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Introduction

o make offshore wind energy
economically viable, it is necessary
to develop concepts for highly opti-
mized and robust Offshore Wind En-
ergy Converters (OWEC) with a long
life span. The move from land to sea
requires a change in the design of
wind energy converters. Therefore,
existing design methods have to be
improved or even new ones have to
be developed, which, in addition to
the standard loads, take wave loads
into account.

During the design process, the en-
gineer has to estimate the worst as well
as the fatigue loading condition a wind
energy turbine is likely to be exposed
to during its lifetime. This is quite a
complex task, involving different
wind/wave models, load-calculation
methods and extreme event analyses.

For a simulation of an OWEC in
the time domain, the water surface
displacements (i.e., the waves) and
the variation of the wind velocities
have to be realistically generated.
The resulting loads are quite sensitive
to the chosen correlation model for
wind and waves.

In this paper, the following meth-
ods for determining sea state char-

Wind and wave loads are equally important for the design of offshore wind en-
ergy structures. For the design against an ultimate limit state or fatigue, the engineer
has to estimate the combination of loads that are likely to occur simultaneously
during the design life of the wind turbine. This is quite a complex task, involving
different wind/wave models, load-calculation methods and statistical analysis of si-
multaneous extreme wind and wave conditions. Moreover, reliable and realistic
methods for the assessment of the service life of an offshore wind energy converter
under combined wind and wave loads are necessary. However, the current design
guidelines (Det Norske Veritas or German Lloyd) provide hardly any information on
how to model the wind and wave correlation. In this article, several approaches for
obtaining the required wind-wave correlation for the design have been investigated.
Manual wave forecasting methods, spectral sea state descriptions and numerical
wave model data have been compared to simultaneously measured wind and
wave data from the FINO research platform in the German Bight of the North
Sea. The used approaches are general and can be easily applied to different data

sets from different regions.
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acteristics for a certain wind will be
applied and compared with each
other, as well as with measured field
data:

® Statistical correlation methods
with jointly measured wind and
wave data
= Wave forecasting methods
® Numerical sea state hindcast (cov-
ering a 12-year period)
= Joint probability modeling
The combined measured wind
and wave data sets are taken from the
research platform Forschung in Nord-
Ostsee (FINO). The platform is located
in the German Bight at N54°0.86" E6°
35.26’, about 45 km north of the Is-
land of Borkum in the North Sea (Fig-
ure 1) (http://www.fino-offshore.de;
Neumann et al., 2004).

Analysis of Jointly Measured
Wind and Wave Data

The instantaneous values of water
surface displacement and wind speed
can be regarded as uncorrelated. However,
there exists some correlation between
the mean wind speed and significant
wave height. In Figure 2, the signifi-
cant wave height H is plotted against
the 10-min mean wind speed at 100-m
height. The wind speed has been taken
exactly at the same time (red triangle),
1 h before (blue circle) and 1 h after
(green cross) the significant wave
heights have been measured. No major
differences are observed in the scatter
plots of the data. Thus, only wind and
wave data measured in the same time in-
terval are regarded in the further analy-

sis. Best fit lines are shown in Figure 4.
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The following measured data are used in the analysis:

Wind
Considered period

November 2003 to May 2005
10-min mean values of the wind speed at 100-m height

Data type

87,401 data sets are measured, which correspond to a coverage
of 95% of the considered time period

10.0584 m/s and variance: 23.25 m?/s®

Data coverage

Mean

The cumulative distribution function of the 10-min mean wind speed U109 at
100-m elevation is interpreted from the wind measurement alone and is fitted to a
2-parameter Weibull distribution (a = 11.3574 and ¢ = 2.20229). A visual inspec-
tion of the data plot in Weibull scale indicates that the data fall on a straight line.

Waves
Period November 2003 to May 2005
Data type 1-h significant wave height Hg from wave buoy

10,024 data sets are measured, which correspond to a coverage
of 65.367% of the considered time period

1.4816 m and variance: 0.92335 m?

Data coverage

Mean

The cumulative distribution function of the significant wave height H; is inter-
preted from the buoy measurement and is fitted to a Weibull function (with para-
meters a = 1.66648 and ¢ = 1.65229) as well. The significant wave height data plotted
on Weibull probability paper almost fall on a straight line. Deviations from the
straight line in the far upper tail may be ascribed to statistical uncertainty among
the few largest observed significant wave heights and possibly also to a few of the read-
ings belonging to the same extreme storm and thus being highly correlated.

Correlation of Measured Wind and Wave Data

If no simultaneous wind and wave measurements are available, the simplest
approach to correlate mean wind speeds and significant wave heights is to assign
values with equal cumulative probabilities. In the case of wind and wave data

CDFWind = CDFWaves
CDF is the cumulative distribution function.
The relationship between the mean wind velocities U100 and significant

wave height H, with equal probability is shown in Figure 3. The data of H;
(Uy) are fitted to 4th degree polynomial:

H.(Un) = p, Uy, + p,U, + p3Us, + p4Un + ps

with p; = 7.741 x 1077, p, = -8.736 x 107>, p5 = 0.005328, p4 = 0.1038,
ps = -0.08235.
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FIGURE 1

Location of FINO platform (BSH, 2002) and
sketch of structure (FINO-OFFSHORE, 2004).
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The FINO data consist of pairs of
measured wave height and wind speed
(Hs, Un100), which allows to directly de-
rive a joint description of the data. For a
given mean wind speed, models for ex-
pected Hj are calibrated to the data:
= Model 1: Cubic polynomial fit

Hy(Un) = p,U,, + p,Us, + p3Un + py

with p; = -3.046 x 10, p, = 0.005447,
ps = 0.008356, p4 = 0.7137.



FIGURE 2

Scatter plot of significant wave height against 10-min mean wind speed at 100-m elevation

(FINO 2003-2005).
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Model 2: Exponential fit type 1
H(Un) = axexp(bxUn)

with a = 0.6165 and b = 0.079.
= Model 3: Exponential fit type 2

H(Un,) =axexp(bxUy,) + ¢

with a = 0.8311, b = 0.06867 and
c = -0.2876.

In Figure 4, the measured mean
wind speed is plotted against the sig-
nificant wave height. In general, the
data have a distinctive variability.

The fitted model results are also in-
cluded in the plot and are apparently in
good agreement with the observations.
Above a wind speed of 25 m/s, the de-
viations appearing between the mea-
surement and model get larger, which
is mainly caused by limited amount of
data in the high wind regime. For higher
wind velocities, the data are not only
rare, but they also show a large scatter.

In the far upper tail, the chosen
models therefore have larger devia-
tions. The smallest root mean square
error (RMSE) between the measured
data and model is smallest for the
cubic polynomial fit with RMSE =
0.6908. So, it is concluded that the

FIGURE 3

cubic polynomial fit gives the best re-
sults for the measured wind and wave
data.

In comparison, method 1 (CDFyy;pq =
CDFyaves), where values of equal
probabilities have been used, gives
slightly higher mean significant wave
heights for a given mean wind velocity
in the range of 5 m/s up to 25 m/s than
method 2, which tries to find the best
curve fit. In the upper tail, the devia-
tion between methods 1 and 2 de-
creases. The standard deviation of the
residuals of the difference between
methods 1 and 2 is s = 0.38174.

Both methods do not take into ac-
count the observed scattering in the
data. The models are only fitted to av-
erage values. A more detailed view
with less scatter may be obtained from
an analysis of the wind and wave data
with respect to certain direction sectors
and single storm events. Another reason
for the variability of the wind and wave
data is that the fetch length as well as
the duration of the wind blowing is
not considered in the analysis. Never-
theless, these results lead to the conclu-
sion that method 1 can be applied for
predicting mean values if no combined

Wave height vs. mean wind velocity with equal probability (FINO).
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FIGURE 4

Comparison of wind and wave correlation methods (FINO).
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wind and wave measurements are avail-
able, but results for higher wind or wave
values should be used with care.

Manual Wave Forecasting
Methods and Spectral Sea
State Description Model

In literature, many empirical for-
mulas describing the significant wave
height from known properties of the
wind field can be found. They are
based on ship observations and/or site
measurements. The existing formulas
have a limited application range be-
cause of their inherent assumptions
and simplifications. However, their
simplicity makes them very attractive
for engineering applications.

Sverdrup and Munk (1947) and
Bretschneider (1952) have been
among the first who attempted to pre-
dict fetch-limited wave heights. They
related the wave energy and frequency

26

to the fetch, and the non-dimensional
growth curves became known as the
Sverdrup Munk Bretschneider (SMB)
curves.

The formulation by Neumann and
Pierson (19606) is valid only for fully
developed wind waves in deep water.
It relates the mean wind speed U, to
the significant wave height H; and
mean wave period T,

0.21
H, = —U?
& (1)
2
T, = 0.81(—7TU)
g

When the fetch becomes very large,
the wave growth will cease and is called
fully developed. For fully developed sea
state, Pierson and Moskowitz (1964)
gave a spectral description S,,,(®), in
which significant wave height and
mean wind speed have been used.

The significant wave height Hj is
the Oth moment of the spectrum, de-

Marine Technology Society Journal

(2)

Thus, it is also possible to derive a
relationship between the mean wind
and the significant wave height. The
PM spectrum S(®) considers the
wind speed as an input parameter to
predict the wave energy.

Another approach to describe the
fetch-limited wave evolution has
been undertaken by Hasselmann et al.
(1973) in the “Joint North Sea Wave
Project (JONSWAP)”. The relation-
ship between wave energy, wind
speed, fetch length and duration is
given in spectral form, the JONSWAP
spectrum S;,(®).

The TMA spectrum S,,(®) is a
modified JONSWAP spectrum where
the JONSWAP spectrum is multiplied
by a function that is depth and fre-
quency dependent (see Bouws et al.,
1985). This formulation relates the
mean wind speed and significant
wave height in regions with limited
water depth, and it takes into account
the shallow water effects, such as shoal-
ing and wave breaking.

The above formulations are ap-
plied to the measured wind speeds
from the FINO platform. The maxi-
mum possible fetch lengths for the
FINO are estimated and are summa-
rized in Table 1.

Figure 5 shows the significant wave
height H; as a function of the mean wind
speed Uy in 10-m height derived from
wave growth relationships.

The Pierson-Moskowitz spec-
trum describes a fully developed sea
state, the JONSWAP spectrum and
fetch-limited seas, and the TMA spec-
trum represents fetch-limited seas in
intermediate water depth (d = 33.7 m).



TABLE 1
Estimated fetch lengths for FINO location.

Directional Sector | Distance
N 500 km
NWW 1500 km
NW 850 km
w 450 km
Sw 500 km
S 50 km
SE 100 km
E 100 km
NE 150 km

The cross markers represent the
measured data from the FINO plat-
form. The curves represent an upper
and lower boundary for the wave
heights resulting from the fetch
lengths given in Table 1. The main
wind directions during the observa-
tion period (December 2003 to May
2005) are in the range of south (180°)

FIGURE 5

to west (270°). The maximum possi-
ble fetch lengths X in this directional
sector varies between 50 km and 550 km,
which are chosen here as the upper
and lower limits for the TMA and
JONSWAP spectra.

The Pierson-Moskowitz formula-
tion has no upper bounds and overes-
timates the wave heights for higher
wind speeds. In general, the JONSWAP
prediction gives a better fit. For the
longest fetch distance, the wave
heights are overestimated. An analysis
of the distribution of the mean wind
direction indicates that most of the
time, the wind comes from south-west.
This seems to justify the choice of the
maximum fetch length of 500 km in
the investigation. Moreover, this pre-
sumption is supported by the applica-
tion of the TMA-spectrum, which
gives a better representation of the
measured data. The TMA-spectrum
considers water depth effects, and the
comparisons of the model results and

Significant wave height as a function of mean wind speed (TMA, JONSWAP, PM).
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measured data lead to the conclusion
that these effects are important
for the FINO location. The limitation
of the maximum significant wave
heights is justified too.

If the input data are ordered by
fetch lengths, fetch duration, wind di-
rection, fully developed sea state or
developing sea state, then the fit be-
tween measured data and empirical
formulas can be improved. This ap-
proach will get rather complex and
will lose its simple applicability.
Often, the available data will not con-
tain all information needed. The fetch
duration and length are rather diffi-
cult to evaluate.

For the storm event recorded dur-
ing December 12 and 17, 2003, the
manual forecast methods are compared
with measured data and their derived
relationship. The main wind direction
was north-west. The measured data
are best represented by the TMA spec-
trum. The correlation method 1
(CDFyyind = CDFxyaves) and the fit of
the complete data set (method 2) give
an underestimation of the observed sig-
nificant wave heights. In contrast to
this, the JONSWAP spectrum overes-

timates the wave heights.

Numerical Wave Hindcast
for the FINO Location

The results of the numerical hind-
cast model for the German Bight,
which are described by Mittendorf
and Zielke (2004) and Mittendorf
(2006), are investigated with regard
to the wind and wave correlation.
The hindcast data cover the period
from January 1989 to December
2000. The mean wind speed and
the significant wave height are avail-
able every 3 h during this period.

The scatter plot of wind and wave
data of the numerical hindcast is rather
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similar to the FINO data. Both data
sets are fitted to a polynomial given by

f() = py x X xpyxx’ +pyxx+p; (3)

with corresponding parameters given in
Table 2. The raw data and fitted polyno-
mials are shown in Figure 6. The curve
fitting leads to the conclusion that the
hindcast overestimates the significant
wave heights for higher wind speed.

Joint Probability Model
for Mean Wind Speed and
Significant Wave Data

This section presents an approach
for the derivation of design conditions
from simultaneously measured wind
and wave data, including the variabil-
ity within the data.

The wind loads and the wave loads
originate from two concurrent load
processes based on the characteristic
design parameters. As it has been
shown in the previous sections, the
resulting parameters are quite sensi-
tive to the correlation model chosen
for wind and waves.

In this approach, the design para-
meters are specified by a mean wind
speed, significant wave height and
wave period. Used wave climate vari-
ables are the 3-h-significant wave height
H, and the mean zero-crossing period
T,. The used wind climate variable is
the 10-min mean wind speed Uy,

A simultaneous description of wind
and waves is given by a joint density

FIGURE 6

Distribution of significant wave and mean wind data (FINO Measurement and Hindcast).
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rameters. For the representation of
concurrent waves and wind, it is feasi-
ble to model one climate variable as
independent and the other climate var-
iable as dependent. If the climate para-
meters are represented by continuous
distribution functions, the following
statistical procedure can be used to
develop a joint probability density.
The joint density distribution of the
characteristic parameters mean wind
speed Uy, significant wave height H
and mean wave period T, is expressed

as follows (Meling et al., 2000):

f(Uloa HsaTz)
- f(UIO) X f(HS|U10) X f(T‘HSUlo)

distribution of the characteristic pa- (4)
TABLE 2
Fitted polynomial parameters.
Data Set P1 p2 Ps Ps
Numerical hindcast 0.00726 -0.0276 0.8885 0.0
FINO measured -3.046 x 10® 0.005447 0.008356 0.7137
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where f(U;y) is the marginal distri-
bution of Uy, f(H|U,p) is the con-
ditional distribution of H; for given
U, and f(T|H; Uyg) is the condi-
tional distribution of T, given H;
and Uj,.

Marginal Distribution
for the Mean Wind Speed
The marginal distribution f(Uj)
is obtained by fitting all 10-min mean
wind speed data to a two-parameter
Weibull distribution. Based on FINO
measurement for the time period from
November 2003 to May 2005, the
Weibull shape ¢ and scale parameter
a are determined (a = 11.789 and
c =2.310).

F(Uso) = 1 — exp(— (%)) (5)

where c is the shape parameter and a is
the scale parameter.



FIGURE 7

Density function for significant wave heights for every mean wind speed class (10-18).
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Conditional Distribution
of Significant Wave
Heights

In the next step, the wind data are
divided into classes of 2 m/s of mean
wind speed, and the corresponding

FIGURE 8

Scale parameter estimated from the measurements vs. curve fit.

wave heights to every wind speed
class are also fitted to Weibull dis-
tributions. An example is given in
Figure 7.

The graphs indicate that the
adapted probability distributions give
a satisfactory fit. The resulting Weibull

FIGURE 9

parameters of the wave heights are ex-
pressed as a function of the wind
speed, thus a continuous description
of the conditional distribution of H;
is obtained.

The scale parameter a is parameter-
ized as

3
afe = Py T Py x Ulljo (6)

with p; = 0.7704, p, = 0.01304 and
p3 = 1.7696.

The RMSE of the fitted curve to the
discrete point is 0.1247. Figure 8 shows
the ficted Weibull parameters against
the Weibull parameters of the mea-

sured data.

The shape parameter c is parame-
terized as
cfie = 11 +12x Uy (7)

with r; = 1.535 and r, = 0.01304.

The RMSE of the fitted curve to
the discrete point is 0.2116. Figure 9
shows the fitted Weibull parameters
against the Weibull parameters of the
measured data.

Furthermore, the two parameters
ag, and cg, will be used to determine

Shape parameter estimated from the measurements vs. linear fit.
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FIGURE 10 FIGURE 11

Expectation value of significant wave height given the mean wind Standard deviation of significant wave height given the mean wind
speed. speed.

Fp 1 dge

the conditional mean and mode values and standard deviation of the significant wave height given the mean wind speed.
The sample values, the fitted Weibull and the smooth Weibull results for mean, mode and standard deviations are plotted
in Figure 10, 11, and 12.

E[H,] = aﬁtxr<1+ 1)

Cfic

STD[H,] = ag x [r (2+ 1> - r(1+ 1” v (8)

Cic Cic

1/ce
Mode[H;] = ag x |:1 — —]

Cit

Conditional Distribution of Mean Wave Periods for Given Wave Heights
and Mean Wind Speeds

The mean wind velocities are sorted into classes with a bin size of 2 m/s in the range of 2 to 26 m/s, which gives 12 classes.
Above 26 m/s, only 16 measured values are available. In every mean wind speed class, the significant wave heights are sorted
into wave classes with a bin size of 0.5 m in the range of 0.25 m to 6.25 m, giving 12 classes too. All together, this gives 144
combinations of wind velocities and wave heights.

Consequently, the amount of data for every combination is rather limited, which gives higher uncertainty in the esti-
mates and also complicates the process of finding a suitable distribution function for the mean crossing wave period T, for
the given significant wave height and mean wind speed.

The plots of the distribution of T, in all wind-wave classes indicate that a log-normal distribution will be suitable despite
limited amount of data and partly non-smooth histogram plots.

1 1 [In(T,) = pypery]”
£(T,JHay Ung) = ——1— eexp _{—} 9
(T:| to) T, % On(t,) V2T (2 Oln(T,) ©)

where oyt ) is the standard deviation of In(T,) and py,(r) is the expectation value of In(T,).
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The mean value and the standard deviation of T, are calculated for every combination of H; and Uy . These values are
needed for the determination of standard deviation oy,(t,) and expectation value py,(t,) of the log-normal distribution of

In(T,).

Min(T \/17
+ vy
(10)

Gln( ln |:1)T + 1

where o is the standard deviation of T, from measurement and pr is the mean value of T, from measurement.

A visual inspection of the 3-D surface plot of the expectation value of the mean wave period T, as a function of H; and
U reveals that, for a constant wave height H, the mean wave period E[T,] decreases with increasing mean wind speed U,.
For a constant wind speed Uy, the periods E[T,] increase with increasing wave heights.

This behavior can be described with the following function (Meling et al., 2000):

140 (UIO__ GIO(HS)>
UlO(HS)

T(Ui, Hy), = T,(H,) x (11)

where T, (Hj) is the conditional expectation value of the mean wave period given the significant wave height, U;o(H,) is the
conditional mean wind speed given the significant wave height and 6 = 0.67 is the variation coefficient for E[T,] with wind
speed given the wave height.

The conditional expectation value of the mean wave period T, for a given wave height is parameterized in the following
manner (Figure 13):

T,(Hy) = p; + p, xHP (12)
with p; = 3.513, p, = 1.245 and p3 = 0.8035.

FIGURE 13

FIGURE 12 Conditional expectation value of the mean wave period given the sig-

Mode value of significant wave height given the mean wind speed. nificant wave height.
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Correspondingly, the parameteri-
zation of the mean wind speed (Fig-
ure 14) is chosen to be

Uyo(Hy) = py + pyx HP? (13)
with p; = 8.798 , p, = 0.004035 and
ps = 3.781.

Absolute differences of model and
measured mean periods serve to eval-
uate the goodness of the model. On
average, the predicted wave periods
deviate about 0.43 s from the mea-
sured data.

Finally, the joint distribution for
mean wind speeds significant wave
heights can be expressed by inserting
the parameters above in the joint den-
sity distribution equation. The joint
environmental model of mean wind
significant wave heights and mean
wave periods allows a simultaneous
description of all considered sea state
parameters, including their distribu-
tion. The model is expected to be of
reasonable accuracy, but this accuracy
depends strongly on the measured
data base.

One disadvantage of this model
approach is the demand on synchro-

FIGURE 14

nous wind and wave data. For a reli-
able long-term prediction, longer data
series would be required.
Furthermore, this model can be
used for long-term predictions on
the basis of contour line approaches
by Winterstein et al. (1993) for differ-
ent combinations of mean wind speed
and significant wave height. There-
fore, the subsequent joint probability
density f(U; o, Hy, T,) of the parameters
is transformed into a non-physical
space consisting of uncorrelated stan-
dard Gaussian variables. In this space,
the 50- or 100-year combinations will
be located on a sphere with a radius r.
To get the results in the physical space,
a back transformation is necessary.
Each contour for an associated return
period describes an infinite number
of combinations between U, H,

and T,.

Conclusions

A straight forward application of
the manual wave forecast methods
gives rather good results for the
wave height prediction. If all un-
sorted wind data are taken into ac-

Conditional expectation value of the mean wind speed given the significant wave height.

T T T T

T T T T
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count, only the average wind-wave
behavior would be represented. A
separate approach for all single
storm events or events with the
same wind direction and/or fetch
length and duration improves the
predictions but suffers from the
fact that the simple applicability of
this approach is lost.

The correlation methods based
upon equal probabilities (CDFyying =
CDFyyaves) can be a first approxima-
tion if only the distribution of mean
wind speeds and significant wave
heights is available. The average be-
havior is met satisfactorily, but in
storm conditions, the wave heights
are underestimated.

The numerical hindcast puts a
high demand on preparation and
computational time compared to
manual methods. However, it is less
costly than long-term measurements
and also gives realistic results in
which the observed variability in sig-
nificant wave heights given the mean
wind speed is well represented.

The joint distribution model re-
quires synchronously recorded wind
and wave data covering larger time his-
tories. If these are available, it is a rather
fast approach to set up a realistic model
to describe the local wind and wave
conditions. The characterization of
the single quantities by distribution
function not only involves their natural
scatter, but also includes information
about their mean and mode values as
well as about their range of dispersion.
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