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Abstract

According to IEC 61400-1 and IEC 61400-3 standards, the wind load on the rotor-nacelle assembly of offshore wind turbines
should be estimated from the Kaimal or Mann spectral models, unless site-specific full-scale measurements are available. The
Kaimal spectral model was developed in a flat and homogeneous onshore site and its applicability in offshore environment, e.g. the
North Sea, where a number of wind turbines are in operation, is not thoroughly documented. The present paper utilizes the wind
data recorded on the offshore platform FINO 1 in 2007 and 2008 to study the single-point auto-spectral and cross-spectral densities
of wind turbulence. It investigates the validity of the Kaimal model, the Mann spectral model, the IEC Kaimal model and the one
proposed in the NORSOK standard N-003. The latter standard is developed by the Norwegian petroleum industry for the design of
offshore structures. Time series of 1 h duration are considered and a simple non-stationary wind model based on a time-varying
fluctuating mean is used to increase the number of samples that can be treated as stationary.

For wind velocities ranging from 14 ms~' to 28 ms™!, a good agreement is observed between the Kaimal spectra and the measured
ones, although the power spectral density of the wind fluctuations is larger than predicted for reduced frequencies below 0.04.
The Mann spectral model showed a good agreement with the measured spectra. At the altitude of 80 m, we found in average
[ =3.7, ae*® = 0.04m*3s72 and L = 70 m. Finally, the NORSOK spectrum agrees fairly well with the measured one if a Charnock
coefficient of 0.011 is used.
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1. Introduction

The dynamic wind load on wind turbines is commonly modelled in the time domain using the wind spectral models
provided by IEC 61400-1 [1]. These include the models by Kaimal et al. [2] and Mann [3], the parameters of which
have been fitted to the Kaimal spectral model. The latter model was developed for a flat and homogeneous onshore site,
and its applicability in offshore environment is little documented, especially for the North Sea. Few spectral models
have been designed using offshore measurements. Among them is the wind spectrum currently used in the NORSOK
standard [4] and developed based on field measurements in Sletringen (Frgya municipality), which is an island located
ca. 110 km West of Trondheim in Norway.
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The offshore platform FINO 1, located 45 km North of Borkum in Germany, provides continuous measurements of
offshore wind since 2003 [5]. Until now, the data collected have been used to describe the turbulence intensity [6], to
study the wind velocity profile over the sea [7], turbulent fluxes [8, 9] and the wind coherence [10]. The platform has
also been utilized to investigate the applicability of wind lidar technology to measure turbulence statistics [11, 12].
As shown in a short review by Kettle [13], no in-depth analysis of the single-point auto-spectral and cross-spectral
densities of the wind fluctuations has however been conducted.

Based on the wind data recorded on the offshore platform FINO 1 in 2007 and 2008, the present paper assesses
the applicability of the Mann spectral model, the Kaimal spectral model and the NORSOK spectrum to model the
surface-layer wind turbulence in offshore environment, under neutral and near-neutral atmospheric stability. The
study is organized as follows: firstly, a review of measurements of offshore wind spectra during the last thirty years is
presented. Secondly, the measurement site is briefly introduced as well as an overview of the wind conditions recorded
in 2007 and 2008. Thirdly, the wind spectra estimated from the measurement data for the three wind components are
compared to the Mann and the Kaimal spectral models. For the along-wind component, the comparison also includes
the NORSOK spectrum and the IEC Kaimal spectrum. The discussion focuses on the challenges associated with the
study of the spectral characteristics of offshore wind.

2. Instrumentations and methods
2.1. A review of offshore wind spectra

At the end of the 70s, Naito [14, 15] conducted early measurements of the spectral characteristics of offshore wind
in Japan, 1 km from the coast and up to 15 m above sea level. These measurements remain a rare case where the three
wind components were measured offshore (Table 1). In 1985, based on the measurements of Smith [16], Kareem [17]
proposed an empirical wind spectrum for the along-wind component derived from Kaimal et al. [2] that was better
suited for modelling the dynamic wind loads in offshore environment. In 1988, Ochi et al. [18] reviewed the different
wind spectra measured the decade before and showed that they were similar in the high frequency domain but displayed
significant differences in the low frequency range, which highlights the need to use site-specific spectra to better model
wind loads on offshore structures. In the 90s, the spectral characteristics of wind were studied on the Norwegian coast
by Andersen and Lgvseth [19-21] and are currently used in NORSOK Standard [4]. More recently, the de Maré and
Mann [22] assessed the Mann turbulence model in the Baltic Sea for wind velocities ranging from 8 ms~! to 12ms™'.
The present paper complements their study by considering larger wind velocities and a higher measurement altitude.

In the present study, the along-wind, across-wind and vertical wind component are denoted u, v and w, respectively.
The wind component i = {u, v, w} is a random process that can be split up into a mean part, i, and a fluctuating part with
zero mean, i’. By definition, ¥ = w = 0ms™' [23], leading to the following relations:

u=u+u (D
yv=y 2)
w=w 3)

Table 1. Review of full-scale measurements of offshore wind spectral densities.

Reference Location Wind component(s) Velocity range Averaging time
Naito [14, 15] Sagami Bay u, v, w 2ms ! <u<19ms! 27 min
Smith [16], Kareem [17]  Atlantic NW u 6ms™! <u<22ms”! 40 min
Eidsvik [24] Norwegian Sea u 2ms ! <u<36ms! 20 min
Andersen and Lgvseth [21] Norwegian Sea u 15ms™!'<u<27ms™! 40 min
de Maré and Mann [22] Baltic Sea U, v, w 8ms ! <u<12ms™! 30 min

Present study North Sea u, v, w 14ms™! <u<28ms™! 60 min
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Table 1 summarizes the former measurement campaigns focusing on the spectral analysis of the turbulent wind,
a majority of which were conducted more than 25 years ago. Focus has often been on the along-wind component
u only. Yet, the application of the Mann turbulence model requires the knowledge of the auto-spectra of the three
wind components, denoted S, S, and §,, as well as the cross-spectrum between the along-wind and vertical wind
component S ,,,. The present paper investigates therefore the spectral characteristics of all three wind components.

2.2. Data processing

Table 1 shows that the averaging time used in the previous studies varied between 20 min and 40 min. For a
stationary random process, a larger averaging time leads in general to an increased accuracy of the estimated turbulence
statistics [25, Chap. 1.15]. Offshore environments may be characterized by the predominance of unstable atmospheric
conditions [26, 27] for which the turbulent time scales are larger than for the neutral atmosphere, requiring the use of
averaging time larger than the standard value of 10 min. Similarly to Kaimal et al. [2], we chose to use an averaging
time of 60 min in the present study, which is also the averaging time adopted in ESDU 86010 [28]. This allows
in addition the application of the non-stationary wind model used by e.g. Xu and Chen [29] and Chen et al. [30]
which relies on the idea that wind statistics may slowly fluctuate with time. If a sample duration of 10 min is used,
these fluctuations cannot be properly captured. The first non-stationary model, refereed to as model I by Xu and
Xia [31], describes the wind velocity data as the superposition of a time-varying mean and a stationary wind fluctuating
component. The time-varying mean is estimated by applying the empirical mode decomposition (EMD) [32]. The
stationarity of the remaining fluctuating component is assessed using the stationary test from Bendat and Piersol [33].
This test is conducted using 900 reverse arrangements per hour and a 95% confidence interval. The EMD algorithm
used in the present study comes from Flandrin et al. [34]. After application of the EMD and the removal of any linear
trend, between 20 % and 30 % of the samples were detected as non-stationary per month. The non-stationary model II
relies on the use of a time-varying wind spectrum, also called evolutionary power spectral density (EPSD) [35-37].
This model is not investigated in the present paper, although it may become central for floating wind turbines for
which the combined effects of wind and waves are commonly studied using different averaging times. For example,
IEC 61400-1 [1] advises an averaging time of 10 min for the wind and 3 h for the waves. As shown by e.g. Wang
et al. [38], the probability to measure stationary winds with an averaging time of 3 h may be close to zero, calling for
the application of the non-stationary wind model II.

After disregarding non-stationary wind records, the single-point auto and cross-spectra are calculated using Welch’s
algorithm [39] with 4 segments of 15 min duration and 50% overlapping. The wind spectra are afterwards segregated
into 6 bins corresponding to wind velocities ranging from 14 ms~' to 28 ms~!, which largely overlaps the typical wind
velocity range for the rated output power of a wind turbine [40]. The median of the wind spectra is then calculated for
each velocity bin instead of the mean value to reduce the influence of possible outliers on the averaged spectra.

2.3. The FINO 1 platform

The FINO 1 met-mast is a 81 m long steel lattice tower installed on a 20 m high jacket platform at 28 m water
depth. It is instrumented with 8 cup anemometers (CA) at heights ranging from 33 m to 100 m, 4 wind vanes at heights
between 33 m and 90 m and 3 Gill R3-50 sonic anemometers (SA) operating at 40 m, 60 m and 80 m [41]. In the
present study, only the data recorded by the SA located 80 m above sea level is used.

2.4. Spectral models

2.4.1. Blunt and pointed models
The general expression of the wind spectrum S (f) can be given as a function of the friction velocity u,, the altitude
z, the mean wind velocity u and 6 floating parameters a, b, ¢, @, § and y [42, 43]:
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Table 2. Parameters a; and b;, i = {u, v, w} used in the Kaimal spectral model.
u v w uw
ai 105 17 2.1 14
b; 33 9.5 53 9.6

where n is the reduced frequency. The friction velocity u, is calculated following the definition given by Weber [44]:
1/4
u. = (@ +w?) " (©6)

The relationship between the friction velocity and the variance of the wind components is given through the so-called
“turbulence intensity factor” 8; (i = {u, v, w}):

o} = . (7

According to Tieleman [43], « = 1, 8 =5/3, vy = 1 and ¢ = 1 (the so-called “blunt model”) is recommended for
perturbed terrain whereas @ = 5/3,8 =1,y = 1 and ¢ = 1 (“pointed model”) is representative of flat, smooth and
uniform terrains. As summarized by Solari and Piccardo [45], the “pointed model” and the “blunt model” are the
most common wind spectral models found in the literature. In both models, a and b are the two remaining floating
parameters in the wind spectrum. Kaimal et al. [2] used the “blunt model” for the horizontal components (Egs. 8-9) but
the “pointed model” for the vertical component:

fSu  aun
W (b ®
fS, an
S A 9
w2 (1+byn)? ®
Sy a,n
2 1+ by (10)
IS Ayt
@2 (1 + b (o

where a; and b;, i = {u, v, w, uw} are defined in Table 2.

To provide a consistent comparison between the coefficients a; and b; found by the Kaimal spectral model and those
found using the data recorded at the FINO 1 platform, we chose to proceed in a similar fashion as Kaimal et al. [2],
i.e. by using the “blunt model” for S, and S, and the “pointed model” for S,,. For the cross-spectrum §,,,, we use a
similar spectrum as by Kaimal et al. [2],i.e. witha=1,8=24,y=1andc = 1.

2.4.2. The Mann spectral model

The Mann spectral model [3, 46] is more complex compared to the spectral models used in subsection 2.4.1 and
will not be described explicitly here for the sake of brevity. Although the along-wind component is of major interest
for offshore structures, the application of the Mann turbulence model requires the knowledge of the three turbulent
components as well as the real part of the cross-spectrum S',,,. The Mann spectral model depends on three parameters
@€?3, L and T. The term ae®? is a measure of the energy dissipation, where € is the rate of viscous dissipation of
specific turbulent kinetic energy and « is the three-dimensional Kolmogorov constant equal to 1.7. L is a length scale
of the spectral velocity tensor and I is the shear parameter that quantifies the anisotropy of the spectral tensor. In the
present paper, ae*/?, L and I are floating parameters that are estimated by fitting the Mann spectral model to S, S,
and S, as well as the real part of the cross-spectral density S ,,,.

2.4.3. The NORSOK and IEC Kaimal models
The so-called “Frgya model” [19-21] is used in the NORSOK Standard [4] to model the wind spectrum of the
along-wind component only. It is defined using the mean wind velocity u, measured 10 m above sea level and the target
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altitude z:

i\ 7 |04 "
Su(f) = 320( % (—) (1+Am)"5
PRRE LA A
= f E
m = 0.468

where u, is defined using the logarithmic profile:

and 7 is estimated using the Charnock relation [47]:
=2 g=981m/s%, a=00172
8

The IEC Kaimal spectral model [1] for the along wind component is defined as:
fSu(f) _ _ 4fLuJu
or (1 +6fLJw’"
L, =8.1A

A _[07z ifz<60m
""l42m ifz>60m

12)

(13)
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7
(18)

19)

Contrary to the Kaimal or the Mann spectral model that are by definition normalized with respect to u?, the IEC
Kaimal model for the along-wind component is normalized by o2 and the NORSOK spectrum is not normalized. This

may introduce additional discrepancies between the measured spectra and these models.

2.5. Atmospheric stability

The present study focuses on two years of wind records from 2007 to 2008. Fig. 1 shows that the years 2007 and
2008 may be considered as representative of wind condition in the North Sea during the last 27 years. The stacked bar
plot in Fig. 1 is made using wind data recorded at the Ekofisk oil field in the North Sea from 1990 to 2017 (1.2 x 10°
samples). These data have been obtained using the access-free database from the Norwegian Meteorological Institute
[48] and corresponds to the 10 min mean wind velocity 10 m above sea level, stored every three hours.

During the year 2008, we did not have access to temperature measurements obtained at the FINO 1 platform. The
atmospheric stability conditions were therefore assessed based on the spectral estimates, following the approach of
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CJu >22m/s

Fig. 1. Number of wind records bounded between 10ms~! and 24 ms™! at the Ekofisk oil field from 1990 to 2017.
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Kaimal et al. [2], who studied the ratio S,,/S , as a function of the reduced frequency n and the dimensionless Obukhov
stability parameter z/L. According to the theory of isotropic turbulence, the ratio S,,/S, = 4/3 is expected in the
inertial subrange. For neutral stability, Kaimal et al. [2] observed that the ratio was relatively constant and equal to 4/3
for n > 2, then decreased monotonically to reach a ratio of S,,/S, = 1 for n = 0.75. In the present case, only samples
satisfying 1.2 < §,,/S, < 1l4for2<n<5and09<S,/S, <1.1for0.5 <n <1 are selected as representative of
a relatively neutral atmospheric stability. By doing so, at least 80% of the wind samples were disregarded. This is
relatively consistent several studies [26, 27] who found that the marine boundary layer may be neutral only about 20 %
of the time, or even less [49].

3. Results and discussions
3.1. Wind conditions at the FINO 1 platform in 2007-2008

A summary of the wind conditions measured at FINO 1, 80 m above the sea is given in Fig. 2. For the sake of clarity,
the wind rose on the left panel is displayed for hourly wind velocities above 14 ms~! only. Wind records obtained for
a mean direction ranging from 90° to 160° have been disregarded as they are located in the mast shadow [50]. Data
recorded with a wind direction between 60° and 90° shows however that the mast shadow may cover an area larger than
predicted. During the measurement period from 2007-2008, the largest wind velocities were recorded for a direction
ranging from South to West, with an average turbulence intensity (TI) rarely above 10% as shown in the right panel
of Fig. 2. The measured values of I, and their relation to the predicted values in IEC61400-3 [51] is consistent with
the observations from Tiirk and Emeis [6] where the increased surface roughness is estimated based on the Charnock
relation [47]. In Fig. 2, the ratio 1, /I, and I,,/1, are equal to 0.77 and 0.53 respectively for u > 15m s~!, which is in
the range of expected values [45].

The estimation of 3; (i = {u, v, w}) is more challenging because a relatively large scatter is measured, except for the
vertical component. A value commonly used for 8, ranges from 6.1 to 6.5 [16, 52], although Solari and Piccardo [45]
reviewed values ranging from 5 to more than 12 for zp < 0.01 m. Fig. 3 shows the histogram of 8; based on 1 h wind
velocity data recorded in 2007-2008 at the FINO 1 platform (z = 80 m) after disregarding non-stationary samples and
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Fig. 2. Left:Wind rose made of 1 h wind velocity data over 14 ms~! recorded during the year 2007-2008 at the FINO 1 platform, 80 m above sea
level (2.8 x 10® samples). Right: Hourly turbulence intensity recorded during the year 2007-2008 80 m above the sea level at the FINO 1 platform,
after pre-processing, and comparison with the predicted value given in IEC61400-3 [51] for a hub height of 80 m and the linear model from Andersen
and Lgvseth [21].
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Fig. 3. Histograms of the turbulence intensity factor recorded at the FINO 1 platform during the year 2007-2008, based on 1 h wind velocity data
over 14ms~! and disregarding data above the 75" percentile (2.8 x 10° samples) to improve the readability of the histograms.
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Fig. 4. Evolution of the hourly friction velocity with u (left) and o, (right) in 2007-2008, 80 m above the sea level at the FINO 1 platform, after
removal of non-stationary samples. For the right panel, only samples characterized by /, < 0.1 have been considered.

considering samples with a wind velocity over 14 ms~! only. To improve the readability of the histograms displayed in
Fig. 3, values of 8; above the 75" percentile were disregarded. If the values above the 75" are included, the median
values of the turbulence intensity factors are Bu=55,B,=33and ﬁw = 1.6, which is hardly larger than the median
values displayed in Fig. 3. In Fig. 4, the variation of u. with u agrees rather well with the results by Emeis and Tiirk [9],
which concerned a larger data set measured 40 m above sea level. For high wind velocities, the present data indicates
a slower increase in the implied surface drag coefficient with wind velocity, similarly to the data by Andersen and
Lgvseth [21]. By considering only samples verifying I, < 10 %, the evolution of u, with o, is almost linear and a
linear regression gives 3, = 6.5. The non-linearity becomes however more pronounced for o, > 2ms~!

3.2. Comparison with the Kaimal spectrum model

For six velocity bins ranging from 14 ms~! to 28 ms™!, the single point auto-spectra and the real part of the cross-
spectrum Re {S,,,} are calculated based on the hourly wind data recorded during 2007-2008 by the Sonic anemometer
at z = 80 m. For each velocity bin, the high-frequency content of the averaged measured spectra is smoothed using
a logarithmically spaced interval, facilitating the comparison with the predicted spectra. The estimated normalized
spectra are similar for the six wind velocity intervals considered. More noisy spectra are however obtained for wind
velocities above 22 ms™! as the number of samples acquired at such large velocities is relatively low.

The fitted Kaimal spectra S, S, and S, agree remarkably well with the measured ones. These observations are
consistent with low level airborne measurements conducted by Nicholls and Readings [53] over the sea outside of
UK. For n < 0.04 and for every velocity bin, the fitted spectrum S, shows in the present study a slightly lower energy
content than measured. To further access the discrepancies, the blunt model and the pointed model presented in Egs.
8-11 were fitted to the measured spectra in the least-square sense. Fig. 6 shows the measured and fitted spectra whereas
Fig. 7 displays the estimated values of a; and b; (i = {u, v, w, uw}) as a function of the binned mean wind velocity. In
Fig. 7, the solid lines correspond to the coefficients found by Kaimal et al. [2] whereas the fitted coefficients found for
the FINO 1 platform at z = 80 m are displayed as marks. The fitted coefficients a, and b, range from 129 to 239 and
from 36 to 63, respectively. The estimated values of a, and b, are relatively constant, except for the fifth velocity bin,
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Fig. 6. Wind spectra measured (solid lines) and fitted spectra according to Eq. 4 (dashed lines) based on 1 h stationary wind data recorded at the
FINO 1 platform, 80 m above sea level.

ie. for22ms™! <% <25ms~!, where the value of the estimated coefficients may be outliers. The coefficients a,, b,,
a,, and b,, are all consistent and show little dependency on the mean wind velocity u. The coefficients a,,, and b,,, are
however slightly decreasing for an increasing wind velocity. In a first approximation, the dependency of a,,, and b,,, on
the mean wind velocity is however considered small enough so that the median of a,,, and b,,, can be estimated in the
velocity range 14ms™' <% <28ms™!. _

The median values of g; and b; (i = {u, v, w, uw}), based on all velocity bins, denoted a; and b; respectively, are
presented in Table 3. If the fifth velocity bin is excluded, the values are more or less the same. An alternative approach
to estimate a; and b; may be to apply a weighted median accounting for the different number of samples in the different
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Fig. 7. Coefficients a; and b; (i = {u, v, w, uw}) estimated after least-square fitting of the blunt and pointed spectral models to the measured single-point
spectra recorded at the FINO 1 platform, 80 m above sea level in 2007-2008. The coefficients presented in Table 2 are shown as solid lines.

Table 3. Median value of the fitted coefficients for the six velocity bins considered in Fig. 7.

Operator a, by a, b, a, by Quyy buw
Median 148 45 17 9.3 2.5 7.0 13 12
Weighted median 144 45 17 9.5 2.5 7.5 13 12

velocity bins. Such an approach gives a slightly lower value for a, whereas the remaining coefficients are more or less
unchanged. _

As expected, the values of a, and b, are those which differ most from those in Table 2. The variance of the
along-wind component calculated using a,, = 148 and b, = 45 is ca. 17 % larger than if a, = 105 and b, = 33 are
used. Although the values of a, and b, are larger than those found by Kaimal et al. [2], they remain lower than those
found by Kareem [17], which are a, = 335 and b, = 71. A least-square fit of Eq. 8 to the Ochi spectrum [18] leads to
even larger coefficients a, and b,, with a, ~ 810 and b, ~ 120 respectively. On the other hand, the Simiu and Scanlan
spectrum [54] is relatively close to the one discussed in the present study, with a, = 200 and b,, = 50.

3.3. Comparison with the fitted Mann spectral model

The Mann spectral model requires only 3 parameters whereas Eqs. 8-11 involve a total of 8 parameters. On the
other hand, the parameters of the Mann turbulence model vary with the altitude and the mean wind velocity [46]. As
shown in Fig. 9, we chose here to fit the Mann spectral model to the measured spectra directly, rather than to use values
previously calculated in e.g. Mann [46]. In Fig. 8, the comparison of the fitted Mann spectral model to the measured
spectra shows a good agreement for different velocities bins. The spectral peak for S, is properly captured, although
the fitted spectra remains slightly below the measured one at reduced frequency below 0.02, whereas the computed real
part of S, is slightly larger in magnitude than measured. The parameters of the fitted model are relatively stable for the
different velocity bins (Fig. 9), with a median value for I', @€*/? and L equal to 3.7, 0.04 m*/3s~2 and 70 m respectively.

For the ESDU model spectra [28] computed over the sea, Mann [46] provided a chart where the values of ae?’3,
L and T can be estimated given u and the altitude z. For u = 20m s~! and z = 80 m, one reads ae?? ~ 0.19 m*/3s72,
L ~55mandT =~ 4.5. The values we obtained in the present case are slightly different. In a more recent study, de Maré
and Mann [22] fitted the Mann spectral model to the wind spectra recorded at Rgdsand II offshore wind farm in the
Baltic Sea, for altitudes ranging from 15 m to 57 m and wind velocities from 8 ms~! to 12ms~! at 15 m above sea level.
Although the SA they used at 15 m above sea level was likely located close to or in the “wave disturbed layer” [55], the
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Fig. 9. Fitted coefficients for the Mann turbulence model corresponding to the spectra displayed in Fig. 8.

two other SA led to 1.8 < ae?3z%3/u? < 3.0,15m < L <29m and 3.0 < T < 3.1. In the present case, we obtained
1.2 < ae?*z2/3 Ju? < 2.0. Discrepancies may come from the different fitting methods. In the present study, the values of
T, @e?? and L are simultaneously calculated by fitting the Mann turbulence model to S ,,, S, S, and S ,,,. On the other
hand, de Maré and Mann [22] estimated first L based on S, and S ,,,,, and thereafter I and @€?’? from S, S, and S ,,.

3.4. Comparison with the NORSOK spectrum and the IEC Kaimal spectrum for the along-wind component

In Fig. 10, the estimated spectra based on the FINO 1 data are compared to the IEC Kaimal spectrum and the
NORSOK spectrum. Similarly to the results in Fig. 5, the IEC Kaimal spectrum shows an overall good agreement with
the measured spectrum with a slight misalignment of the spectral peaks. The value of Ay, fixed to 42 m in Eq. 19 may
be well suited for an onshore site but may be too low for the offshore environment. A value of ca. 73 m allows for
example the spectral peaks of the IEC Kaimal model and of the measured spectrum to better overlap.

The Charnock coefficient is known to be estimated with a large scatter [56, 57]. Kraus and Businger [57, p. 145]
report for example values ranging from 1.1 x 1072 to 1.8 x 1072, This coefficient is known to be influenced by e.g. the
wave age, the wave height, the water depth, the fetch [58, 59] and possibly the wind speed [60]. In the present study,
two values of the Charnock coefficient were therefore investigated. The first one was a = 0.0172, i.e. the same value as
by Andersen and Lgvseth [21]. The second one was a = 0.011 which was proposed by Smith [16] for the open sea and
adopted in IEC61400-3 [51]. For both Charnock coefficients, the spectral peak of the normalized measured spectrum
and the NORSOK spectrum are relatively well aligned. However, the normalized NORSOK spectrum computed with
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Fig. 10. Wind spectra of the along-wind component estimated based on 1 h stationary wind data recorded at the FINO 1 platform, 80 m above sea
level and compared to the NORSOK spectrum and the IEC Kaimal.

a = 0.0172 has lower values than the measured one for 0.008 < n < 1. For the velocity bin between 14ms~! and

16ms~!, the NORSOK spectrum computed with a = 0.0172 is for example up to 20 % lower than the measured one.
This discrepancy is greatly reduced if a = 0.011 is used instead. The Charnock coefficient a = 0.011 is consistent
with the site-specific value a = 0.012 found by Pefia and Gryning [61] in the Danish North Sea. The estimation of
a site-specific Charnock coefficient at the FINO 1 platform is relevant for a more accurate comparison between the
NORSOK spectrum and the measured one, but is out of the scope of the present study.

3.5. Challenges associated with the study of the surface-layer turbulence in offshore environment

The presented spectral properties of turbulence are based on the wind samples detected as stationary after removal of
their fluctuating mean using the EMD [32, 34] and de-trended in an additional step. As shown in Fig. 5, the measured
wind spectra still contain low-frequency components of higher magnitude than in the spectral models investigated.
Similar findings have been previously reported for the horizontal turbulence [22, 62], in particular in case of non-neutral
atmospheric stability. It might also explain why the wind spectra proposed by e.g. Kareem [17] or Ochi et al. [18]
display a larger energy content than for onshore locations.

One of the reasons for such a larger energy content may be that the “spectral gap” [63] can be partially filled
in offshore environments. The low frequency region of the microscale atmospheric motion is often assumed to be
separated from the high frequency content of the larger scale convective atmospheric motion by the spectral gap [64].
For a flow from the ocean near Frgya island (where the NORSOK spectrum has been defined), Gjerstad et al. [65]
and Heggem et al. [660] could not clearly identify such a spectral gap for heights above 40 m, in particular for slightly
unstable and unstable conditions. The decrease of the gap depth with height was also observed by Larsén et al. [67],
especially in offshore environment, where the spectral gap was almost invisible 80 m above sea level. In the present
study, most of the wind samples characterized by a low-frequency spectrum larger than expected and/or a monotonically
increasing wind spectrum for decreasing frequencies were discarded by removing strongly unstable or stable wind
records using the method described in subsection 2.5.

Although only 20% to 30% of the wind data were observed to be non-stationary after application of the EMD and
removing any linear trend, a large number of wind records were dismissed during our attempt to remove the stable
and unstable conditions (from 80% in Januray 2007 to 97% in April 2008). This indicates that the wind conditions
described in the present study may not be the most common ones observed at the FINO 1 platform. As observed by
Archer et al. [27] in the Northeastern U.S. coast or Coelingh et al. [49] in the North Sea, an unstable stratification may



Etienne Cheynet et al. / Energy Procedia 137 (2017) 414—427 425

be predominant in offshore environment, which is also the atmospheric condition for which the spectral gap was not
clearly observed by Gjerstad et al. [65] and Heggem et al. [66].

4. Conclusions

Two years of wind velocity data recorded from 2007 to 2008 at the FINO 1 platform in the North Sea have been used
to study the spectral characteristics of offshore wind under near-neutral conditions. Wind records with an 1 h mean wind
velocity ranging from 14 ms~! to 28 ms~! were used. Their fluctuating mean was removed using the empirical modal
decomposition and their stationarity was assessed using the reverse-arrangement test. The estimated wind spectra were
compared to the Kaimal spectral model, the NORSOK spectrum and the Mann turbulence model. To limit the influence
of strongly unstable and stable atmospheric conditions, only samples satisfying 1.2 < S,,/S, < l.4for2 <n <5 and
09<8S,/S,<1.1for0.5 <n <1 were selected as representative of a relatively neutral atmospheric stability.

A remarkably good agreement was obtained between the measured spectra and the Kaimal spectra for the across-
wind and vertical wind components, as well as the cross-spectrum between u and w components. A good agreement
was also observed for all wind velocity components analysed, down to a reduced frequency n ~ 0.04. For n < 0.04, the
power spectral density of the along-wind component was larger than predicted. The spectral peak of the IEC Kaimal
spectrum for the along-wind component was at a somewhat higher frequency than in the present case. For the time
series recorded 80 m above sea level, the IEC Kaimal spectrum can be adapted to the present data by simply increasing
the longitudinal turbulence scale parameter A from 42 m to 73 m. The NORSOK spectrum had slightly lower values
than the measured ones if the Charnock coefficient a, estimated from the Sletringen data was used. A better agreement
was obtained using a = 0.011. The Mann spectral model with parameters I' = 3.7, @€?/3 = 0.04m*3s72 and L = 70 m
agreed well with the wind spectra measured at z = 80 m. Whereas I' and L are relatively constant in the velocity range

considered, e’ was observed to increase from 0.02 m*3s=2 at 15 ms~! to 0.07 m*/3s~2 at ca. 27 ms~".
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