Su decays faster
than the target spectra at frequencies > 0.7 Hz. The finer grid spacing resulted in simulated spectra Su
values closer to the target spectra compared to the coarser grid spacing for frequencies > 0.7 Hz.
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Table 4. Convergence study: grid size.

No. Grid Size dy * =
dz ** (m)

No. of Grid Points in
y and z Directions Ny =

Nz (–)

Lx = 3600 s × Uhub
= Nx × dx *** (m) Wind Model

1 10 (coarse) 16 28,800 Kaimal 1, Mann 2

2 5 (fine) 32 41,040 Kaimal 1, Mann 2

3 2.5 (very fine) 64 54,000 Kaimal 1, Mann 2

* grid size in the y-direction, ** grid size in the z direction, *** grid size in the x direction, 1 TurbSim, 2 Mann
Turbulence Generator.
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Figure 2. Normalized spectra of the u-component for: (a) the Mann spectral model from the Mann
Turbulence Generator, and (b) the Pointed-Blunt model from windSimFast for different grid resolutions
with Nx = 32,768 and 8 m/s mean wind speed at the hub point.

The low-pass filtering in the Mann spectral model assumes the grid points as the average wind
speeds in a cube volume of air [27]. Even though a high-frequency compensation is applied when
using MTG to allow the grid points to represent a local wind vector instead of the air cube, it seems
that the low-pass filtering is not well compensated, even for the very fine grid size (see Table 4). A finer
grid is then seen to better represent the smaller scale turbulence. When an isotropic grid (dx = dy = dz)
was used, we observed that the simulated spectra in the frequency > 0.7 Hz approaches the theoretical
spectra (red line in Figure 2a). Ideally, an isotropic grid spacing would give the closest values with the
theoretical ones for all frequency ranges and should be used in the simulations. Nonetheless, such grid
spacing is quite difficult to consider in the simulations. The number of grids, Nx, Ny, Nz, must follow 2n,
and MTG’s computational power is limited. Moreover, if a constant dx is used for a constant duration
of 3600 s, then Nx will change with wind speed, Uhub. Hence, the turbulence box size will change with
wind speed, Uhub. We aim to have a constant wind field size with a continuous duration of 3600 s and
a constant time step dt for all considered wind speeds, Uhub. Because the use of isotropic grid spacing
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will lead to inconsistent turbulence box size with wind speed, the very fine grid size (Ny = Nz = 64) is
then selected for all wind simulations using both MTG and TurbSim. As shown in Figure 2b, the grid
resolution does not influence the simulated wind of the Pointed-Blunt model. Therefore, a fine grid
size (Ny = Nz = 32) is used to generate the wind turbulence box using windSimFast.

The importance of Nx on the simulated spectra Su is related to the time step dt. Nx variation
corresponding to a time step from 0.055 to 0.11 s shortens the x-axis, i.e., a smaller time step captures a
longer high-frequency range. To save the computational time, a time step of 0.11 s is used to generate
the turbulence boxes using all tools, allowing a Nyquist frequency of 4.55 Hz, adequate to capture the
OC3 wind turbine’s important natural frequencies.

3. Results

The results are divided into three subsections: the simulated wind turbulence in terms of wind
turbulence box properties for each load case, the natural frequencies of the OC3 wind turbine, as well
as the load and platform motion responses.

3.1. Simulated Wind Turbulence

The generated wind turbulence is checked to make sure that its statistical properties meet the
required target values. Figure 3a shows the simulated dimensional spectra Su averaged from the six
seeds for the Kaimal model and the Mann spectral model in LC 1 compared to the IEC target spectra,
as well as the Pointed-Blunt model under neutral conditions (LC 2a). The comparison between the
simulated dimensional spectra Su and the theoretical spectra for LC 2 is given in Figure 3b. The spectra
shown in Figure 3 are calculated using the Welch’s method with six windows and are plotted as a
function of frequency. As shown in Figure 3a, the wind turbulence spectral properties from the Kaimal
model and the Mann spectral model agree well with the targeted spectra, except for the Mann spectral
model at frequencies > 1 Hz due to the grid size. A good agreement between the simulated spectra
and the target spectra is also observed for the Pointed-Blunt model for all stability conditions at all
considered wind speeds, and for both v- and w- wind components (Sv and Sw, respectively). Figure 3a
shows that the Pointed-Blunt model under neutral conditions in LC 2a has equivalent energy content
with the two IEC models, as the TI input for the two IEC models are based on the simulated TI from LC
2a. Comparing different atmospheric stability conditions for LC 2, it can be seen from Figure 3b that
the spectra Su is increasing as the stability progressively shifts from neutral to very unstable, except in
the 0.008 Hz < frequency < 0.05 Hz range, where neutral conditions produced slightly higher spectra
Su than for weakly unstable conditions.

Table 5 gives the range of the simulated TI values of u-component from the six seeds. It can be
seen that the simulated TI results for the Kaimal model and the Mann spectral model are slightly lower
than the target TI given in Table 3. It is important to note that TI is not an input for the Pointed-Blunt
model and thus the TI results for the Pointed-Blunt model are due to the changes in Lm and the value
of u* in Equation (7). From Table 5, it is noted that the TI is increasing as the atmospheric stability
moves from neutral to very unstable conditions. This is expected as unstable conditions have higher
spectra energy Su than neutral conditions, as shown in Figure 3.

Table 5. Simulated turbulence intensity of the u-component (mean ± variation).

Turbulence Intensity (%)

Uhub (m/s)

LC 1 LC 2

Kaimal Mann Pointed Blunt

(a)
Neutral

(b)
Neutral

(a)
Neutral

(b)
Weakly Unstable

(c)
Unstable

(d)
Very Unstable

8 5.77 ± 0.17 5.83 ± 0.4 5.95 ± 0.2 6.0 ± 0.23 6.51 ± 0.23 7.6 ± 0.27
11.4 5.93 ± 0.15 5.95 ± 0.4 6.08 ± 0.17 6.11 ± 0.2 6.61 ± 0.2 7.74 ± 0.25
15 6.03 ± 0.14 6.01 ± 0.35 6.16 ± 0.16 6.18 ± 0.2 6.67 ± 0.2 7.83 ± 0.23



Energies 2020, 13, 2506 11 of 22

Energies 2020, 13, x FOR PEER REVIEW 10 of 22 

 

3.1. Simulated Wind Turbulence 

The generated wind turbulence is checked to make sure that its statistical properties meet the 
required target values. Figure 3a shows the simulated dimensional spectra Su averaged from the six 
seeds for the Kaimal model and the Mann spectral model in LC 1 compared to the IEC target spectra, 
as well as the Pointed-Blunt model under neutral conditions  (LC 2a). The comparison between the 
simulated dimensional spectra Su and the theoretical spectra for LC 2 is given in Figure 3b. The 
spectra shown in Figure 3 are calculated using the Welch’s method with six windows and are plotted 
as a function of frequency. As shown in Figure 3a, the wind turbulence spectral properties from the 
Kaimal model and the Mann spectral model agree well with the targeted spectra, except for the Mann 
spectral model at frequencies > 1 Hz due to the grid size. A good agreement between the simulated 
spectra and the target spectra is also observed for the Pointed-Blunt model for all stability conditions at 
all considered wind speeds, and for both v- and w- wind components (Sv and Sw, respectively). Figure 
3a shows that the Pointed-Blunt model under neutral conditions in LC 2a has equivalent energy 
content with the two IEC models, as the TI input for the two IEC models are based on the simulated TI 
from LC 2a. Comparing different atmospheric stability conditions for LC 2, it can be seen from Figure 
3b that the spectra Su is increasing as the stability progressively shifts from neutral to very unstable, 
except in the 0.008 Hz < frequency < 0.05 Hz range, where neutral conditions produced slightly higher 
spectra Su than for weakly unstable conditions. 

 
Figure 3. Spectra of the u-component for 11.4 m/s mean wind speed at hub point based on: (a) Kaimal 
model and Mann spectral model, and (b) Pointed-Blunt model for various stability conditions. 

Table 5 gives the range of the simulated TI values of u-component from the six seeds. It can be 
seen that the simulated TI results for the Kaimal model and the Mann spectral model are slightly 
lower than the target TI given in Table 3. It is important to note that TI is not an input for the 
Pointed-Blunt model and thus the TI results for the Pointed-Blunt model are due to the changes in 
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Figure 4 presents the comparison between the simulated wind lateral coherences and the empirical
formula (target coherence function) plotted as a function of reduced frequency = f × ∆/Uhub. Where f
is the frequency (Hz), ∆ is the separation distance (m), and Uhub is the mean wind speed at the hub.
The simulated coherences are obtained based on the Kaimal and Mann spectral models for 65 and
100 m lateral separations for all considered wind speeds. As can be seen in Figure 4, the simulated
coherences for all wind speeds agree with the target function. We also note this agreement for a
small lateral separation of 10 m and for the vertical separations, which are for brevity not presented
here. The simulated coherences for the lateral and vertical separations of the Pointed-Blunt model
are not shown here but are also observed to be in good agreement with the target exponential
coherence function.

Figure 5 compares the target coherence functions for the exponential coherence model and the
Mann spectral model coherence, for the lateral and vertical separations, respectively. In terms of
lateral coherence, the Mann spectral model gives lower values than the exponential coherence for the
considered reduced frequencies, as shown in Figure 5a. For the vertical coherence, the two coherences
are closer to each other, and the one from the Mann spectral model is lower than the exponential
coherence for reduced frequencies higher than 0.075 (Figure 5b).
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3.2. Natural Frequencies

Free decay tests are performed in SIMA to obtain the natural frequencies of the OC3 Hywind.
This is done by considering no wind and still water (no waves) conditions in the simulations. The natural
frequency for the OC3 Hywind’s first eight modes is given in Table 6. The values match well with
the values obtained in the OC3 code comparison study by Jonkman and Musial [21], except for the
platform pitch and the first two tower modes. The corresponding natural frequencies obtained in
the study by Saccoman [28] by using Horizontal Axis Wind turbine simulation Code 2nd generation
(HAWC2) numerical simulation [24] are also presented in Table 6. It can be seen that the platform pitch
and the first two tower modes’ natural frequencies from our study are close to those by Saccoman [28].
The pitch natural frequency of 0.033 Hz as in the present study was also computed by Ahn and Shin [29]
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using FAST aeroelastic tool [30]. It is important to note that the OC3 Hywind’s natural frequency
presented in Table 6 is far lower than the frequency region affected by the grid resolution as discussed
in Section 2.2.1.

Table 6. Natural frequencies of the OC3 wind turbine.

Mode Natural Frequency (Hz) OC3 Code Comparison [21]
(in Hz)

Saccoman [28]
(in Hz)

Surge 0.00714 0.0085–0.0093 0.00776
Sway 0.0073 0.0085–0.0091 0.00776
Roll 0.045 0.51–0.55 0.0324
Pitch 0.033 0.054–0.057 0.0324

Heave 0.045 0.05–0.054 0.0305
Yaw 0.12 0.112–0.18 0.121

First tower side–side 0.492 0.67–0.7 0.448
First tower fore–aft 0.52 0.6–0.71 0.464

3.3. Load and Motion Responses

The output from the SIMA simulations are the stress-resultant time series (force, torsional moment,
bending moment) for different components as well as motion response time series. The OC3 wind
turbine load responses are quantified in terms of fatigue damage, while the platform motion responses
are presented in the form of minimum and maximum values from the 6 seeds, and the averaged
standard deviation from the six seeds. To quantify the fatigue, the rain flow counting method [31] is
adopted by transforming the load response time series into Damage Equivalent Load (DEL). The DELs
are then computed using:

DEL = (ΣNiSti
m/neq)1/m (8)

where:

DEL: damage equivalent load,
Ni: total number of cycles causing failure in bin i from rain flow counting,
Si: load magnitude causing failure in bin i from rain flow counting,
neq: equivalent number of cycles,
m: Wöhler exponent (taken as 3 for steel material and 12 for fiberglass).

The DEL is quantified in 1 Hz duration, so neq is set as 3600 to represent the simulation duration
of 1 hour. The DELs from each turbulent wind load case are computed and compared for the following
resulting moments of the OC3 wind turbine: tower base fore–aft bending, tower base side–side bending,
tower base torsional, tower top torsional, and blade root flap-wise bending. The load and motion
responses are discussed separately in two different subsections. The first one is the load and motion
responses from LC 1, where turbulent wind under neutral conditions with different coherences are
compared. Secondly, the load and motion responses from LC 2, where turbulent wind under different
atmospheric stability conditions, from neutral to very unstable, are described.

3.3.1. Influence of Coherences under Neutral Atmospheric Stability Conditions

The OC3 wind turbine responses with respect to variation in the coherence under neutral
conditions (LC 1) show that the tower base side–side moment, the tower top torsional moment, and the
tower base torsional moment are the most affected components. It is observed that the Mann spectral
model results in up to 27%, 20%, and 20% higher DELs than the Kaimal model respectively, for the
aforementioned components at the highest considered wind speed 15 m/s (see Figure 6 for torsional
moment). In contrast, the tower base fore–aft moment and the blade root flap-wise moment are not
significantly affected by the variation in coherence under neutral conditions. The Mann spectral model
yields 2% higher DELs for the tower base fore–aft moment and 5% lower DELs for the blade root



Energies 2020, 13, 2506 14 of 22

flap-wise moment. The small difference in the blade root flap-wise moment responses associated with
the two different spectral models are consistent with the uniform wind profile that is adopted for all
cases in LC 1. Sathe and Bierbooms [32] showed that the mean wind shear profile governs the blade
loads. The uniform mean wind profile, accompanied by a uniform TI with height (the numerical
simulations of a flow field with nominally uniform turbulence intensity of, for example, 5.95%, result
in a variation of turbulence intensity of about 0.5% across the rotor area, both for the Kaimal model and
the Mann spectral model flow fields. Such variations in the simulated flow characteristics across the
rotor area are considered to be of a secondary importance for the studied wind turbine responses), and
the fact that turbulence correlation over smaller distances (than those relevant for the tower twisting
and yawing) dominates the dynamic loading of a single blade, all contribute to a limited influence on
the blade root flap-wise responses in the present study.
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Figure 6. Normalized Damage Equivalent Loads (DELs) of tower top torsional moment for neutral
conditions for the Kaimal and Mann spectral models using standard TI (LC 1) and the Pointed-Blunt
model under neutral conditions (LC 2a). The black markers represent seeds while the red markers
represent the average value of the six seeds at the respective wind speeds.

The tower base fore–aft moment response is the least influenced by variation in the coherences
comparing the Kaimal model and the Mann spectral model. This is consistent with a small difference
in vertical coherence between the two models, as shown in Figure 5b. In contrast to this, the different
vertical coherences for different atmospheric stability conditions were found to give 75% difference
in the tower base fore–aft loads for a bottom-fixed wind turbine [9]. A further investigation of the
influence of the representative, stability dependent vertical coherence on the tower fore–aft response
of a floating wind turbine is however needed to examine this and is not discussed in the present
study. On the other hand, the tower base side–side responses vary greatly with the difference in the
coherences, where a lower coherence produced a 27% higher response, which might be caused by the
induced tower base torsional moment.

Since the characteristic of the tower top and the tower base torsional moments are alike, only the
tower top torsional moment is discussed in the following. Figure 6 presents the normalized DELs for
the tower top torsional moment for the Kaimal model and the Mann spectral model in LC 1 and the
Pointed-Blunt model under neutral conditions in LC 2a. The DELs are normalized with the values
from LC 2a at 8 m/s. The tower top torsional moment DELs are increasing significantly with wind
speed, as shown in Figure 6. The difference in the tower top torsional moment DEL is evident between
the Kaimal and Mann spectral models (Figure 6). From Figure 3 and Table 5, we see that the Kaimal
and Mann spectral models have approximately equal energy content and TI.

The difference in the DEL values is understood to be due to the difference in the coherence
functions associated with the Kaimal model and the Mann spectral model, in particular the difference
in the lateral coherence (see Figures 4 and 5a). The lower lateral coherence in the Mann spectral model
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than in the Kaimal model represents less correlated wind gusts at lateral separations, i.e., a higher
‘asymmetry’ of the wind field which then creates higher twisting loads about the wind turbine’s vertical
axis. A similar result has also been noted in previous studies [7,8]. Since the Pointed-Blunt model
under neutral conditions is used here with the same lateral coherence as for the Kaimal model, the
tower top torsional moment responses for the two models are quite similar, as can be seen in Figure 6.

With respect to platform motions, it is found that the platform’s sway, roll, and yaw are the most
affected responses by the differences in the coherence functions. The platform sway and roll are of
relatively small magnitude, between −1.3 to +0.6 m for sway and −0.3 to +0.6◦ for roll at the highest
wind speed. The platform yaw is in the range of −2.7 to +1.1◦ for LC 1 at the highest wind speed
investigated, as shown in Figure 7. The standard deviations of the platform yaw resulted from the
Kaimal model and the Pointed-Blunt model LC 2a are similar, while the yaw response associated with
the Mann spectral model is slightly higher than the two, by 0.1 at 15 m/s wind speed (Figure 7). This is
due to the Kaimal model and the Pointed-Blunt model LC 2a that have the same lateral coherences,
higher than the lateral coherence of the Mann spectral model. The lower lateral coherence by the
Mann spectral model causes a higher twisting moment about the wind turbine’s vertical axis and thus
induces a higher yaw motion of the floater.
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Figure 7. Platform yaw minimum (blue markers), maximum (red markers), and standard deviation
(black markers) for the Kaimal and Mann spectral models (LC 1) and the Pointed-Blunt model under
neutral conditions (LC 2a).

In general, the variation in platform yaw with different turbulent wind conditions in LC 1 shows
similar trends with the increase in mean wind speed as the tower top torsional moment DELs (see
Figures 6 and 7). This demonstrates the interdependency between the tower torsional moment and the
platform yaw response. The platform surge shows a limited sensitivity to the difference in coherences
between the Kaimal model and the Mann spectral model. The platform surge is mainly influenced
by the thrust on the rotor, which depends greatly on the mean wind speed. The same is observed
for platform pitch motion which largely follows the effect of thrust force [33]. For a spar-type wind
turbine, the influence of wave conditions on the heave response is more pronounced than the influence
of turbulent wind [7]. The observed insignificant response of the platform heave with the difference in
the coherences is due to the wave conditions that are kept constant.

Figure 8 presents a segment of the simulated time series of the tower top torsional moment and
the yaw response from the Mann spectral model. It can be seen that, generally, the platform yaw
angle and the tower top torsional moment are highly correlated. The computed correlation coefficients
between the tower torsional moment and the platform yaw are in the range of 0.55 to 0.8.
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The snapshots of the underlying wind velocity fluctuations across the rotor are also included,
for a case of large and small twisting moment. The moments are seen to be associated with the
asymmetrical and the symmetrical distribution of the wind velocity fluctuation over the rotor, with
respect to the vertical line y = 0 m. A ‘differential’ action of wind gusts corresponding to an asymmetric
field distribution leads to an extreme yaw response of the OC3 wind turbine, in line with the previous
discussion. A uniform, symmetric distribution of wind fluctuation over the rotor has an opposite effect.

3.3.2. Influence of Variation in the Atmospheric Stability Conditions

For different atmospheric stability conditions, the tower base side–side moment, the tower top
torsional moment, and the tower base torsional moment of the OC3 wind turbine are found to be
the most affected components. In LC 2, the wind loads associated with the very unstable conditions
result in 27%, 27%, and 26% higher DELs than with the neutral conditions respectively, for the
aforementioned components. The DELs of the three most affected component are highest under very
unstable conditions, followed by unstable, and then weakly unstable and neutral conditions with
close values (less than 3% difference). This is explained by the highest wind energy content under
very unstable conditions, followed by unstable, and then weakly unstable and neutral conditions with
close values (see the spectra in Figure 3b and the TI values in Table 5 for LC 2). The higher the energy
content, then the higher the resultant TI level, and therefore results in higher tower base side–side
moment, the tower top torsional moment, and the tower base torsional moment responses. Similar
results were shown in previous studies [14,15].

On the other hand, the tower base fore–aft moment and the blade root flap-wise moment are
not significantly affected by the variation in turbulent wind input for progressively more unstable
conditions. Very unstable conditions yield 4% and 3% higher DELs compared to those under the neutral
conditions for the tower base fore–aft moment and the blade root flap-wise moment, respectively.
The blade root flap-wise moment response is the least influenced by the difference in stability conditions,
similar to the results in the above analysis of the wind load conditions in LC 1. The small difference
in the tower base fore–aft moment response by comparing different stability conditions is due to the
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fact that the tower base fore–aft response is mainly influenced by the spar platform’s surge and pitch
motion, that are predominantly affected by the considered waves. Since a constant wave input is
considered for all cases in LC 2, we observe an insignificant response change in the tower base fore–aft
response with respect to the difference in turbulent wind energy content.

Figures 9 and 10 show the tower top torsional moment and the tower base side–side moment
normalized DELs respectively, for different stability conditions. The DELs are normalized with the
DEL values obtained for neutral conditions (LC 2a) at 8 m/s. The tower top torsional moment DELs are
increasing with wind speed (Figure 9) and so is the tower base side–side moment DELs (Figure 10).
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Figure 10. Normalized DELs of the tower base side–side moment for different atmospheric stability
conditions for the Pointed-Blunt model (LC 2). The black markers represent seeds while the red markers
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The normalized tower top torsional DEL values as associated with the Mann spectral model LC 1b
(Figure 6) appear to be ‘catching up’ with the resulting DEL values from the Pointed-Blunt model LC 2c
(Figure 9), even though the LC 1b under neutral conditions has a somewhat lower TI level than the
unstable conditions in LC 2c (Table 5). The Pointed-Blunt model for all stability conditions is simulated
with a fixed exponential coherence, with a higher lateral coherence level than the Mann spectral model,
as shown in Figure 4. As a result, the Mann spectral model wind fields are more ‘asymmetrical’ relative
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to the Pointed-Blunt wind fields and result in a twisting moment about the wind turbine’s vertical axis
that is comparable with the Pointed-Blunt model for unstable conditions with higher TI.

The average power spectral density (PSD) from the six simulated seeds of the tower top torsional
moment response for different stability conditions in LC 2 are presented in Figure 11. The tower top
torsional moments are the highest under very unstable conditions, followed by unstable conditions,
then weakly unstable and neutral conditions with a small discrepancy, as expected. This agrees with the
DEL trend presented in Figure 9 for the tower top torsional moment. The major excitation frequencies
for the tower top torsional moment are the wave peak frequency, the blade passing 1P frequency, and
the blade passing 3P frequency. The wave excitation in the tower top torsional moment response might
be due to the platform yaw natural frequency (0.12 Hz) that is excited by the wave peak frequency
at around 0.125 Hz. Therefore, we observed the wave excitation in the tower top torsional moment
response due to the interdependency between the tower top torsional moment and the platform yaw
response. However, the contribution of the excitation blade passing frequencies, 1P and 3P to the
tower top torsional moment is higher than that of the wave excitation. This agrees with the findings in
References [7,34]. Furthermore, the low-frequency wind excitation (less than 0.1 Hz) is also seen to
generate an important part of the torsional moment variations. This indicates the importance of precise
description of wind inflow conditions on the rotor of a spar wind turbine, as the rotor harmonics
appears to significantly affect the tower torsional moment response.
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Figure 11. Tower top torsional moment power spectral density (PSD) for different stability conditions
in LC 2 at 15 m/s mean wind speed at the hub.

In terms of platform motions, it is found that the platform’s sway, roll, and yaw are the most
sensitive to the variations in the atmospheric stability conditions in LC 2. The platform sway and
roll are of relatively small magnitude, between −1.4 to +0.65 m for sway and −0.3 to +0.63◦ for roll.
The platform yaw is in the range of −2.9 to +1.1◦ for LC 2 at the highest wind speed investigated,
as shown in Figure 12. The platform yaw shows similar trends with the increase in mean wind speed
for different stability conditions as the tower top torsional moment DELs (see Figures 9 and 12). Again,
this indicates the related excitation mechanisms for both the tower torsional moment and the platform
yaw response. The platform yaw standard deviation is the highest under very unstable and the lowest
under neutral conditions, with the latter result being close to that for weakly unstable conditions.
The platform surge and pitch are found to be driven by the wave conditions which are not varied in the
present study. In the frequencies 0.033 Hz < f < 0.07 Hz, we note the highest surge and pitch spectral
energy under very unstable conditions, which decreases as the stability shifts to neutral conditions
with small discrepancies. In the wave excitation frequency (0.125 Hz) to 0.3 Hz, no spectral energy
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discrepancies are observed and the spectral energy under all stability conditions coincides with each
other. The same is noted for the platform heave, which is, again, more prone to the variation in wave
conditions [7], which are not varied in the present study.
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relevant wind turbulence simulation tools, the influence of different turbulent wind conditions on 
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Figure 12. Platform yaw minimum (blue markers), maximum (red markers), and standard deviation
(black markers) comparing the Pointed-Blunt model for different stability conditions (LC 2).

Figure 13 shows the average PSD of the platform yaw response from the six simulated seeds,
for different stability conditions in LC 2. It can be seen that the platform yaw responses are the
highest under very unstable conditions and decrease as the stability changes to neutral conditions.
The platform yaw is mainly excited by the low-frequency turbulence, the wave excitation, and the blade
passing 1P and 3P frequencies. The wave excitation in the platform yaw response might be because
the platform yaw natural frequency (0.12 Hz) has a very close value with the wave peak frequency
(0.125 Hz). Nonetheless, the 1P excitation gives a higher contribution than the wave excitation.
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4. Conclusions

The present study was motivated by previous studies [6–8] which suggest that the wind spatial
coherence is an important factor to consider when simulating the motions of a spar floating wind
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turbine. In addition, Putri et al. [14] demonstrated the importance of unstable atmospheric conditions
for a spar floating wind turbine’s loads and motions. Through SIMA simulations and relevant wind
turbulence simulation tools, the influence of different turbulent wind conditions on the OC3 wind
turbine loads and motions was investigated. The primary objectives of the study were to clarify how
the two turbulent wind models given in the IEC standards result in different stress resultants and
motion responses of the OC3 wind turbine, even though both models imply the same energy content
for neutral atmospheric stability conditions for a single point spectra. The difference in the spatial
coherence between the two models was demonstrated as the main cause for the differences in the wind
turbulence load effects on the OC3 turbine. The importance of defining the appropriate coherence for
offshore conditions was thus highlighted. The coherence functions of the Kaimal and Mann spectral
models for neutral atmospheric stability gave different levels of frequency-dependent correlation of
wind gusts, particularly for the across-flow, lateral separations. The lower lateral coherence simulated
by the Mann spectral model resulted in higher tower top torsional moments and tower base side–side
moments than the Kaimal model by 20% and 27%, respectively.

Additionally, we aimed to demonstrate the impact of the energy level and turbulence content,
related to the non-neutral atmospheric stability, especially unstable conditions on the OC3 wind turbine
load and motion responses. This was performed by using the Pointed-Blunt spectral model, which
was previously derived from FINO1 wind measurement data. The observed increase in the simulated
DELs as the atmospheric stability shifts from neutral to very unstable was strongly correlated with the
increase in the turbulent wind energy content, and thus the respective increase in TI. The simulated
DEL values for tower top torsional moment and tower base side–side bending moment under very
unstable conditions were 27% and 26% higher than the values under neutral conditions.

The two aspects of the turbulent wind field, the coherence and the energy content, were studied
by changing each aspect at the time. Different flow characteristics were simulated without considering
the variations with height. Such idealized flow fields are suited to identify the importance of each
aspect of the turbulent flow field, rather than to fully represent conditions in a wind field.

The same exponential coherence was assumed for uu-, vv-, and ww- components due to the
absence of relevant information. We also ran simulations with the Kaimal spectral model by using the
same exponential coherence for uu- (Equation (2)) but applying identity coherence for vv- and ww-
(as suggested by Jonkman [19]). This case resulted in only 2% smaller DEL values than the values
presented in this study, depending on the component of interest. The coherence functions for the vv-
and ww- components adopted in the present study are hence considered plausible and suitable for the
analyses carried out.

The variation in the spatial coherences for different atmospheric stability conditions was not
considered in the present study. Instead, fixed coherence values for different atmospheric stability
conditions were assumed due to the absence of a valid lateral coherence under non-neutral conditions.
The study by Doubrawa et al. [8] showed that the lateral coherences obtained from LES might be
sensitive to the change in atmospheric stability conditions only at frequencies lower than 0.1 Hz and
separations higher than 140 m for 8 m/s wind speeds. In other words, generally, the lateral coherences
yielded from LES under neutral, stable, and unstable conditions are relatively similar, except at the
mentioned separations. Therefore, the assumption of pairing a fixed coherence to the Pointed-Blunt
model under different unstable conditions in this study could be reasonable. A campaign attempting
to acquire the spatial wind coherence information with respect to atmospheric stability conditions
from the wind measurements at Obrestad site is currently on-going, but the results are yet to be
published [35]. This data can potentially be used for future work.

The present study does not aim to highlight a particular turbulent wind model to predict the
accurate responses of a floating wind turbine using numerical simulations. The use of reliable
site-specific measured wind data to simulate the wind fields as input into numerical simulations is
necessary to get an accurate structural response prediction. Alternatively, the use of LES to simulate
the wind fields might also be an option, as demonstrated in the study by Doubrawa et al. [8].
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Abstract. Previous research on the OC3 spar floating offshore wind turbine (FOWT) has shown 
the sensitivity of the yaw and side-side modes’ load and motion responses to different 
atmospheric conditions. Using the same baseline turbine of the OC3 spar wind turbine for a 
semisubmersible floater (OC4), this study investigates the load and motion responses of such 
offshore wind turbine for neutral and unstable atmospheric conditions. The effect of different 
levels of wind spatial coherence associated with two different wind spectral models for neutral 
conditions (Kaimal and Mann) are studied for the same turbulence intensity levels. An increase 
of 18% in the tower torsional moment fatigue damage equivalent load (DEL) is observed for the 
wind inflow with the weakest coherence (Mann spectral model), compared to the DELs under 
turbulent wind inflow with the highest coherence (Kaimal spectral model). Unstable atmospheric 
conditions are also simulated based on the Pointed-Blunt spectral model derived from FINO1 
wind measurement. The yaw mode of the semisubmersible wind turbine is found to be the 
response component most affected by the variation in atmospheric stability conditions. A 28% 
higher fatigue DEL for the tower torsional moment is observed for very unstable atmosphere 
than the DELs under neutral atmospheric conditions.  

1.  Introduction 
In recent years, the bottom fixed offshore wind industry has matured to the point that subsidies are no 
longer required. As we develop sites farther from shore and in deeper waters, floating offshore wind 
turbines will become the next generation of the offshore wind power producing devices. Floating 
substructures are offered as an alternative solution enabling cost reduction and installation simplicity 
compared to the bottom-fixed substructures in the deep water offshore. The two well-known floating 
offshore wind farms currently built in Europe, the Hywind Scotland and the WindFloat Atlantic, adopt 
a spar floater and a semisubmersible floater. A FOWT structure must be designed to withstand offshore 
environmental loads, primarily waves, current, and wind during its lifetime. While the overall responses 
of a FOWT floater under wave loading are well understood from the oil and gas designs, its responses 
with respect to wind loading however are still a topic of active research.  

The FOWT floaters carry not only the dead loads from the wind turbine, but also the rotating blade 
harmonic loads which are affected by the turbulent wind conditions on the rotor. In particular, the low-
frequency part of the turbulent wind contributes to loading in the rotating rotor frequencies [1]. 
Moreover, the interaction between each degree of freedom (DOF) of the floater motions and the rotor’s 
responses due to the wind inflow is also a concern. When a FOWT is pitching, the resulting rotor tilt 
may cause yaw loads on the FOWT, specifically for a spar-type floater [1]. A spar FOWT has been 
shown to have an increased yaw response when exposed to a less coherent turbulent wind inflow [2, 3, 
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4]. A less spatially-coherent wind inflow for lateral separations results in higher twisting moments about 
the spar wind turbine’s vertical axis and thus creates greater yaw loads and motion responses [2, 3]. 
Furthermore, different levels of turbulent wind energy associated with various atmospheric conditions 
are also found to affect the yaw load and motion of a spar-type wind turbine [5, 6]. The two aspects of 
turbulent wind flow (spatial coherence and turbulent wind energy content) significantly contribute to 
the yaw responses since a spar-type FOWT has low resistance to yaw. Motivated by previous studies on 
a spar-type floating wind turbine [2, 3, 4, 5]  and the fact that a semisubmersible FOWT also corresponds 
to long eigen-periods susceptible to wind excitation, we aim to investigate the response sensitivity of a 
semisubmersible FOWT to the variation in turbulent wind inflow. In the present study the responses of 
the DeepCwind from the OC4 project [7] is investigated under different turbulent wind inflow 
conditions.   

2.  Turbulent wind models 
Turbulent wind is a random process which is complex to simulate. In common engineering design of 
wind turbines, standard guidelines such as IEC 61400-1 [8] are commonly used. In this standard, two 
wind spectral models are recommended for numerical simulations of turbulent wind fields for neutral 
atmospheric stability conditions: the Kaimal Spectra [9] with an Exponential Coherence, and the Mann 
Spectral Tensor Model [10]. A neutral atmospheric stability condition indicates no vertical temperature 
flux in the atmosphere, a condition not necessarily prevailing in the offshore atmospheric [9]. Over the 
ocean, there often exists significant temperature discrepancies between the sea water surface and the air, 
which results in enhanced vertical mixing under unstable atmospheric stability conditions [11]. The 
present offshore wind turbine design guidelines take into account wind spectral models for neutral 
atmospheric conditions only. A wind spectral model such as the Pointed-Blunt [12], which was derived 
based on wind measurement data from an offshore site, can be used to represent non-neutral atmospheric 
conditions. 

The turbulent wind fields used in this study are simulated by focusing on two different aspects of 
turbulent wind: (1) variation in the spatial coherence, and (2) variation in the atmospheric stability. 
Variation in the spatial coherence is represented by simulated wind fields comparing the Kaimal and the 
Mann spectral models [8] for neutral atmospheric stability conditions. The Kaimal and Mann spectral 
models are equivalent in terms of turbulent energy, but not the spatial coherence [8]. Variation in the 
atmospheric stability is represented by wind fields simulated using the Pointed-Blunt spectral model 
[12] for progressively decreasing atmospheric stability from neutral to very unstable, assuming fixed 
spatial coherences for all stabilities.  

2.1.  Kaimal spectra 
The Kaimal spectra was derived based on measured wind data in Kansas [9] and widely used to simulate 
turbulent wind fields. The adopted formulation of the single-sided one-point Kaimal spectra in the IEC 
61400-1 is expressed as [8]: 

𝑓𝑓𝑆𝑆𝑖𝑖(𝑓𝑓)
𝜎𝜎𝑖𝑖2

=

4𝑓𝑓𝐿𝐿𝑖𝑖
𝑈𝑈ℎ𝑢𝑢𝑢𝑢

�1 + 6𝑓𝑓𝐿𝐿𝑖𝑖
𝑈𝑈ℎ𝑢𝑢𝑢𝑢

�
5/3  

(1) 
where 
f: frequency (Hz) 
i: velocity component index (u: longitudinal, v: lateral, and w: vertical)  
Si: velocity spectrum for each component i 
σi: standard deviation of velocity component i (m/s), detailed in ref. [8] 
Li: integral length scale of velocity component i (m), detailed in ref. [8] 
Uhub: mean wind speed at hub height (m/s) 
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The one-point spectra given in Eq. (1) is paired with an exponential coherence to compute the 
surrounding points’ spectral properties of the u- wind component [8]: 

𝐶𝐶𝐶𝐶ℎ𝑢𝑢𝑢𝑢(𝑓𝑓,𝛥𝛥) = 𝑒𝑒𝑒𝑒𝑒𝑒 �−12��
𝑓𝑓 𝛥𝛥
𝑈𝑈ℎ𝑢𝑢𝑢𝑢

�
2

+ �
0.12 𝛥𝛥
𝐿𝐿𝑢𝑢

�
2

� 

(2) 
where Δ is the separation distance, either lateral or vertical (m). As stated in the IEC 61400-1, Eq. (2) is 
applicable only for the longitudinal wind component u-, while coherence formulation for the lateral (v) 
and vertical (w) components are not given. In the TurbSim guideline [13], identity coherence is 
recommended for v- and w- components. However, in the absence of validated coherence values for v- 
and w- components, the present study utilizes Eq. (2) as the coherence formulation for v- and w- 
components as well. 

2.2.  Mann spectral tensor model 
The Mann spectral tensor implies isotropic von Kármán spectra as the initial condition, and the presence 
of wind shear allows the isotropic flow transforms into anisotropic flow with time as the eddies’ structure 
is stretched until they break [10]. The velocity component spectra for the Mann spectral tensor model 
as given in the IEC 61400-1 is [8]: 

𝑓𝑓𝑆𝑆𝑖𝑖(𝑓𝑓)
𝜎𝜎𝑖𝑖2

=
𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖2

𝜎𝜎𝑖𝑖2
�

4𝜋𝜋ℓ𝑓𝑓
𝑈𝑈ℎ𝑢𝑢𝑢𝑢

�𝛹𝛹𝑖𝑖𝑖𝑖 �
2𝜋𝜋ℓ𝑓𝑓
𝑈𝑈ℎ𝑢𝑢𝑢𝑢

� 

(3) 
where 
Ψij: autospectrum/cross-spectrum as a function of spectral tensor components, detailed in ref. [8] 
σi

2: component variance (m2/s2) 
σiso: 0.55 σu (m/s) 
ℓ: 0.8 Λu, taken as 33.6 m 

To account for the anisotropy, the shear parameter γ is added to the spectral tensor model so the 
model has three representative parameters in total: α𝜖𝜖2/3 (a measure of the turbulent kinetic energy 
dissipation rate), ℓ, and γ [10]. A fit to the Kaimal spectral model in Eq. (1) gives the value of 3.9 for the 
shear parameter γ [8]. The coherence is then calculated as [10]: 

𝐶𝐶𝐶𝐶ℎ𝑖𝑖𝑖𝑖�𝑓𝑓,𝛥𝛥𝑦𝑦,𝛥𝛥𝑧𝑧� =
�𝛹𝛹𝑖𝑖𝑖𝑖�𝑓𝑓,𝛥𝛥𝑦𝑦,𝛥𝛥𝑧𝑧��

2

𝑆𝑆𝑖𝑖(𝑓𝑓)𝑆𝑆𝑖𝑖(𝑓𝑓)  

(4) 
with Δy and Δz are the separation distances respectively in the lateral and vertical directions with respect 
to the incoming wind inflow. The resulting coherences for lateral separations from Eq. (4) are much 
lower than those given in Eq. (2), especially at frequencies lower than 0.2 Hz [4]. The same applies to 
the involved co-coherences, which concern the in-phase, simultaneous action of turbulence across the 
considered separations. 

2.3.  Pointed-Blunt spectra 
The Pointed-Blunt spectral model was derived based on two-year measured wind data from FINO1 
platform [12]. The model is a one-point spectra presented in a similar form to the Kaimal spectra, except 
it is made up by a low-frequency part and a high-frequency part. Each of the parts has two floating 
parameters which depend on the atmospheric stability. The parameters are defined for the range of -2 < 
ζ < 2; where ζ is the stability parameter = z/Lm, z is the measured height (m) and Lm is the Obukhov length 
(m). For the considered stability, from very stable (ζ=2) to neutral (ζ=0) and then very unstable (ζ=-2), 
the turbulent kinetic level increases progressively [12]. The Pointed-Blunt spectra is given as [12]:  
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𝑢𝑢∗2

=
𝑎𝑎1𝑖𝑖𝑓𝑓

�1 + 𝑏𝑏1
𝑖𝑖𝑓𝑓�

5/3 +
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(5) 
where a1

i, a2
i, b1

i, b2
i are the floating parameters for different velocity component i (u: longitudinal, v: 

lateral, w: vertical), and u∗ is the friction velocity (m/s). Here, the spectral model in Eq. (5) is paired 
with the exponential coherence given in Eq. (2) for u-, v-, and w- velocity components, which is adopted 
for all considered stability conditions.  

3.  Numerical simulations 
Coupled SIMO-Riflex included in the Simulation Workbench for Marine Application (SIMA) is used 
as the main numerical simulation tool. By utilizing SIMO-Riflex and simulated wind fields as input, the 
load and motion responses of the OC4-DeepCwind wind turbine corresponding to different turbulent 
wind inflow conditions are computed and analyzed. Turbulent wind fields are generated accordingly for 
all load cases presented in Table 1 by means of TurbSim [13] for Kaimal spectral model, Mann 
Turbulence Generator [14] for Mann spectral model, and windSimFast [15] for Pointed-Blunt spectral 
model. These wind fields are produced in the form of moving ‘turbulence box’ in the direction of the 
incoming longitudinal wind u- component for the coupled SIMO-Riflex simulations. 

3.1.  Load case 
The load cases (LCs) are divided into LC 1 (variation in the wind spatial coherence) and LC 2 (variation 
in the atmospheric stability). The turbulent intensity (TI) input for LC 1 are adopted to match the 
simulated values for LC 2a. Table 1 presents the simulated TI and other input values for all load cases. 
It can be observed from Table 1 that the TI values for LC 1 are close to the target values in LC 2a. A 
uniform mean wind profile is used for all load cases in Table 1. Additional simulations were performed 
for LC 2 by applying a stability-corrected logarithmic mean wind profile. This is discussed further in 
Subsection 4.5. A constant irregular wave input for all load cases is added to SIMA simulations using 
the JONSWAP spectra with significant wave height Hs = 4 m, peak period Tp = 8 s, and peakedness 
parameter γ = 3.3. The selected wave peak period is far shorter than the OC4-DeepCwind’s first six 
eigen-periods. To minimize the uncertainties, each load case is simulated with six different random 
seeds and the simulation time step is taken as 0.01 s for a continuous 3600 s duration. Three mean wind 
speeds at hub height (Uhub) are considered for each load case given in Table 1, 8 m/s (below rated), 11.4 
m/s (rated), and 15 m/s (above rated). 

Table 1. Load case. 

Load 
case 

Wind 
model 

Atmospheric 
stability  

Coherence 
function 

α𝜖𝜖2/3 for 
8, 11.4, 15 m/s 

Input TI [%] for 
8, 11.4, 15 m/s 

Simulated TI [%] 
for 8, 11.4, 15 m/s 

1a Kaimal Neutral (ζ=0) Eq. (2) - 5.95, 6.08, 6.16 5.77, 5.93, 6.03 

1b Mann1 Neutral (ζ=0) Eq. (4) 0.00956, 0.0203, 
0.036 5.95, 6.08, 6.16 5.83, 5.95, 6.01 

2a 

Pointed-
Blunt 

Neutral (ζ=0) 

Eq. (2) - 

 5.95, 6.08, 6.16 

2b Weakly unstable 
(ζ=-0.407) 

 6.0, 6.11, 6.18 

2c Unstable (ζ=-0.815)  6.51, 6.61, 6.67 

2d Very unstable 
(ζ=-1.63) 

 7.6, 7.74, 7.83 
1other input parameters: ℓ=33.6m, γ=3.9 

3.2.  DeepCwind characteristics 
The OC4-DeepCwind is the phase II of the Offshore Code Comparison Collaboration Continuation 
(OC4) project which adopts the NREL 5 MW offshore baseline turbine with a semisubmersible floater 
[7]. For shortness, the properties of the DeepCwind are not shown here but can be found in Robertson 
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et al. [7]. Figure 1a illustrates the DeepCWind semisubmersible wind turbine model in SIMA. The 
NREL 5 MW offshore baseline turbine has the cut-in, rated, and cut-out wind speeds of 3, 11.4, and 25 
m/s respectively. The hub height is 90 m above mean seawater level and the rotor diameter is 126 m. 
The cut-in and rated rotor speeds are 6.9 and 12.1 rpm respectively. The simulated eigen-frequencies of 
the first eight modes of the OC4-DeepCwind compared to the OC4 code comparison are given in Figure 
1b and show a good agreement.  

 
Figure 1. (a) DeepCWind wind turbine model in SIMA and (b) the simulated eigen-frequencies.  

4.  Result 
Structural response of the DeepCwind wind turbine with respect to the different turbulent wind inflows 
is studied in terms of the fatigue DEL. The 1-hour output time series of the considered stress resultants 
(in this case bending and torsional moment) are quantified as DEL and calculated by assuming an 
equivalent number of cycles neq of 107 during a 20-year lifetime: 

𝐷𝐷𝐷𝐷𝐿𝐿 = �
𝛴𝛴𝑁𝑁𝑖𝑖𝑆𝑆𝑖𝑖𝑚𝑚

𝑛𝑛𝑒𝑒𝑒𝑒
�
1/𝑚𝑚

 

(6) 
where Ni is the total number of cycles causing failure due to repeated stresses with a magnitude of Si. 
The number of stresses in each bin is obtained from the Rainflow counting method [16]; m is the Wöhler 
exponent, here taken as 3 for steel material (tower) and 12 for fiberglass material (blade). The moments 
and the related fatigue damage are evaluated for the tower base fore-aft, tower base side-side, and the blade 
root flap-wise. The tower base and tower top torsional moments are also studied. In addition, the 
displacement responses (motions) are presented in the form of minimum, maximum, and standard 
deviation. The resulting force and displacement responses of the DeepCwind are discussed separately, 
when exposed to different turbulent wind conditions for neutral atmospheric stability with variable 
coherences (LC 1) and for different atmospheric stability conditions with constant coherences (LC 2). 

4.1.  Fore-aft response 
It is noted that the tower base fore-aft moment DELs are increasing with wind speed. The tower base 
fore-aft moment power spectral density (PSD) plots are given in Figure 1 for the rated wind speed (11.4 
m/s). The highest response is found for LC 2d (very unstable atmospheric condition) and is reduced as 
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turbulence level decreases as the atmospheric stability tends to neutral conditions (from LC 2d to LC 
2a, Figure 2). Figure 2 shows that the tower base fore-aft moment response from LC 1b (Mann spectral 
model) are of a similar magnitude to those in LC 2d even though LC 1b considers neutral stability. 
However, the observed DEL difference between the highest (LC 2d) and the lowest (LC 2a) averaged 
tower base fore-aft DELs is only 3.4% (noted at 8 m/s), which is negligible. The highest excitation for 
the tower fore-aft moment is observed at the wave frequency as shown in Figure 2. In our simulations, 
the wave input was kept the same, and as a result there is negligible variation at the wave excitation for 
different load cases. Figure 3 shows the platform pitch response and it is noted that the platform pitch 
standard deviation is neither affected by variation in the spatial coherence nor influenced by variation 
in the turbulent energy content. 

 

Figure 2. PSD of tower base fore-aft moment at the rated wind speed (11.4 m/s) for: 
(a) neutral stability and (b) different stability conditions. 

 

Figure 3. Platform pitch for: (a) neutral stability and (b) different stability conditions. 
Triangles indicate the minimum values, circles indicate the standard deviations, and plus 
indicate the maximum values. 
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4.2.  Side-side response 
Figure 4 gives the normalized DELs and Figure 5 gives the PSD response at 8 and 11.4 m/s of the tower 
base side-side for all load cases. Figure 4 shows that the DELs are the lowest at the rated wind speed 
(11.4 m/s) which might be caused by the influence of blade controller transition from a constant pitch 
angle to variable pitch angle. We note at wind speeds below rated, the tower base side-side DELs are 
primarily excited in the 1st tower side-side (Figure 5a). As the wind speeds approach rated and above, 
the excitation in the 1st tower side-side is reduced and excitation at the 3p frequency appears (Figure 
5b). The highest averaged DEL is observed for LC 2d (very unstable conditions) and decreases as 
turbulence level decreases with the atmospheric conditions tend towards neutral (LC 2d to LC 2a, Figure 
4b). However the DELs from LC 1b (Mann spectral model) are of similar magnitude to the DELs from 
LC 2d. The observed difference between the highest (LC 1b) and the lowest (LC 1a) averaged tower 
base side-side DEL is 30% at 15 m/s (Figure 4a). 

 

Figure 4. Normalized DELs of tower base side-side moment for: (a) neutral stability and 
(b) different stability conditions. Normalized by the values of LC 2a at 8 m/s. 

 

Figure 5. PSD of tower base side-side moment at: (a) 8 m/s and (b) 11.4 m/s. 
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Figure 6 presents the platform sway response and it shows a clear trend of sway response both with 
variation in the spatial coherence (Figure 6a) and the variation in atmospheric stability (Figure 6b). A 
less coherent turbulent wind inflow (LC 1b) results in larger sway, whereas the platform sway is 
decreasing gradually as the atmospheric conditions tend towards neutral (from LC 2d to LC 2a). The 
platform roll response is not shown here but it is noted that the platform roll is decreasing gradually 
from very unstable (LC 2d) to neutral conditions (LC 2a), while no clear trend is observed for variation 
in the spatial coherence (LC 1). 

 

Figure 6. Platform sway for: (a) neutral stability and (b) different stability conditions. 
Triangles indicate the minimum values, circles indicate the standard deviation, and plus 
indicate the maximum values. 

4.3.  Yaw/torsion response 
It is observed that the characteristics of the tower base torsional moment and the tower top torsional 
moment responses are very similar, therefore only tower top torsional moment is discussed here. In 
Figure 7, the normalized tower top torsional moment DELs are noted to increase with wind speed. 
Again, the highest averaged DEL is observed for LC 2d (very unstable conditions) and decreasing as 
the stability tends towards neutral atmospheric stability (from LC 2d to LC 2a, Figure 7b).  

The DELs from LC 1b (Mann spectral model) are higher than the DELs under unstable conditions 
(LC 2c), due to the lower lateral coherence and the associated higher twisting moments about the 
turbine’s vertical axis. This effect is also apparent for the platform yaw responses as presented in Figure 
8, where the standard deviations from LC 1b even exceed the standard deviations from LC 2d. The 
difference between the highest (LC 2d) and the lowest (LC 2a) averaged tower top torsional moment 
DELs is 28% at 15 m/s (Figure 7b). 

4.4.  Blade root flap-wise bending 
The blade root flap-wise moment DELs are seen to increase with wind speed. The difference between 
the highest (LC 1a) and the lowest (LC 1b) averaged blade root flap-wise moment DELs is 5.5% at 15 
m/s. This is likely due to a more coherent wind inflow (for both vertical and lateral separations) in the 
LC 1a (Kaimal spectral model) compared to the wind flow defined by the Mann spectral model (LC 1b). 
With respect to the variation in the atmospheric stability (LC 2), the averaged DEL values do not vary 
significantly.  
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Figure 7. Normalized DELs of tower top torsional moment for: (a) neutral stability and (b) 
different stability conditions. Normalized by the values of LC 2a at 8 m/s. 

 

Figure 8. Platform yaw for: (a) neutral stability and (b) different stability conditions. 
Triangles indicate the minimum values, circles indicate the standard deviation, and plus 
indicate the maximum values. 

4.5.  Influence of the stability-corrected mean wind profile 
The use of stability-corrected mean wind profile for LC 2 results in similar platform motions as shown 
in Subsection 4.1 to 4.4. The associated DELs with the use of stability-corrected mean wind profile for 
LC 2 also give similar DEL values to the simulations with a uniform mean wind profile. However, the 
observed average DEL values are lower by up to 8% for the tower base side-side moment, tower base 
torsional moment, and tower top torsional moment than those described in Subsection 4.1 to 4.4. The 
average blade root flap-wise DELs are shown to be increasing by 1.5% with the inclusion of stability-
corrected mean wind profile as the stability shifts from neutral to very unstable. This is in agreement 
with Kretschmer et al. [18] who studied the measured blade root flap-wise DEL response from Alpha 
Ventus wind farm located near FINO1 platform, where the wind model used in LC 2 is derived from. 
Nonetheless, the 1.5% increase is negligible as there is very little wind shear for very unstable 
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conditions. Mean wind profile contribution could be more significant under stable atmospheric 
conditions which are not addressed in the present study. 

5.  Discussion 
We note that the yaw and side-side responses of the DeepCwind are affected by different turbulent wind 
fields in a similar manner to the spar Hywind wind turbine from the OC3 project studied previously [3, 
5]. The observed similar sensitivity of the yaw and side-side modes could be because the OC4 
DeepCwind and the OC3 Hywind share the same turbine, the NREL 5 MW offshore baseline. When a 
FOWT experiences yaw errors between the rotor axis and the incoming wind direction (in the present 
case due to the prominent rotor yawing), side-side induced loads are triggered [17]. Such side-side 
induced loads’ variation is then dependent on the turbine’s properties i.e. rotor mass as well as the floater 
resistance to roll. From this study, the DeepCwind platform’s roll is seen to have smaller deviations than 
those studied for the Hywind turbine [5]. 

The platform heave responses of the DeepCwind show negligible variation with different turbulence 
conditions because waves are the governing load for the platform heave translation [3]. In the present 
study, the wave input is kept constant for all load cases, therefore such conclusion is observed.  

6.  Conclusion 
The yaw and the side-side response of the OC4 DeepCwind are demonstrated to be sensitive to the 
variation in the different turbulent wind inflow conditions, related to the spatial coherence and the 
atmospheric stability. The side-side response is largely triggered by the rotor-wind yaw error due to the 
rotor yawing. Other response components are seen to be less sensitive to the studied turbulent wind 
conditions. An 18% increase in the tower torsional moment and 30% increase for the tower side-side 
moment averaged DELs are observed for the simulated responses using the Mann spectral model 
(weaker coherence) than the simulated responses using the Kaimal spectral model (higher coherence). 
A 28% increase in the tower torsional moment and 28% increase for the tower side-side moment 
averaged DELs are observed for the simulated responses under very unstable conditions than the values 
obtained from neutral conditions. 
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Abstract. The one-point and two-point power spectral densities of the wind velocity fluctuations are studied
using the observations from an offshore mast at Vindeby Offshore Wind Farm, for a wide range of thermal
stratifications of the atmosphere. A comparison with estimates from the FINO1 platform (North Sea) is made
to identify shared spectral characteristics of turbulence between different offshore sites. The sonic anemometer
measurement data at 6, 18, and 45 m a.m.s.l. (above mean sea level) are considered. These heights are lower
than at the FINO1 platform, where the measurements were collected at heights between 40 and 80 m. Although
the sonic anemometers are affected by transducer-flow distortion, the spectra of the along-wind velocity compo-
nent are consistent with those from FINO1 when surface-layer scaling is used, for near-neutral and moderately
diabatic conditions. The co-coherence of the along-wind component, estimated for vertical separations under
near-neutral conditions, matches remarkably well with the results from the dataset at the FINO1 platform. These
findings mark an important step toward more comprehensive coherence models for wind load calculation. The
turbulence characteristics estimated from the present dataset are valuable for better understanding the structure
of turbulence in the marine atmospheric boundary layer and are relevant for load estimations of offshore wind
turbines. Yet, the datasets recorded at Vindeby and FINO1 cover only the lower part of the rotor of state-of-
the-art offshore wind turbines. Further improvements in the characterisation of atmospheric turbulence for wind
turbine design will require measurements at heights above 100 m a.m.s.l.

1 Introduction

In the early 1990s, the first generations of offshore wind
farms were commissioned to test the viability of ex-
tracting wind power in the marine atmospheric boundary
layer (MABL). The first was Vindeby Offshore Wind Farm,
which provided electricity to around 2200 homes during
its 25 years of operation, with a total generated power
of 243 GW h (Power Technology, 2020). The project was
deemed successful and marked the beginning of the offshore
wind sector.

Not only was the Vindeby project the first offshore wind
farm, but also it provided precious information on meteoro-
logical conditions in the MABL using offshore and onshore
meteorological masts. The data collected have been used to
study the characteristics of the mean wind speed profile un-

der various atmospheric conditions (Barthelmie et al., 1994;
Barthelmie, 1999). The masts were also instrumented with
3D sonic anemometers to study turbulence, but these data
were used in a limited number of studies only (e.g. Mahrt
et al., 1996, 2001).

The characteristics of the MABL differ from the over-
land atmospheric boundary layer (ABL) due to the large
proportion of non-neutral atmospheric stability conditions
(Barthelmie, 1999; Archer et al., 2016) and low rough-
ness lengths. Since the 2010s, several studies have indi-
cated that diabatic wind conditions may significantly affect
the fatigue life of offshore wind turbine (OWT) components
(Sathe et al., 2013; Hansen et al., 2014; Holtslag et al.,
2016; Doubrawa et al., 2019; Nybø et al., 2020; Putri et al.,
2020). Recent measurements from the first commercial float-
ing wind farm (Hywind Scotland) have even shown the di-
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rect influence of atmospheric stability on the floater motions
(Jacobsen and Godvik, 2021). Diabatic conditions are more
likely to affect floating wind turbines than bottom-fixed ones
as the first few eigenfrequencies of large floating wind tur-
bines are close to or below 0.02 Hz (Nielsen et al., 2006),
which is the frequency range mainly affected by the thermal
stratification of the atmosphere. To model properly the wind
load for wind turbine design, a better understanding of the
spectral structure of turbulence in the MABL is necessary,
which addresses partly the first of the three great challenges
in the field of wind energy (Veers et al., 2019).

The limitations of current guidelines for offshore turbu-
lence modelling, such as IEC 61400-1 (2005), have been
highlighted in the past (Cheynet et al., 2017, 2018). Site-
specific measurements advised by IEC 61400-1 (2005) are
related to the mean flow and integral turbulence character-
istics. However, for the spectral characteristics, appropriate
scaling can be used to display universal shapes over specific
frequency ranges. In this regard, the present study addresses
similar challenges to those discussed by Kelly (2018) but fo-
cuses on some specific aspects not covered by the spectral
tensor of homogeneous turbulence (Mann, 1994). Firstly, the
low-frequency fluctuations are generally underestimated by
the uniform-shear model, especially under convective condi-
tions (De Maré and Mann, 2014; Chougule et al., 2018). Sec-
ondly, the version of the uniform-shear model (Mann, 1994)
used within the field of wind energy does not account for the
blocking by the ground, which may lead to an overestima-
tion of the co-coherence of both the along-wind and the ver-
tical wind components for near-neutral conditions (Cheynet,
2019). Thus, the co-coherence modelling using the uniform-
shear model (Mann, 1994) is not discussed further in the
present study.

Using the unexplored sonic anemometer data from the
Vindeby database, this study looks at the characteristics of
offshore turbulence in the frequency space. The objective is
to quantify the similarities between these characteristics and
those identified at FINO1 (Cheynet et al., 2018). Such a com-
parison is relevant to establishing new offshore wind turbu-
lence models that can be used to improve the design of future
multi-megawatt offshore wind turbines. Whereas the mea-
surement data from FINO1 were obtained 40 km away from
the shore, at heights between 40 m and 80 m a.m.s.l. (above
mean sea level), those from the Vindeby database were col-
lected only 3 km from the coast and at heights between 6 m
and 45 m a.m.s.l. Therefore, the two datasets offer a comple-
mentary description of wind turbulence above the sea.

The present study is organised as follows: Sect. 2 describes
the instrumentation and the site topography. Section 3 sum-
marises the data processing, the assumptions, and the mod-
els used to study the spectral characteristics of turbulence.
Section 4 presents the methodology used to assess the data
quality and selection of stationary velocity data. Section 5
first evaluates the applicability of surface-layer scaling for
the anemometer records at 6 m a.m.s.l. Then, the one-point

velocity spectra and co-coherence estimates from Vindeby
are compared with predictions from semi-empirical mod-
els which are based on FINO1 observations (Cheynet et al.,
2018) to assess the similarities of the spectral characteristics
between the two sites. Finally, the applicability of the Vin-
deby database to the design of an adequate turbulence model
for offshore wind turbines is discussed in Sect. 5.5.

2 Instrumentation and site description

Vindeby Offshore Wind Farm operated in Denmark
from 1991 to 2016 and was decommissioned in 2017. It was
located 1.5 to 3 km from the northwestern coast of the is-
land of Lolland (Fig. 1). Due to its location, Vindeby may
be regarded as a coastal site instead of an offshore one. Vin-
deby has a flat topography with an average elevation of under
11 m a.m.s.l., whereas the water depth around the wind farm
ranges from 2 to 5 m (Barthelmie et al., 1994). As pointed
out by Johnson et al. (1998), the average significant wave
heightHs at Vindeby is under 1 m. The water depth increases
from around 3 m in the proximity of the wind farm up to ap-
proximately 20 m away from the northern side of the wind
farm.

The wind farm comprised 11 Bonus 450 kW turbines ar-
ranged in two rows with 300 m spacing along the 325–
145◦ line and three meteorological masts (Fig. 2). The three
masts were Land Mast (LM), Sea Mast South (SMS), and
Sea Mast West (SMW), and the latter two were placed off-
shore (Fig. 2). Both SMS and SMW were installed in 1993
and were decommissioned in 2001 and 1998, respectively.
Measurements from LM and SMS were used by Barthelmie
(1999) to assess the influence of the thermal stratification of
the atmosphere on coastal wind climates. The present study
considers only wind measurements from SMW due to the
availability of the data.

SMW was a triangular lattice tower with a height of
48 km a.m.s.l. as sketched in Fig. 3. The booms on the SMW
were mounted on both sides of the tower at 46 and 226◦

from the north and are referred to as the northern and south-
ern boom, respectively. The booms’ length ranged from
1.6 to 4 m, and their diameter was 50 mm (Barthelmie et al.,
1994). Three F2360a Gill three-axis ultrasonic anemome-
ters (SAs) were mounted on the southern booms at 45, 18,
and 6 m a.m.s.l. and operated with a sampling rate of 20 Hz.
Two Risø P2021 resolver wind vanes with P2058 wind direc-
tion transmitters were located on the northern booms at 43 m
and 20 m a.m.s.l. using a sampling frequency of 5 Hz. The
height of the vanes’ centres above the boom was 600 mm.
There were seven cup anemometers mounted on SMW as
shown in Fig. 3; however, their measurements were not used
here. The air temperature at 10 m a.m.s.l. was recorded using
a Risø P2039 PT 100 sensor. The sea surface elevation η was
measured using an acoustic wave recorder (AWR) placed on
the seabed, 30 m away from SMW, at a depth of 4 m (Johnson
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Figure 1. Digital elevation model of southern Denmark showing the location of Sea Mast West (SMW), in a sheltered flat coastal environ-
ment. Only the wind from 220 to 330◦ is considered for SMW.

Figure 2. Vindeby Offshore Wind Farm layout with circles marking
the position of the masts: SMW, SMS, and LM. SMW is located
approximately 1.5 km from Lolland.

et al., 1998). The sea surface elevation data were recorded at
a sampling frequency of 8 Hz but stored with a sampling fre-
quency of 20 Hz. The data collected from SMW were trans-
ferred to LM using an underwater fibre optic link and stored
as time series of 30 min duration. Such a duration is appropri-
ate to study turbulence in coastal and offshore areas (Dobson,
1981). Therefore, the flow characteristics studied herein are
based on the averaging time of 30 min.

The fetch around SMW comprises open sea, land, and
mixed fetch as shown in Fig. 1. The so-called sea fetch is
considered when the wind blows from 220 to 90◦, with a
fetch distance of up to 135 km for the sector ranging from
345 to 355◦. The direction sectors from 0–50◦ are those most
affected by flow distortion due to the presence of the mast

(Barthelmie et al., 1994). Furthermore, the flow from 335–
110◦ might be affected by the wake effects from the wind
farm. To exclude the flow disturbed by the presence of the
mast and wind turbine wakes and/or internal boundary lay-
ers due to roughness changes, only the flow from 220–330◦

is considered in the present study, which represents 40 % of
the velocity data recorded in 1994 and 1995 at SMW. The
surface roughness z0 within the 247-to-292◦ direction varies
with the mean wind speed from 0.00011 to 0.0012 m (John-
son et al., 1998). A more detailed description of the other
directional sectors is given by Barthelmie et al. (1994).

3 Theoretical background

3.1 Monin–Obukhov theory

The along-wind, cross-wind, and vertical velocity compo-
nents are denoted as u, v, and w, respectively. Each com-
ponent is split into a mean (u, v, w) and fluctuating part (u′,
v′, w′). In flat and homogeneous terrain, the flow is fairly
horizontal; i.e. v and w are approximatively zero. Here, the
fluctuating components are assumed to be stationary, Gaus-
sian, ergodic random processes (Monin, 1958).

Although the u component drives the wind turbine’s rotor
fatigue loads, proper modelling of the v component in terms
of power spectral density (PSD) and root coherence may be
necessary for skewed flow conditions, which can occur be-
cause of a large wind direction shear (Sanchez Gomez and
Lundquist, 2020) or wind turbine yaw error (Robertson et al.,
2019). To estimate a wind turbine’s fatigue loads, the verti-
cal velocity component is likely more relevant in complex
terrain than offshore (Mouzakis et al., 1999). Nevertheless,
this component is studied here for the sake of completeness.
Also, the vertical velocity component provides precious in-
formation on the sonic anemometer flow distortion (Cheynet
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Figure 3. Sketch of the atmospheric instrumentation at SMW. The
sonic anemometers are located in the southern boom “S” oriented
at 226◦ from the north.

et al., 2019; Peña et al., 2019). The vertical velocity com-
ponent is also necessary to assess the atmospheric stability
using the eddy covariance method and facilitates the study
of the waves’ influences on the velocity data recorded by the
sonic anemometers (e.g. Benilov et al., 1974).

In the atmospheric surface layer, where Monin–Obukhov
similarity theory (MOST) generally applies, the scaling ve-
locity is the friction velocity u∗, whereas the scaling lengths
are the height z above the surface and the Obukhov length L
(Monin and Obukhov, 1954), defined as

L=−
u3
∗θv

gκ
(
w′θ ′v

) , (1)

where θv is the mean virtual potential temperature, g =
9.81 m s−2 is the gravitational acceleration, κ ≈ 0.4 is the
von Kármán constant (Högström, 1985), and w′θ ′v is the ver-
tical flux of virtual potential temperature. For a given height z
above the surface, the non-dimensional stability parameter

ζ = z/L is used herein to classify the thermal stratification
of the atmosphere.

While θ ′v can be fairly well approximated by the fluctuat-
ing sonic temperature measurement (Schotanus et al., 1983;
Sempreviva and Gryning, 1996), the mean value θv could not
be reliably obtained from the sonic anemometers deployed
on SMW (Kurt Hansen, personal communication, 2020).
Therefore, θv was obtained using the absolute temperature
recorded from the Risø P2039 PT 100 sensor at 10 m a.m.s.l.,
which was converted into the virtual potential temperature
using the pressure data from LM and assuming an air rela-
tive humidity of 90 % near the sea surface (Stull, 1988). The
air pressure data from LM are used due to the absence of air
pressure data at SMW and SMS.

Since the covariance between the cross-wind and the ver-
tical component may not be negligible in the MABL (Geer-
naert, 1988; Geernaert et al., 1993), the friction velocity u∗
is computed as suggested by Weber (1999); that is

u∗ =
4
√
u′w′

2
+ v′w′

2
. (2)

A common approach to assess the applicability of MOST
is to study the non-dimensional mean wind speed profile φm
defined as

φm

( z
L

)
=
κz

u∗

∂u

∂z
(3)

as a function of the atmospheric stability (Kaimal and Finni-
gan, 1994). In the following, φm is empirically modelled as
by Högström (1988):

φm ≈

{
(1+ 15.2|ζ |)−1/4, −2≤ ζ < 0,
1+ 4.8(ζ ), 0≤ ζ ≤ 1.

(4)

The validity of Eq. (4) is assessed for each anemometer
in Sect. 5.1. It should be noted that the presence of waves,
especially swell, may invalidate MOST in the first few me-
tres above the surface (Edson and Fairall, 1998; Sjöblom and
Smedman, 2003b; Jiang, 2020), and this possibility will be
discussed in Sect. 5.2. Under convective conditions, the va-
lidity of MOST may also be questionable if the fetch is only
a few kilometres long due to the presence of internal bound-
ary layers (Jiang et al., 2020). In the present case, the choice
of wind directions from 220 to 330◦ limits strongly the pos-
sibility that internal boundary layers affect the velocity mea-
surements.

3.2 One-point turbulence spectrum

Appropriate modelling of the one-point velocity spectrum is
required to compute reliably the dynamic wind-induced re-
sponse and the power production of wind turbines (Shein-
man and Rosen, 1992; Hansen and Butterfield, 1993). Inte-
gral turbulence characteristics, especially the turbulence in-
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tensity, are not always appropriate for turbulence character-
isation (Wendell et al., 1991), which motivates the study of
the spectral characteristics of turbulence herein.

Following Kaimal et al. (1972), the normalised surface-
layer one-point velocity spectra express a universal be-
haviour in the inertial subrange:

f Su(f )

u2
∗φ

2/3
ε

' 0.3f−2/3
r at fr� 1, (5)

f Sv(f )

u2
∗φ

2/3
ε

≈
f Sw(f )

u2
∗φ

2/3
ε

' 0.4f−2/3
r at fr� 1, (6)

where fr = f z/u and f is the frequency; Su, Sv, and Sw are
the velocity spectra for the along-wind, cross-wind, and ver-
tical velocity components, respectively; and φε is the non-
dimensional turbulent kinetic energy dissipation rate (Wyn-
gaard and Coté, 1971). The latter is given by

φε =
κzε

u3
∗

, (7)

where ε is the turbulent kinetic energy dissipation rate.
In the present case, φε is modelled as (Kaimal and Finni-

gan, 1994)

φ2/3
ε =

{
1+ 0.5|ζ |2/3, ζ ≤ 0,
(1+ 5ζ )2/3, ζ ≥ 0.

(8)

3.3 The coherence of turbulence

The coherence of turbulence describes the spatial correlation
of eddies. The root coherence is defined as the normalised
cross-spectral density of turbulence and is a complex-valued
function. The real part of the root coherence, known as
the co-coherence, is one of the governing parameters for
the structural design of wind turbines (IEC 61400-1, 2005).
At vertical separations, the co-coherence γi , where i =

{u,v,w}, is defined as

γi (z1,z2,f )=
Re {Si (z1,z2,f )}
√
Si (z1,f )Si (z2,f )

, (9)

where Si(z1,z2,f ) is the two-point cross-spectral density be-
tween heights z1 and z2, whereas Si(z1,f ) and Si(z2,f ) are
the one-point spectra estimated at heights z1 and z2, respec-
tively.

Davenport (1961) proposed an empirical model to describe
the co-coherence for vertical separations, which depends
only on a decay parameter ci and a reduced frequency n:

γi(n)≈ exp
(
−cin

)
, (10)

n=
2f dz

u (z1)+ u (z2)
, (11)

where dz = |z1− z2|. For three heights z1 > z2 > z3 such
that z1− z2 = z2− z3, Davenport’s model predicts that

γi(z1,z2,f ) and γi(z2,z3,f ) collapse onto a single curve
when expressed as a function of n. This behaviour, referred
to as Davenport’s similarity herein, is questioned by Bowen
et al. (1983) for vertical separations and by Kristensen et al.
(1981) and Sacré and Delaunay (1992) for lateral separa-
tions.

Bowen et al. (1983) modified the Davenport model by as-
suming that ci was a linear function of the distance; i.e.

ci = ci1+
2ci2dz

(z1+ z2)
, (12)

where ci1 and ci2 are constants. Equation (12) reflects the
blocking by the ground or the sea surface, which leads to
an increase in the co-coherence with measurement height.
This equation implies that the co-coherence decreases more
slowly than predicted by the Davenport model if measure-
ments are conducted far from the surface and at short sep-
arations. On the other hand, the co-coherence may decrease
faster than predicted by the Davenport model if the measure-
ments are associated with large separation distances. This
implies that fitting the Davenport model to measurements
with short or large separations may lead to an inadequate de-
sign of wind turbines.

The model by Bowen et al. (1983) was further modified
by Cheynet (2019) by including a third decay parameter ci3
to account for the fact that the co-coherence cannot reach
values of 1 at zero frequency unless the separation distance is
zero. This led to the following three-parameter co-coherence
function, which is herein referred to as the modified Bowen
model:

γii (z1,z2,f )= exp(−fa)exp(−fb) , (13)

fa =
|z2− z1|

u (z1,z2)

√(
ci1f

)2
+
(
ci3
)2
, (14)

fb =
2ci2f |z2− z1|

2

(z1+ z2)u (z1,z2)
. (15)

It should be noted that both ci1 and ci2 are dimensionless,
whereas ci3 has the dimension of the inverse of a time. Fol-
lowing Kristensen and Jensen (1979), ci3 ∝ 1/T , where T is
a timescale of turbulence. Therefore, low values of ci3 are
associated with a co-coherence converging toward 1 at low
frequencies for which the separation distance is small com-
pared to a typical turbulence length scale. The rotor diame-
ter of multi-megawatt OWTs commissioned after 2015 in the
North Sea is slightly larger than 150 m. For such structures,
assuming ci3 ≈ 0 may no longer be appropriate.

IEC 61400-1 (2005) recommends the use of two empiri-
cal coherence formulations. The first one was derived based
on the exponential coherence proposed by Davenport (1961),
which read as
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γu (f,dz)= exp

−12

√( f dz
uhub

)2

+

(
0.12

dz

8.1Lc

)2
, (16)

where uhub is the mean wind speed at the hub height and

Lc =

{
0.7z, z ≤ 60 m,
42m, z ≥ 60 m. (17)

The second coherence model was derived based on a spec-
tral tensor of homogeneous turbulence (Mann, 1994) but
is not described in detail here. Further assessments of this
model can be found in, for example, Mann (1994), Saranya-
soontorn et al. (2004), and Cheynet (2019).

4 Data processing

Sonic anemometer data monitored continuously from
May 1994 to July 1995 were selected. No data were collected
in July and October 1994, leading to 13 months of avail-
able records. The sonic anemometer at z= 18 m was chosen
as the reference sensor throughout the data processing. The
measurements at z= 45 m were associated with higher mea-
surement noise than at the other two heights. Although this
noise was almost negligible at wind speeds above 10 m s−1,
it was visible in the velocity records at low wind speeds.

Since the wind sensors at 6, 18, and 45 m a.m.s.l. were
omnidirectional sonic anemometers, they were prone to flow
distortion by the transducer. This flow distortion was investi-
gated in terms of friction velocity estimated from the asym-
metric solent anemometer mounted at 10 m a.m.s.l., between
May and September 1994 only due to data availability. The
corrected friction velocities for the sensors at 6, 18, and 45 m
were computed using the data at 10 m, as elaborated in Ap-
pendix B. When using the corrected friction velocity, no sig-
nificant improvement was found for the ensemble-averaged
normalised PSD estimates. It was then concluded that for
the relatively narrow selected sector (220–330◦), the appli-
cation of an ensemble averaging limits the influence of the
transducer-induced flow distortion on the spectral flow char-
acteristics. Therefore, it was decided not to apply a correction
for both friction velocity and the Obukhov length to avoid
over-processing the data.

Both the double-rotation technique and the sectoral pla-
nar fit (PF) method (Wilczak et al., 2001) were considered to
correct the tilt angles of the SAs. The choice of the algorithm
relied on a comparison between the friction velocity u∗ esti-
mated using Eq. (2) and the method by Klipp (2018), which
does not require any tilt correction. The latter method pro-
vides an estimate u∗R of the friction velocity using the eigen-
values of the Reynolds stress tensor. Following this compar-
ison, the double-rotation technique was found to provide, in
the present case, slightly more reliable results than the PF al-
gorithm (see Appendix A). It should be noted that this find-
ing is likely specific to the Vindeby dataset as the planar

fit method usually provides better estimates of the turbulent
fluxes (Wilczak et al., 2001).

The time series were sometimes affected by outliers. Here,
the outliers were identified using a moving median window
based on a 5 min window length. The same outlier detection
algorithm was also used for the sea surface elevation data
but with a moving window of 180 s. The local median val-
ues were then used to compute the median absolute devia-
tion (MAD), as recommended by Leys et al. (2013). Data
located more than five MADs away from the median were
replaced with NaNs (NaN denotes “not a number”). The gen-
eralised extreme Studentised deviate test (Rosner, 1983) was
also assessed to detect outliers but did not bring significant
improvements. When the number of NaNs in the time series
was under 5 %, the NaNs were replaced using a non-linear
interpolation scheme based on the inpainting algorithm by
D’Errico (2004) with the “spring” method. A more adequate
but slower approach using autoregressive modelling (Akaike,
1969) was also applied but yielded a similar conclusion and
therefore was not used. Time series containing more than 5 %
of NaNs were dismissed. Although other spike detection and
interpolation algorithms exist in the literature (e.g. Hojstrup,
1993), the approach adopted in this study was found to pro-
vide an adequate trade-off between computation time and ac-
curacy.

To assess the first- and second-order stationarity of the ve-
locity recordings, the moving mean and the moving standard
deviation of the along-wind component were calculated us-
ing a window length of 10 min. The time series were consid-
ered stationary when the two following criteria were fulfilled:
(1) the maximum absolute relative difference between the
moving mean and the static mean was lower than a thresh-
old value of 20 %; (2) for the moving standard deviation,
the maximum absolute relative difference was also used with
a threshold value of 40 %. The choice of a larger threshold
value for the moving standard deviation test is justified by the
larger statistical uncertainty associated with the variance of a
random process compared to its mean (Lumley and Panof-
sky, 1964).

Velocity records with an absolute value of skewness larger
than 2 or a kurtosis below 1 or above 8 are likely to display
an unphysical behaviour (Vickers and Mahrt, 1997) and were
subsequently dismissed. The statistical uncertainties in the
records were quantified as by Wyngaard (1973) and Stiperski
and Rotach (2016):

a2
ii =

4z
T u

[
i′4

σ 4
i

− 1

]
, (18)

a2
uw =

z

T u

[
(u′w′)2

u4
∗

− 1

]
, (19)
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a2
vw =

z

T u

[
(v′w′)2

u4
∗

− 1

]
, (20)

where aij with i,j = (u,v,w) is the uncertainty associated
with the variance and covariance estimates. Time series with
a large random error, i.e. aii > 0.20 or aij > 0.50 with i 6= j ,
were excluded.

The records with a mean wind speed below 5.0 m s−1 at
18 m a.m.s.l. were discarded. Assuming a logarithmic mean
wind profile, a near-neutral atmosphere, and a roughness
length z0 of 0.0002 m (WMO, 2008), the corresponding
mean wind speed at a typical offshore wind turbine hub
height (90 m a.m.s.l.) is 5.7 m s−1. The present choice of a
lower mean wind speed threshold is, therefore, consistent
with the cut-in wind speed of large offshore wind turbines,
which is 5.0 m s−1 at hub height. It also ensures a consistent
comparison of the spectral characteristics of turbulence with
the data collected at FINO1, where the lowest mean wind
speed considered was 5.0 m s−1 at 80 m a.m.s.l.

The PSD estimates of the velocity fluctuations were eval-
uated using Welch’s method (Welch, 1967) with a Hamming
window, three segments, and 50 % overlap. The spectra were
ensemble-averaged using the median of multiple 30 min time
series that passed the data-quality tests described above and
were smoothed by using bin averaging over logarithmically
spaced bins. The co-coherence estimates were also computed
using Welch’s method but using eight segments and 50 %
overlap to further reduce the statistical uncertainty.

Table 1 displays the percentage of samples at each mea-
surement height that failed the data-quality assessment. It re-
lies on initial data availability of 86 %, 97 %, and 86 % for the
anemometers at 6, 18, and 45 m a.m.s.l., respectively. Follow-
ing the criteria used in the data processing and Table 1, the
percentages of data considered for the analysis were 69 %,
76 %, and 45 % at 6, 18, and 45 m a.m.s.l., respectively. These
percentages correspond to 1566 time series of 30 min dura-
tion for the SA at 6 m, 1771 time series at 18 m, and 854 at
45 m. The data from SA at 45 m showed the highest portion
of non-stationary and large statistical uncertainties compared
to the other SAs. Furthermore, the SA at 45 m also contained
the highest fraction of NaNs in the time series, due to a large
number of outliers. The larger fraction of data removal for
the anemometer at 45 m is attributed to the observed uncor-
related white noises in the signal. This measurement noise,
which may be linked to the length of the cable joining the
anemometer and the acquisition system, is usually small for
wind speed above 10 m s−1. Therefore, it was decided not to
filter it out using digital low-pass filtering techniques. Time
series that were flagged as non-physical made up less than
5 % for each SA in the present dataset, likely because the
test was applied after the outlier detection algorithm. The
portion of non-stationary time series increased with height
(see Table 1). Closer to the surface, the eddies are smaller
and are less likely to be affected by the sub-mesospheric and

Table 1. Percentage of the records between April 1994 and
July 1995 from SMW that failed the data-quality assessment.

6 m 18 m 45 m

NaNs> 5 % 5 % < 1 % 22 %
Unphysical kurtosis and skewness 4 % 3 % < 1 %
Non-stationary 9 % 15 % 19 %
Large statistical uncertainties 2 % 4 % 22 %

mesospheric atmospheric motion, which contributes to non-
stationary fluctuations (Högström et al., 2002).

5 Results

5.1 Applicability of MOST

In the atmospheric surface layer, the friction velocity u∗ is
often assumed constant with the height (constant flux layer).
However, Fig. 4 shows that the friction velocity is generally
larger at 6 m than at the other two measurement heights, es-
pecially under stable conditions. The different friction veloc-
ity values at 6 m compared to 18 and 45 m were suspected to
be due to the transducer-induced flow distortion and/or the
contribution of the wave-induced stress to the total turbulent
stress (Janssen, 1989; Tamura et al., 2018).

The applicability of MOST is assessed by studying φm as
a function of ζ . The similarity relation describing the mean
wind speed profile agrees well with the sonic anemome-
ter measurements under all stability conditions except be-
tween the sensor at 6 m and 18 m a.m.s.l. at ζ > 0.3. It should
be noted that at 6 m a.m.s.l., the local estimate of ζ shows
a much greater portion of near-neutral conditions than at
18 m a.m.s.l. The right panel of Fig. 5 does not show such
a deviation, maybe because the friction velocity estimated
at 45 m a.m.s.l. is slightly underestimated due to the high-
frequency noise in the velocity records of the top sensor.
This further justifies the use of the sonic anemometer at
18 m a.m.s.l. to estimate the non-dimensional stability pa-
rameter ζ .

The distribution of ζ as a function of the mean wind
speed u is given in Fig. 6 for the sector between 220 and
330◦. The majority (82 %) of the stationary record samples
were associated with a wind speed between 7–15 m s−1 at
18 m a.m.s.l. Non-neutral conditions are defined herein as sit-
uations where |ζ |> 0.1. They represent 69 % of the sam-
ples at u < 12 m s−1 and 12 % at u≥ 12 m s−1. The distri-
bution of the atmospheric stability conditions is in overall
agreement with Barthelmie (1999) and Sathe and Bierbooms
(2007) for the Vindeby site.

Strongly unstable or stable stratifications (|ζ |> 0.5) made
up only about 8 % of the total number of samples (Fig. 6).
A low number of samples can lead to large uncertainties
when comparing the flow characteristics between SMW and
FINO1 for specific stability bins. Therefore, only stability
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Figure 4. Friction velocity estimated by the three sonic anemometers on SMW for a wide range of stability conditions with |ζ |< 2.

Figure 5. Variation in φm with the non-dimensional stability parameter ζ estimated from SA at 18 m a.m.s.l. The solid black line is Eq. (4),
and the error bar represents the interquartile range.

Figure 6. Stability distribution as a function of mean wind speed
for the considered fetches (220–330◦) at height z= 18 m.

conditions satisfying |ζ | ≤ 0.5 are discussed herein unless in-
dicated otherwise.

5.2 Wind–wave interactions

The fairly close proximity of the sensor at 6 m to the sea
surface is used to study the potential influence of the wave
boundary layer (WBL) (Sjöblom and Smedman, 2003a).
This layer is also called the wave sublayer by Emeis and Türk
(2009), who suggest that its depth is approximately 5Hs, al-
though there is no consensus on this value. The objective of

this subsection is to identify whether the wave-induced tur-
bulence can be detected in the velocity records at 6 m a.m.s.l.

The wave elevation data collected by the AWR near SMW
are explored herein in terms of wind–wave interactions. A
total of 925 high-quality samples collocated in time with
the wind velocity data were identified. Each wave elevation
record was 30 min long and corresponded to a wind direction
between 220 and 330◦. There exist methods to filter out the
wave-induced velocity component from the turbulent veloc-
ity component (e.g. Hristov et al., 1998), but these methods
are not addressed herein for brevity.

The interactions between wind turbulence and the sea sur-
face were explored in terms of the co-coherence and the
quad-coherence (the imaginary part of the root coherence)
between the vertical velocity component w and the veloc-
ity of the wave surface η̇ = dη/dt . Similar approaches were
adopted earlier by, for example, Grare et al. (2013) or Kondo
et al. (1972) but using the coherence and without taking
advantage of the ensemble average to reduce the system-
atic and random error, which are typically associated with
the root-coherence function. In the present case, neither the
co-coherence nor the quad-coherence between η̇ and w dif-
fers significantly from zero for Hs < 0.7 m. For the sensor
at 6 m a.m.s.l., a non-zero root coherence was discernible
from the background noise at 0.7 m<Hs< 0.9 m. The co-
coherence and quad-coherence estimates were significantly
different from zero for Hs > 0.9 m, as illustrated in Fig. 7,
where the ensemble averaging of the 60 samples was applied
to reduce the random error. The inset in Fig. 7 shows that
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Figure 7. Co-coherence γη̇w and quad-coherence ρη̇w between the
velocity of the wave surface η̇ and the vertical wind velocityw from
the three sonic anemometers on SMW. The inset shows the individ-
ual wave elevation spectra Sη associated with Hs > 0.9 m (60 sam-
ples) used to estimate γη̇w and ρη̇w.

the selected records are characterised by a single spectral
peak fp located at frequencies between 0.20 and 0.25 Hz,
which is the frequency range where the quad-coherence is
substantially different from zero. The observed co-coherence
and the quad-coherence at this frequency range show the 90◦

out-of-phase fluctuations between η̇ and w, where the latter
is lagging. The co-coherence and quad-coherence estimates
between η̇ and the horizontal wind component uwere also in-
vestigated but were nearly zero for the three sonic anemome-
ters on SMW.

The limited number of data showing a clear correlation
between the velocity of the sea surface and the vertical wind
component implies that the wave-induced turbulence has a
limited impact on the anemometer records at 6 m. The in-
fluence of the sea surface elevation on the vertical turbulence
was not clearly visible in the one-point vertical velocity spec-
tra Sw, except for at Hs > 1.2 m, where a weak spectral peak
near 0.2 Hz was distinguishable. The wave-induced fluctuat-
ing wind component is generally much weaker compared to
the wind turbulence as highlighted by, for example, Weiler
and Burling (1967), Kondo et al. (1972) and Naito (1983).
An exception may be the case of weak wind and swell condi-
tions, which are more likely to result in the observation of
a sharp spectral peak near fp in the Sw spectrum (Kondo
et al., 1972). Nonetheless, as previously mentioned, such

conditions are rare near SMW, most likely because SMW
was located in a relatively sheltered closed-water environ-
ment rather than in the open ocean.

5.3 Turbulence spectra

When performing numerical simulations to compute the
wind-induced response of wind turbines, an essential input
to model the wind inflow conditions is the PSD of the veloc-
ity fluctuations. Figures 8–10 depict the PSD estimates for
the along-wind, cross-wind, and vertical wind components,
respectively, as a function of the reduced frequency fr for
five stability classes. Surface-layer scaling is adopted; i.e. the
PSDs are normalised with u∗ (Eq. 2) and φ2/3

ε (Eq. 8). The
number of available samples for each stability class is de-
noted as N and displayed in each panel.

Figures 8 to 10 compare the estimated spectra at z=
45 m, z= 18 m, and z= 6 m a.m.s.l. with the empirical
model established on FINO1 (solid black line) at z=
41 m a.m.s.l. (Cheynet et al., 2018). The red curves repre-
sent the high-frequency asymptotic behaviour of surface-
layer spectra for each stability class. It should be noted that
the latter curves do not indicate when the inertial subrange
starts since the frequencies they cover were arbitrarily cho-
sen.

In Fig. 8, the maximum values of the normalised spec-
tra for near-neutral conditions (−0.1≤ ζ ≤ 0.1) are close
to unity, as described by Kaimal et al. (1972). The veloc-
ity spectra estimated at 45 m a.m.s.l. sometimes show devi-
ations from the surface-layer scaling under near-neutral and
stable conditions, likely due to the observed aforementioned
uncorrelated high-frequency noise, which leads to an under-
estimation of the friction velocity. Under light and moderate
unstable conditions, i.e.−0.3≤ ζ ≤−0.1, the velocity spec-
tra at 6 m and 18 m a.m.s.l. are similar, which supports the
idea that the wave sublayer is shallower than 6 m. As men-
tioned in Sect. 5.1, the non-dimensional stability parameter ζ
estimated at 6 m reflected the predominance of near-neutral
conditions. This results in discrepancies between the spec-
tral estimates at 6 and 18 m in Figs. 8 to 10 which increase
with |ζ |.

Following surface-layer scaling, the normalised spectra at
different heights should collapse onto one single curve at
high frequencies, which was observed at heights between
40 and 80 m a.m.s.l., at FINO1 for |ζ |< 1. However, this is
not always the case in Figs. 8–10. Deviations from surface-
layer scaling may be partly attributed to transducer-induced
flow distortion. Regarding the velocity data at 45 m a.m.s.l.,
the measurement noises lift the high-frequency range of the
velocity spectra above the spectral slope predicted by Eq. (5)
or Eq. (6). At 18 m a.m.s.l., Eqs. (5) and (6) predict re-
markably well the velocity spectra at fr > 3, indicating that
surface-layer scaling is applicable at this height.

The presence of the spectral gap (Van der Hoven,
1957), separating the microscale fluctuations from the sub-
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Figure 8. Normalised spectra of the along-wind component at 45, 18, and 6 m a.m.s.l. for various stability conditions. The red curve is
derived from Eq. (5), and N denotes the number of samples considered for ensemble averaging.

Figure 9. Normalised spectra of the cross-wind component at 45, 18, and 6 m a.m.s.l. for various stability conditions. The red curve is derived
from Eq. (6), and N denotes the number of samples considered for ensemble averaging.

Figure 10. Normalised spectra of the vertical wind component at 45, 18, and 6 m a.m.s.l. for various stability conditions. The red curve is
derived from Eq. (6), and N denotes the number of samples considered for ensemble averaging.

mesoscale and mesoscale ones, is noticeable at ζ > 0.3, in
line with previous observations (Smedman-Högström and
Högström, 1975; Cheynet et al., 2018). Under stable con-
ditions, the spectral gap seems to move toward lower fre-
quencies as the height above the surface decreases. This con-
trasts with the observations from an onshore mast on Østerild
(Denmark) by Larsén et al. (2018), which indicated that the
location of the spectral gap on the frequency axis was rela-
tively constant with height.

As mentioned by Vickers and Mahrt (2003), the spectral
gap timescale can be only a few minutes long under stable
conditions. For ζ > 0.3, the averaging period selected in the
present study may be too large to provide reliable integral tur-

bulence characteristics. However, filtering out the mesoscale
motion may not be desirable for structural design purposes
since operating wind turbines experience both turbulence and
mesoscale fluctuations (Veers et al., 2019). In this regard, the
use of spectral flow characteristics to parametrise the wind
loading on OWTs is preferable.

Under near-neutral conditions, the sensors at 6 and
18 m a.m.s.l. are likely located in the so-called eddy surface
layer (Högström et al., 2002; Drobinski et al., 2004), where
the sea surface blocks the flow and distorts eddies. This leads
to a flat spectral peak. As a result, the integral length scale
would be estimated with large uncertainties. Such a spec-
tral behaviour has also been observed above the eddy surface
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layer (Drobinski et al., 2004; Mikkelsen et al., 2017), but its
consequences for wind turbine loads are unclear.

Overall, the velocity spectra estimated at 18 and
45 m a.m.s.l. at Vindeby match well with the empirical spec-
tra estimated at 41 m a.m.s.l. on FINO1 for −0.5≤ ζ < 0.5.
This comparison is encouraging for further explorations of
the surface-layer turbulence characteristics at coastal and
offshore sites. Nonetheless, detailed wind measurements
at heights of z ≥ 100 m are needed to obtain a complete
overview of the turbulence characteristics in the MABL that
is relevant for OWT designs.

5.4 Co-coherence of turbulence

The vertical co-coherence of the along-wind, cross-wind, and
vertical wind components are denoted by γu, γv, and γw, re-
spectively. Under near-neutral conditions (|ζ | ≤ 0.1), these
are expressed as a function of kdz in Fig. 11 where k =
2πf/u is the wave number, assuming that turbulence is
frozen (Taylor, 1938). The co-coherence estimates are pre-
sented for three separation distances dz because three mea-
surement heights (z1 = 45 m, z2 = 18 m, and z3 = 6 m) were
used. The co-coherences estimated on SMW are com-
pared to the IEC coherence model (Eq. 16) and the mod-
ified Bowen model (Eq. 13). For the latter model, the
parameters estimated on FINO1 (Cheynet, 2019) are di-
rectly used. The decay coefficients used for Eq. (13) were,
therefore, [cu

1,c
u
2,c

u
3] = [6.0,17.8,0.02] and [cw

1 ,c
w
2 ,c

w
3 ] =

[2.7,4.0,0.16] as well as [cv
1,c

v
2,c

v
3] = [0,23.0,0.09].

Figure 11 shows that the coefficients of the modified
Bowen model estimated on FINO1 apply very well to γu
estimated on SMW. Larger deviations are observed for the
cross-wind components, for which γv displays large negative
values, especially for separations between 6 and 45 m a.m.s.l.
At FINO1, the negative part of γv was relatively small, which
justified the use of Eq. (13) with no negative co-coherence
values. Following Bowen et al. (1983), ESDU 85020 (2002),
or Chougule et al. (2012), the negative part is a consequence
of the phase difference and is non-negligible for the cross-
wind component, which is also observed in the present case.
Since this phase difference increases with the mean wind
shear, it is more visible at SMW than at FINO1, where the
measurements are at greater heights than at SMW. The co-
coherence of the vertical component estimated on SMW de-
viates from the one fitted to observations at the FINO plat-
form. The source of such deviations remains unclear.

The IEC exponential coherence model over-predicts γu
when the measurement height decreases and when the sep-
aration distance increases because this model follows fairly
well Davenport’s similarity, except at kdz < 0.1. In Cheynet
(2019), the Davenport model was suspected to lead to an
overestimation of the turbulent wind loading on OWTs. The
present results indicate that a similar overestimation may be
obtained if the IEC exponential coherence model is used.
Further studies are, however, needed to better quantify this

possible overestimation in terms of dynamic wind loading on
the wind turbine’s rotor and tower, as well as on the floater’s
motions in the case of a floating wind turbine. Finally, addi-
tional data collection is needed to study the co-coherence at
lateral separations, which is required for wind turbine design
since it was not available at FINO1 or SMW.

To demonstrate the effect of the thermal stratification on
the observed co-coherence at SMW, Fig. 12 shows the es-
timated co-coherence for −2≤ ζ ≤ 2 for the three turbu-
lence components. As observed by, for example, Soucy et al.
(1982) or Cheynet et al. (2018) and modelled by Chougule
et al. (2018), the vertical co-coherence is generally highest
for convective conditions and smallest for stable conditions.
Such results reinforce the idea that modelling the turbulent
loading on offshore wind turbines using a coherence model
established for neutral conditions may only be appropriate
for the ultimate limit state design but not for the fatigue life
design.

5.5 Relevancy of the database for load calculation
of OWTs

This study provides a thorough overview of the MABL spec-
tral turbulence characteristics with respect to the variation in
the atmospheric stability at SMW. However, its direct appli-
cability for the designs of OWTs should be assessed carefully
due to the assumptions made in the data analysis.

The presented results do not include the non-stationary
conditions encountered in the field, which were removed be-
fore the analysis. About 20 % of the data were disregarded as
non-stationary to establish reliable spectra and co-coherence
estimates. In the present case, non-stationary fluctuations
were mainly associated with frequencies close to or below
0.05 Hz. For typical spar-type and semisubmersible OWT
floaters, these frequencies encompass the quasi-static mo-
tions and a few of the lowest eigenfrequencies of the floaters
(Jonkman and Musial, 2010; Robertson et al., 2014). Addi-
tionally, the non-stationary turbulence fluctuations could re-
sult in non-Gaussian loadings, which could further lead to
underestimation of fatigue loading (Benasciutti and Tovo,
2006, 2007).

Furthermore, the present dataset was recorded at heights
lower than the hub height of the recent and the future OWTs,
which is around 130 m (e.g. GE Renewable Energy, 2021).
At such heights, MOST may no longer be applicable (Peña
and Gryning, 2008; Cheynet et al., 2021). Above the surface
layer, the velocity spectra may become independent of the
height above the surface, which is coarsely accounted for in
IEC 61400-1 (2005).

6 Conclusions

This study explores the turbulence spectral characteristics
from wind records of a year duration on an offshore mast
called Sea Mast West (SMW) near the first offshore wind
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Figure 11. Co-coherences of the along-wind (top panels), lateral (middle panels), and vertical velocity components (lower panels) for
|ζ | ≤ 0.1 at three different vertical separation distances. The dots represent the measurement, and the lines mark the predictions using the
IEC exponential coherence model (dashed line) and the modified Bowen model (solid line) with the fitted coefficients from FINO1 (Cheynet,
2019).

Figure 12. Co-coherence of the along-wind (a), cross-wind (b), and vertical (c) velocity components for nine stability classes, given by
ζ = z/L. The separation distance is 27 m between the sensors at 18 m and 45 m a.m.s.l.
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farm Vindeby. We aim to identify similarities between the
turbulence characteristics estimated on the FINO1 platform
in the North Sea and those at Vindeby. Such an investigation
is crucial to establish appropriate turbulence models relevant
for the design of offshore wind turbines (OWTs). The dataset
analysed was acquired by 3D sonic anemometers at 6, 18,
and 45 m a.m.s.l., which complements the dataset collected
between 40 m and 80 m a.m.s.l. on FINO1 (Cheynet et al.,
2018).

The correlation between the sea surface elevation and the
vertical turbulent fluctuations at 6 m a.m.s.l. is quantified in
terms of co-coherence between the vertical turbulent com-
ponent and the velocity of the sea surface elevation. How-
ever, it is clearly visible for significant wave heights Hs ex-
ceeding 0.9 m only. Therefore, it is concluded that the sonic
anemometers are located above the wave boundary layer
most of the time.

The measurements at 18 m a.m.s.l. follow fairly well
surface-layer scaling, as expected. Because the sensors at
6 and 18 m are located in the lower part of the surface layer, a
wide spectral peak for near-neutral stratification is observed,
which reflects the distortion of the eddies as they scrape
along the surface. For ζ = |z/L| ≤ 0.3, the power spectral
density of the along-wind velocity component at 18 and
45 m is consistent with the empirically defined spectral mod-
els estimated at 41 m on FINO1 (Cheynet et al., 2018). In
the present case, most of the wind records are associated
with |ζ |< 0.3. Nonetheless, for |ζ |> 0.3, deviations from
the empirical spectral model fitted to the data recorded on
the FINO1 platform may be attributed to transducer-induced
flow distortion and/or limited applicability of the surface-
layer scaling.

The co-coherence estimates of the along-wind component
for neutral atmospheres are well described by the same three-
parameter exponential decay function as used at FINO1
(Cheynet, 2019). However, this is not the case for the lat-
eral wind components due to the closer distance to the sea
surface, which amplifies the phase differences between mea-
surements at two different heights. For the vertical compo-
nent, the co-coherence decreases faster than the predicted
values at FINO1 (Cheynet et al., 2018). Under stable strat-
ification, the co-coherence estimates of the three turbulent
components (γu, γv, and γw) are significantly lower than
for near-neutral conditions, in particular for kdz < 1. On the
other hand, γu, γv, and γw are slightly higher for convective
conditions compared to near-neutral conditions at kdz < 1.
Since the co-coherence is one of the governing parameters
for wind loading on structures, its dependency on the atmo-
spheric stability, which is rarely documented in the marine
atmospheric boundary layer, may become essential to estab-
lishing design criteria for OWT fatigue life. The variabil-
ity in Hywind Scotland wind turbines’ floater motion with
atmospheric stability (Jacobsen and Godvik, 2021) may be
one example that demonstrates the importance of stability-
corrected co-coherence in OWT responses.

Although the Vindeby dataset is located below recent wind
turbines’ sizes, this does not mean that the dataset may
not be useful for wind turbine design purposes. In fact, the
widely known Kansas spectra were based on the observa-
tions at heights not exceeding 30 m (Kaimal et al., 1972) and
have been adopted in IEC 61400-1 (2005). From the Vin-
deby dataset, we found some similarities with the Kansas
spectra for near-neutral conditions. For non-neutral condi-
tions, the turbulence spectra at height 45 m a.m.s.l. have a
consistent behaviour with the predicted spectra at FINO1 at
41.5 m a.m.s.l. The comparison between the turbulence char-
acteristics at Vindeby and FINO1 is therefore valuable to fur-
ther develop comprehensive spectral turbulence models that
are suitable for modern OWT designs. Nevertheless, future
atmospheric measurements at heights up to 250 m a.m.s.l. are
necessary to obtain the knowledge of turbulence characteris-
tics where the surface-layer scaling may no longer be appli-
cable.

Appendix A: Sonic anemometer tilt correction

The friction velocity estimates using the double-rotation
technique, sectoral planar fit, and the method by Klipp (2018)
are compared in Fig. A1. In general, the friction velocity es-
timates from all methods are in good agreement. The average
correlation coefficient for all heights is 0.985 for |ζ | ≤ 2. The
PF algorithm leads to a slightly larger scatter between u∗R
and u∗, where the average correlation coefficient from all
heights is 0.976 for |ζ | ≤ 2 (Table A1). The double-rotation
algorithm seems to give a smaller deviation between u∗R
and u∗ than the PF algorithm in the present study, which jus-
tified the adoption of the double rotation as a tilt correction
method herein.

Klipp (2018) noted that u∗R is appropriate to estimate
the friction velocity if the thermal stratification of the at-
mosphere is neutral only. Yet, Fig. A1 suggests that Klipp’s
method performs well for non-neutral conditions too, as
highlighted by the correlation coefficients in Table A1, which
vary between 0.963 and 0.989. Additional studies using mea-
surements from other coastal or offshore sites are needed to
assess if such observations are recurring.

The angle between the stress vector and the wind vector
is given as α = arctan

(
v′w′/u′w′

)
(Grachev et al., 2003).

It is found that α increases from 8◦ at 6 m a.m.s.l. to 13◦

at 45 m a.m.s.l. when v′w′ < 0. When v′w′ > 0, α is almost
constant with the height with an average value of −7◦. The
relatively low value of α, therefore, suggests that the direc-
tion of the wind–wave-induced stress is fairly well aligned
with the mean wind direction near SMW.
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Figure A1. Friction velocity computed using the eddy covariance method with the double-rotation method compared with the Klipp method.
Panel (a) considers only |z/L| ≤ 0.1, and panel (b) considers 0.1< |z/L| ≤ 2.

Table A1. Correlation coefficients between u∗R and u∗ using the
planar fit (PF) or double rotation (DR).

|z/L| ≤ 0.1 0.1< |z/L| ≤ 2.0

6 m 18 m 45 m 6 m 18 m 45 m

PF 0.989 0.976 0.962 0.981 0.954 0.942
DR 0.995 0.986 0.973 0.989 0.968 0.963

Appendix B: Transducer-shadow effect

The sonic anemometers mounted at 6, 18, and
45 m a.m.s.l. were omnidirectional solent anemometers,
which can be prone to flow distortion by the transducer. Be-
tween May and September 1994, a Gill solent anemometer
with an asymmetric head was installed at 10 m a.m.s.l. on
the southern boom of SMW (i.e. on the same side as the
other three anemometers). The asymmetric head reduces
the flow distortion by the transducer, at least for a specific
wind sector. Although the flow distortion by the asymmetric
solent was actually unknown, this sensor was used to
assess the error in the friction velocity calculated with the
omnidirectional solent anemometers. Only wind directions
from 220 to 330◦ were selected as they corresponded to the
sector investigated in the present study.

Flow distortion is assumed to be a function of the angle of
attack α(z) and wind direction θ (z) only. Therefore, using a
multivariate regression analysis, it is possible to quantify the
variability in u∗(z) with its value at 10 m, denoted (u∗)10, as
a function of α(z) and θ (z). For the relatively narrow sector
selected, it was found that cubic functions of α(z) and θ (z)
were sufficient to describe this variability. This leads to the
following relationship between the friction velocity at 10 m
and the one u∗ at height z:

u∗(z)= (u∗)10 ·AX>, (B1)

Figure B1. Ratio of the friction velocity by the omnidirectional so-
lent anemometers to the one estimated at 10 m (asymmetric solent
anemometer) before (a) and after (b) correction using a multivari-
ate regression analysis. Velocity data recorded between May and
September 1994 for the sector 220–330◦ were used (480 samples
of 30 min duration), and |z/L|< 2 at 10 m a.m.s.l.

A=
[
a1 a2 a3 a4 a5 a6

]
, (B2)

X=
[
θ (z) θ (z)2 θ (z)3 α(z) α(z)2 α(z)3 ]

, (B3)

where A is the matrix of coefficients to be determined with
the regression analysis. In Eqs. (B1)–(B3), the friction veloc-
ity is not forced to be constant with the height and we do not
assume that the flow distortion is similar for the three omni-
directional anemometers.

In the top panel of Fig. B1, the maximum variations in
the friction velocity between the sonic anemometer at 10 and
18 m are ±20 %, when all the samples in the sector 10 m are
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Figure B2. Normalised spectra of the along-wind component on SMW with the corrected friction velocity and five stability bins. The red
curve is derived from Eq. (5), and N denotes the number of samples considered for ensemble averaging.

4 %, 12 %, and 11 %, respectively. After the multivariate re-
gression, the sector-averaged error is nearly zero, although it
is clearly not zero for a given wind direction. On average, the
friction velocity estimates at 6 and 10 m are, therefore, al-
most identical, given that the random error in the friction ve-
locity is above 10 % for a sample duration of 30 min (Kaimal
and Finnigan, 1994). As shown in Fig. B1, the use of sector-
averaged flow characteristics may mitigate the influence of
transducer-induced flow distortion of the spectral flow char-
acteristics estimated at 6, 18, and 45 m.

A comparison of the power spectral densities of the u com-
ponent was conducted with and without the corrected fric-
tion velocity. Only data between May and September 1994
were selected, and the Obukhov length was computed at
10 m a.m.s.l. Five stability bins were identified in this dataset.
However, limited improvement was observed after the appli-
cation of the correction algorithm. A further comparison was
also conducted for the entire dataset, i.e. between May 1994
and July 1995, as shown in Fig. B2. This resulted in simi-
lar conclusions, where the uncorrected (Fig. 8) and the cor-
rected PSDs of the u component are not too far off each other.
Therefore, it was decided not to use any correction for the
friction velocity to avoid over-processing the data.
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Abstract. In this study, aeroelastic simulations of a 5 MW spar wind turbine are performed by using
simulated wind fields that are representative of surface layer marine atmospheric turbulence under different
atmospheric stratifications. The spar floater’s motion responses from the simulations are then compared with
the observations from Hywind Scotland’s 6 MW spar wind turbine. The platform’s pitch and yaw motions
from the simulations are consistent with the observations, in terms of mean wind speed and atmospheric
stratification. The simulations and the observations show that a stable atmosphere induces the lowest platform
pitch and yaw motions compared to neutral and unstable stratifications. Nonetheless, the discrepancy of
platform motions between stable and unstable conditions is more pronounced from the observations than in
the simulations. Uncertainties associated with the estimation of the atmospheric stability and the modelling
of the turbulence’s co-coherence for lateral separation may partly account for the discrepancies between the
observed and the simulated motion responses of the spar wind turbine.

1. Introduction
In 2020, Jacobsen and Godvik [1] documented the spar floater motions from the first commercial
floating wind farm, the Hywind Scotland, as a function of atmospheric stability. Hywind Scotland
Wind Farm consists of five 6 MW spar wind turbines, which are located approximately 25 km
from the coast of Peterhead, Scotland [1]. Due to its location, the wind farm is located in
the marine atmospheric boundary layer (MABL), which is known for its variable atmospheric
stability conditions throughout a year [2]. The study by Jacobsen and Godvik [1] clearly shows
that atmospheric stability affects the spar wind turbines’ floater motion responses in both free
wind and wake conditions. The most significant effect was observed for the platform yaw motion
of the spar floater under a stable atmosphere.

The influence of surface layer atmospheric stability on offshore wind turbine (OWT) load
responses has been previously studied by e.g. Sathe et al. [3] and Holtslag et al. [4]. In Sathe
et al. [3], the wind-induced response of a bottom-fixed wind turbine was found to depend on
the atmospheric stability. In their study, the uniform shear turbulence model (Mann model) [5]
which is outlined in the IEC 61400-1 [6], was used. Additionally, site-specific measurements were
fitted to the uniform shear model for different atmospheric stability conditions. However, the
uniform shear model was originally intended to be used only for neutral surface layer atmospheric
stratification. Therefore, it cannot fully capture the effects of buoyancy-generated turbulence in
non-neutral stratifications ([5, 7]).
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There exist only a few turbulence models developed specifically for non-neutral atmospheric
stability conditions, including the modified spectral tensor model [7], the Højstrup spectral model
[8], and the Pointed-Blunt model [9]. The modified spectral tensor model was shown to work
reasonably well for surface layer stable atmosphere, but not for unstable conditions, especially at
low wave frequencies [7]. Whereas, the Højstrup spectral model was developed only for unstable
stratification and its effect on floating wind turbine (FWT) load and motion responses has been
studied previously by Putri et al. [10]. The Pointed-Blunt model was established based on
measurements from an offshore observation platform, FINO1, at fixed elevations of 40, 60, and
80 m for various atmospheric stratifications [9]. The Pointed-Blunt model is representative of
MABL, but it is limited in terms of height, particularly for heights higher than 80 m.

Using the Pointed-Blunt model, the present paper simulates the floater motion responses
of a spar wind turbine exposed to wind flows under varying atmospheric stratifications (i.e.
stable, neutral, and unstable). The simulated responses are compared to the observed responses
from Hywind Scotland to determine if the Pointed-Blunt spectral model is able to represent the
non-neutral conditions in the MABL.

2. Methodology
The wind fields for different surface layer atmospheric stratifications used in this study were
generated following Cheynet [11] for the Pointed-Blunt model. Then, aero-hydro-servo-elastic
simulations were performed on the 5 MW OC3 spar wind turbine [12] using these wind fields.
Although an OWT may be partly located above the surface layer, the Pointed-Blunt model was
used herein for simplicity.

2.1. Observations from Hywind Scotland
Hywind Scotland Wind Farm comprises five wind turbines (WTs) arranged in two rows with
a distance of nine rotor diameters between neighbouring WTs [1]. Only observations from the
WT exposed to free wind flow are discussed in the present study to focus on the influence of
atmospheric stability on the spar WT responses.

Some key properties of the Hywind Scotland’s WT are given in Table 3. In Jacobsen and
Godvik [1], the observed floater motions (roll, pitch, and yaw) were studied using 10 min time
series from December 2017 to July 2018. Their dataset excluded observations when the wind
speed at the hub height was less than 3 m s−1, when there was limited power production, and
when the nacelle yaw was larger than 5◦. Due to the limited instrumentation at the Hywind
Scotland site, the atmospheric stability was determined by measuring the temperature difference
between the air and the sea (∆T = Tair − Tsea) [1]. The atmosphere’s stability was flagged as
unstable when ∆T < −1.5◦C, neutral if −1.5◦C < ∆T < 0.5◦C, and stable for ∆T > 0.5◦C.

2.2. Step 1: Wind field generation
The thermal stratification of the atmosphere is quantified by the non-dimensional stability
parameter ζ = z/L, where z is a reference height [m] and L is the Obukhov length [m], in the
present study. L is proportional to the ratio between the cube of the friction velocity (u3∗) and
the virtual potential temperature flux [13]. An unstable atmosphere occurs when the turbulence
is enhanced by buoyancy, while a stable atmosphere occurs when the turbulence is inhibited by
buoyancy. In the present study, five stability classes are considered, ranging from ζ = −0.5 to
ζ = 0.5 as given in Table 1. Wind field generation was performed using MATLAB [11], which
requires three inputs: the mean wind speed, the one-point spectrum, and the co-coherence of
turbulence, which is the real part of the root-coherence [14]. The wind time series were generated
using the spectral representation method ([15, 16]). For each stability class, eight mean wind
speeds (uhub) were considered (Table 2), so there are 40 cases in total. Each case was generated
as a 30 min wind time series with a sampling rate of 9.1 Hz. To help reduce uncertainty, each
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Table 1. Atmospheric stability classification.

Stability ζ

Moderately unstable −0.5 ≤ ζ < −0.3
Slightly unstable −0.3 ≤ ζ < −0.1

Near-neutral −0.1 ≤ ζ < 0.1
Slightly stable 0.1 ≤ ζ < 0.3

Moderately stable 0.3 ≤ ζ < 05

case was simulated using six different random seeds, where the median values were chosen as the
averaging method.

The empirical formula for the Pointed-Blunt spectral model, which is valid for near-neutral
and unstable stratifications [9]:

fSi
u2∗

=
ai1n

(1 + bi1n)5/3
+

ai2n

1 + bi2n
5/3

(1)

for a stable atmosphere, the following applies [9]:

fSi
u2∗
≈ c1n−2/3 +

ai2n

1 + bi2n
5/3

+ a3n
−2. (2)

where Si, i = u, v, w is the one-point spectrum of turbulence component. Coefficients ai1, a
i
2, a3,

bi1, b
i
2, and c1 are a function of stability and for brevity, the values are not provided here, but

are available in Cheynet et al. [9]. f is the frequency [Hz], n = fz/uhub is the dimensionless
frequency, and u∗ is the friction velocity [m s−1].

The friction velocity is estimated following Section 2.3.6 in DNV-RP-C205 [17]:

uhub =
u∗
κ

(
ln

z

z0
− ψ

)
(3)

where uhub is the mean wind speed at a reference height, in this case at the hub elevation. κ ≈ 0.4
is the von Kármán constant, z0 is the surface roughness, and ψ is a stability function [17]:

ψ =

{
−4.8ζ ζ ≥ 0

2 ln(1 + x) + ln(1 + x2)− 2 tan−1(x) ζ < 0
(4)

where x = (1− 19.3ζ)1/4. The surface roughness z0, is computed using the Charnock relation by
assuming near-neutral stability for simplicity [18]:

z0 =
αcu

2
∗

g
(5)

αc is a constant, taken as 0.0185 [19] and g = 9.81 m s−1 is the acceleration of gravity. Fig. 1
summarises the estimated friction velocity for each stability class and mean wind speed. The
friction velocity increases almost linearly with the mean wind speed and as ζ decreases, as
expected.
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Figure 1. Estimated friction velocity for the considered atmospheric stability classes, as a
function of mean wind speed at hub height.

The stability-dependant co-coherence was taken from the empirical formula [9], which was
developed based on the Davenport coherence function [20]. The formulation is applicable only
for vertical separations. In the absence of information on the lateral-separation co-coherence,
it was then assumed that the lateral-separation co-coherence has the same magnitude as the
vertical-separation co-coherence, that is

γi(d, f) ≈ exp

{
−
[
d

uhub

√
(ci1f)2 + (ci1)

2

]}
(6)

where d is the separation distance [m] either in the lateral or vertical direction, ci1 and ci2 are
stability-dependant coefficients.

The dimensionless target spectra of the Pointed-Blunt model at near-hub height for uhub =
12 m s−1 are presented in Fig. 2. The spectra are normalised with the dissipation of turbulence
kinetic energy [13]:

φ2/3ε =

{
1 + 0.5|ζ|2/3, ζ ≤ 0

(1 + 5ζ)2/3, ζ ≥ 0
(7)

For comparison, the well-known empirical spectra for near-neutral stratification from Kansas
measurement (Kaimal spectral model) [13] are shown as dashed lines. The atmospheric stability
affects the turbulent component spectra, especially when n < 0.4. At this range, the spectral
energies are higher under unstable conditions than under stable conditions, for all three velocity
components.

Similarly, the stability-dependent co-coherence is plotted in Fig. 3 and was compared with
the IEC exponential coherence [6]. Here, the separation distance d is taken as 60 m, which is
applicable for either lateral or vertical separation, and uhub = 12 m s−1. The magnitude of the
co-coherences increases gradually from moderately stable to moderately unstable conditions,
which is not included in the exponential coherence model [6]. The IEC exponential coherence
provides significantly lower co-coherences for the cross-wind component at kd < 0.2 and vertical
wind component for all kd, due to (1) the lower magnitudes of turbulence length scale for the
v-component (113 m) and w-component (28 m) than the u-component (340 m) and (2) a constant
decay coefficient of 12 for all three velocity components.
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Figure 2. Empirical spectra of the along-wind (left), cross-wind (middle), and vertical (right)
velocity components for all considered stability classes for uhub = 12 m s−1. The velocity
spectrum from Kaimal and Finnigan [13] for near-neutral stability is presented in dashed line as
a benchmark.
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Figure 3. Theoretical co-coherence of the along-wind (left), cross-wind (middle), and vertical
(right) velocity components for all considered stability classes for uhub = 12 m s−1 and separation
distance of d = 60 m. k = 2πf/uhub is the wave number. The exponential coherence from IEC
61400-1 [6] for near-neutral stability is presented in the dashed line for comparison.

Table 2. Waves parameters for different mean wind speeds.

Mean wind speed at hub height [m s−1]

6 8 10 12 14 16 18 20

Hs [m] 0.5 0.6 0.7 1.1 1.8 2.6 3.5 3.8
Tp [s] 3.5 3.9 3.7 5.2 6.8 8.0 6.5 9.7

2.3. Step 2: Aero-hydro-servo-elastic simulation
SIMA (Simulation Workbench for Marine Application) [21] is used as the aero-hydro-servo-elastic
simulation tool. The main environmental loads for the aeroelastic simulations are turbulent wind
and waves. The turbulent wind input is as described previously and the wave input is given
in Table 2, where reference values were taken from Jacobsen and Godvik [1]. The same wave
input is applied for all stability classes for each mean wind speed. Each case is run for 30 min, to
match the duration of the wind time series.

The spar wind turbine is modelled following Jonkman [12] for the Phase IV of Offshore
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Table 3. Spar wind turbines’ key characteristics.

Parameter [unit] Hywind Scotland OC3

Rated power [MW] 6 5
Rotor diameter [m] 154 126

Hub height [m above sea level] 98 90
Rated wind speed [m s−1] 10 11.4

Water depth [m] 95-120 320
Floater draft [m] 78 120

Mooring [-] 3 lines with crowfoot 3 lines

 

Figure 4. OC3 spar wind turbine modelled in SIMA.

Code Comparison Collaboration (OC3) project, which adopts the NREL’s 5 MW turbine. Some
important characteristics of the spar WT are provided in Table 3, side-by-side with the Hywind
Scotland’s spar WT properties as a comparison. Fig. 4 illustrates the OC3 spar WT model in
SIMA. The Hywind Scotland WTs have a similar configuration but with a different blade-pitch
controller and mooring system, and slightly different dimensions.
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Figure 5. Platform pitch motion: simulation (left) vs observation (right). In the left panel, the
circles are the median values from the six seeds, and the error bars indicate the minimum and
maximum values from the six seeds.

3. Results and discussion
3.1. Floater motions
We focus herein on the pitch and yaw motions of the floater, which were particularly sensitive to
the atmospheric stratification according to the Hywind Scotland observations [1]. The simulated
platform pitch and yaw motions are given in the form of standard deviation from a 10 min time
series response. Although the simulations were performed for a 30 min duration, only the last
10 min time series were analysed for two main purposes: (1) to avoid the initial transient period
and (2) to use a similar averaging time to the one used by Jacobsen and Godvik [1] for Hywind
Scotland.

Fig. 5 compares the simulated and the observed platform pitch standard deviations plotted
against the mean wind speed for all considered stability classes. In the simulated results, the
median values from the six seeds are shown in circles, where the error bars mark the minimum and
maximum values from the six seeds at each mean wind speed. The Hywind Scotland observations
are presented as the mean values (right panel of Fig. 5) at each mean wind speed bin with an
increment of 0.5 m s−1.

Overall, there is a good agreement between the simulations and the observations in Fig. 5.
Yet, the magnitude of the platform pitch from the simulations at wind speeds lower than rated
are higher than the observations, since there is an advanced blade-pitch controller applied in
the Hywind Scotland WTs, while the OC3 model uses only a conventional controller [12]. The
advanced blade-pitch controller [22] damps the excessive platform pitch motion of the full-scale
spar WTs at Hywind Scotland for wind speeds rated and above. Both the simulated and the
observed platform pitch increase with mean wind speed up to the rated wind speed (see Table
3), and then decrease gradually. When using a standard pitch controller for bottom fixed wind
turbines for a floating wind turbine, the pitch frequency of the spar floater is nearly similar to
the blade pitch frequency of the controller above rated wind speeds. This may account for the
differences observed here. Additionally, the use of co-coherence in Eq. 6 may also contribute to
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these differences, as the dependency of the decay coefficients on the ratio of vertical separation
distance-to-height dz/z in the MABL [23] is not included. According to Cheynet [23], the use of
the Davenport coherence model [20] may lead to overestimation in the simulated wind turbine
responses.

Concerning the atmospheric stratification, both the simulations and the observations show
that stable conditions yield the lowest platform pitch response of a spar WT, compared to neutral
and unstable conditions (Fig. 5). The simulated platform pitch increases from moderately
stable to near-neutral and to moderately unstable conditions. Neutral and unstable conditions
yield approximately similar magnitudes of platform pitch, both in the simulated and observed
responses. Even so, from the simulation, the platform pitch motion under moderately unstable
condition is slightly superior to the near-neutral condition for all wind speeds. The observations
show that the platform pitch motion under unstable condition is slightly higher than for neutral
condition, only at wind speeds lower than the rated.

Similarly, Fig. 6 shows the simulated and the observed platform yaw standard deviations
plotted against the mean wind speed for all considered stability classes. In general, there is a
similar trend for the platform yaw responses for both the simulations and the observations. The
platforms yaw in greater magnitude with wind speed increment, as a higher wind speed induces
a higher yaw moment on the rotor. Except for stable stratification, the observation shows mainly
higher platform yaw response than the simulation. One of the causes may be due to the larger
rotor size of the Hywind Scotland WT than the OC3 model which contributes to a larger yaw
moment experienced by the platform. Also, the Hywind Scotland observations considered only
periods when the active yaw damping control was disabled [1].

The simulated and the observed platform yaw motions show a similar dependency on the
atmospheric stratification as shown in Fig. 6. The simulated platform yaw increases consistently
from moderately stable to near-neutral and to moderately unstable conditions. The same is also
noted from the Hywind Scotland observation, except that the platform yaw responses under
neutral and unstable conditions are roughly of the same magnitude.

3.2. Discussion
Albeit there is a reasonable agreement between the simulated and the observed platform responses,
a notable discrepancy in magnitude is especially seen when comparing stable and unstable
conditions. The simulations show a systematic change of the platform responses with the
atmospheric stability, as it shifts from moderately stable to moderately unstable. This behaviour
follows the trend of the target turbulent wind spectra, particularly at dimensionless frequencies
below 0.05 shown in Fig. 2. The natural frequencies of large floating wind turbines are typically
below 0.2 Hz, which coincide with the observed higher spectral energy of the velocity components
in unstable atmospheric conditions. On the other hand, there are larger discrepancies of platform
motion responses for stable and unstable conditions from the Hywind Scotland observations.
The estimation of atmospheric stability at the Hywind Scotland site was in fact quite crude due
to the limited observation available i.e. by measuring the temperature difference between the
air and the sea. This method is most likely unable to resolve atmospheric stability with a fine
resolution. Even so, the observed full-scale measurements show a clear difference of platform
motion responses between unstable and stable conditions that were successfully reproduced in
the simulations. There is no rule as to which one is the best method to categorise atmospheric
stability. Nonetheless, it is recommended to consider both the temperature and momentum
fluxes to determine the degree of atmospheric stratification [13]. As a result, there is an implied
uncertainty on how stable is actually ’stable stability class’, and how unstable is actually ’unstable
stability class’ in the Hywind Scotland study.

The influence of co-coherence on the floater yaw response between the simulations and the
observations at Hywind Scotland can not be fully resolved, since to the authors’ knowledge, there
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Figure 6. Platform yaw motion: simulation (left) vs observation (right). Simulation: the circles
are the median values from the six seeds, and the error bars indicate the minimum and maximum
values from the six seeds. Observation: the stars mark the mean values at each mean wind speed
bin.

exist only limited studies that focus on the coherence for lateral separations at MABL, e.g. by
Kristensen and Jensen [25]. The recent COTUR study [24] has attempted to measure co-coherence
for lateral separation at different heights at MABL but has not been classified as a function of
atmospheric stability. The floater yaw response of a spar WT has been shown to be susceptible
to the spatial variation of turbulent wind, particularly in the lateral direction [26], where a lower
magnitude of lateral-separation co-coherence may cause a higher platform yaw response. In
the simulation, the target lateral-separation co-coherences are applied similarly to the vertical-
separation co-coherences due to the absence of information on the lateral-separation co-coherence
from FINO1 measurement. As highlighted by Solari and Piccardo [27] also Saranyasoontorn et al.
[28], the behaviour of lateral-separation co-coherence differs from vertical-separation co-coherence
for each velocity component. It is unclear whether the assumption of using the same values for
lateral-separation and vertical-separation co-coherences is reasonable for floating WT’s aeroelastic
simulations. Assuming identical co-coherence decays for lateral and vertical separations is likely
an oversimplification, which is partly reflected by the discrepancies between the simulated and
the measured spar floater responses. Therefore, additional measurements of the co-coherence for
lateral separations are needed in the MABL, to properly model the turbulent wind loading on
the rotor of state-of-the-art OWTs.

4. Conclusion
This study compared the responses of a simulated spar wind turbine (WT) exposed to synthetic
wind fields generated based on real measurements in the marine atmospheric boundary layer
(MABL), and the actual observations of spar WT responses at Hywind Scotland Wind Farm.
Although the simulated spar WT differs in terms of size, control system, and mooring system
from the Hywind Scotland WT, we aim to focus on the comparison of the platform pitch and yaw
motions with respect to various atmospheric stratifications. Five stability classes are defined in
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the simulations, based on the non-dimensional stability parameter ζ = z/L, while three stability
classes are identified from the observation as measured by the temperature difference between
the air and sea.

Aeroelastic simulations using the Pointed-Blunt spectral wind model were able to reproduce
similar variations and trends in the platform pitch and yaw motion responses of a 5 MW spar WT
as a function of atmospheric stability when compared to the full-scale observations of Hywind
Scotland spar WT. Both the simulated and the observed responses show that a spar-type WT
experiences larger platform pitch and yaw motions in unstable atmospheres. This demonstrates
the importance of including atmospheric stratification in the fatigue design of large floating
offshore WTs since the occurrence of non-neutral atmospheres is prominent at MABL.

The simulations show a systematic decrease in platform pitch and yaw magnitudes when
the atmospheric stability moves from moderately unstable to moderately stable, as also noted
from the Hywind Scotland observations. However, some discrepancies were found between the
observed and the simulated motion responses for unstable and stable conditions. The different
methods used to classify atmospheric stratification at the Hywind Scotland Wind Farm and
in the simulations may partly explain this discrepancy. Additionally, the implementation of
identical co-coherences for lateral and vertical separations may, to some extent, contribute to the
noted discrepancy.

The platform pitch motion increases with the mean wind speed up to the rated speed and
then decreases due to the negative damping effect, which was seen both in the simulation results
and the observations. The observation suggests a smaller negative damping response than the
simulation, because of the implementation of an advanced blade-pitch controller. Also, the
simulations adopted a co-coherence model where the decay coefficients are independent on the
measurement height or the separation distance, which may result in a larger negative damping
effect due to an overestimation of the wind loading. Therefore, aeroelastic simulations of offshore
wind turbines (OWTs) require accurate co-coherence modelling to properly estimate the wind
loading, as emphasised in the present study.
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tersson, H.. Effect of sea state on the momentum exchange over the
sea during neutral conditions. Journal of Geophysical Research: Oceans
2003;108(C11).

Monin, A.S., Obukhov, A.M.. Basic laws of turbulent mixing in the
surface layer of the atmosphere. Contrib Geophys Inst Acad Sci USSR
1954;151(163):e187.



129
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