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Abstract 

 

Wind-wave interaction has been an important aspect of environmental conditions to be 

considered for offshore wind turbine performance, especially in deeper water at stable 

atmospheric conditions such as North Sea. It is generally understood that ocean waves are 

thought to be influenced by the surface wind that transfers momentum from the atmosphere to 

the waves. However, recent observations have suggested that when swell persist with faster 

propagation than the surface wind, momentum from waves can also transfer to the atmosphere. 

It is not uncommon for the wind and waves to be misaligned, and this situation can result in 

interesting features that may have an impact on the power production, turbulence generation, 

and fatigue damage to the wind turbine. In general, there are misalignments between the wind 

and waves at all wind speeds: small misalignments at large wind speeds and large 

misalignments at lower wind speeds. The largest misalignments are associated with stable 

atmospheric conditions (Bachynski et al., 2014). Furthermore, Bachynski et al. (2014) using 

observations from the North Sea suggest that misalignment of up to 30° is common, while 

misalignment larger than 60° occur less than 5% of the time.  

In this thesis, MATLAB analysis of 11 years of data from FINO 1 and 8 years data from FINO 

3 has been conducted to determine the frequency of occurrence of wind wave misalignment 

under swell and wind wave conditions. Waves are usually aligned with the wind. However, 

swell do not always correlate to the direction of the wind. In this study, the frequency of 

occurrences of wind-wave misalignment are studied and the effects of the aligned and 

misaligned wind-wave on distribution of wind speed have also been checked. Total 

misalignment and opposing misalignment for platforms FINO 1 and FINO 3 were observed 

higher in FINO 1. In the other hand, wind-wave misalignment under swell were found to occur 

less than the ones under wind wave. 

Turbulence intensities in each site was analysed according to the classification of wind-wave 

misalignment and it was found that the turbulence intensity under opposing wind-wave was 

lower compared to the perpendicular and aligned conditions. Wind profile at FINO 1 was 

observed as well, taking into account the lower heights measurement at OBLEX campaign. A 

1-month period between September and October 2015 was selected based on availability of 

data. Observation by plotting mean wind speed data from FINO 1 and OBLEX resulted in wind 

profiles as expected. However, an interesting point to see is that the mean wind speed at the 

lowest measurement 15 m LAT is higher than the wind speed at 20 m LAT which may well 

get an accelerated wind speed because of the position of sonic anemometer at 15 m height 

relative to the position of sonic anemometer at 20 m. 
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1. Introduction  

1.1 Background 

Waves can have a significant influence on wind profiles and the performance of offshore wind 

turbines. This phenomenon and its effects have not been considered yet in the design and 

calculation phase, as well as when estimating the power production of wind turbine. Wind-

wave misalignment is defined as the temporal difference between the wind direction and the 

mean wave direction of wind-generated waves (Kühn, 2001; Vledder, 2013). Situations where 

the wind and the waves are out of phase and misaligned to each other can result in interesting 

features that may have an impact to the power production, turbulence generation, and fatigue 

damage to the wind turbine. However, analysis of these concepts is a fairly young field, and 

much of the researches have been limited to environmental conditions (ECs) where wind and 

waves arrive from the same direction (Bachynski et al., 2014). It is not unusual for wind and 

waves to be misaligned, particularly in stable atmospheric conditions.  

Model experiments show that waves influence wind field above them (Sullivan et al., 2008). 

The effect is notable up to the marine atmospheric boundary layer (MABL) and depends on 

the wave state and the direction of waves and wind. As a result, a wind turbine rotor is exposed 

to wind profiles and turbulent levels which are not predicted with the conventional assumption 

of logarithmic wind profile and low turbulence levels over a flat surface. Model simulations 

with a coupled setup further show that wave influenced wind affects the turbine performance, 

as well as the load and fatigue (Kalvig, 2014). A wide range of met-ocean conditions were 

investigated, and the extreme loads were found to occur at the maximum significant wave 

height and for high wind/wave misalignments (Barj et al., 2014). Therefore, it is important to 

assess the statistical significance of wind-wave misalignment using long-term measured 

offshore wind data. 

 

1.2 Objective 

This master thesis intends to investigate the occurrence of wind-wave misalignment cases using 

long term data measurement from the FINO 1 and FINO 3 platforms. The 10-minutes average 

wind speed, wind direction, wave height, wave period, and wave direction have been used to 

determine the prevalence of wind and wave misalignment, especially during the swell wave 

conditions (long period waves). Other objective includes analysing the wind profile and 
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turbulence intensity by introducing lower height measurement from the OBLEX-F1 (Offshore 

Boundary Layer Experiment at FINO 1) campaign by NORCOWE, with several new 

instruments added to investigate atmospheric surface and boundary layer. 

Ultimately, the collected and analysed data regarding the occurrence of wind-wave 

misalignment can be used to validate and improve numerical models and tools in various 

application fronts such as weather forecasting, marine operations, power performance, and 

wind farm layout and accessibility. 

 

1.3 Thesis structure  

The structural outline of this thesis has been presented in Figure 1.1 below. Most of the steps 

was dependent to the previous milestone, since this study was a continuous work. In this study, 

a large number of data was processed, therefore comprehensive work was performed to avoid 

errors. The processed data were double-checked to ensure the validity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Thesis Structure. 

Occurrence of wind-wave misalignment using FINO and OBLEX data 

Literature Review, find the related journals and papers 

 

Compile and quality check the long term FINO1 and FINO3 data from BSH 

 

Combine the FINO1 and OBLEX data at the corresponding data points 

Classify and determine the occurrence of wind wave misalignment under swell and wind wave 

 

Compile and arrange 1 month of high frequency OBLEX data from NORCOWE 

 

Generate WindRose and WaveRose chart for FINO1 and FINO3, as well as the relevance of their locations 

 

 

Analysis on speed distribution for different misalignment conditions 

 

Analysis on turbulence intensity and offshore wind profile 
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2. Basic theory 

2.1 Offshore wind energy 

Onshore wind turbines have been the main infrastructure to capture wind energy for nearly the 

entire history of wind power. The conventional horizontal axis, three-blade wind turbines 

placed on open space such as farms, grassy plains or desert surfaces have been a reliable choice 

in terms of installation, structure stability, and cost. However, they do not produce energy 

constantly throughout the year due to low wind speed and reduced performance in the presence 

of physical obstacle such as hills or buildings. On the other hand, without physical restriction 

such as those on the land, offshore wind turbine can be built much bigger and taller, capturing 

higher wind speed, thus allowing for more power production. 

 

Figure 2.1. Schematic of Hornsea Projects offshore wind farm (Gosden, 2017). 

Those advantages were considered as the driving force for the growing number of offshore 

wind turbine installations in the world, especially in Europe, where in 1991 Vindeby Offshore 

Wind Farm became the pioneer of offshore wind farm installation that contained 11 units wind 

turbine with total capacity 4.95 MW and hub height (height from SWL to the axis of wind 

turbine rotor) 35 m (EWEA, 2009). Meanwhile in 2020 and 2022, the ongoing Hornsea Project 

1 and 2, the world biggest offshore wind farm projects will begin operation in North Sea off 

coast of UK which are claimed to be cheaper than gas and nuclear energy. (Gosden, 2017). The 

schematic of location, status and estimated price per megawatt-hour of the Hornsea projects is 



OCCURRENCE OF WIND-WAVE MISALIGNMENT USING FINO AND OBLEX DATA   

 

4 
 

shown at Figure 2.1 above. We can see that offshore wind energy is slowly becoming a serious 

competitive form of alternative energy. Therefore, research in terms of offshore environmental 

sea-state (i.e. wind-wave interaction, wind-wave misalignment) and marine operation is 

gaining more impetus for offshore wind turbine performance. 

 

2.2 Planetary Boundary Layer 

The planetary boundary layer (PBL) is the lowest part of the atmosphere which is directly 

influenced by the earthôs surface. 

Therefore, much of the weather that is 

experienced is a result of PBL 

changes. Due to aerodynamic drag, a 

wind gradient is formed in the wind 

flow several hundred meters above 

the Earthôs surface. Wind speed 

increases with increasing height 

above Earthôs surface, starting from zero, because of the no-slip condition (Stull, 1988). 

At some point in the atmosphere, there is a zone where friction goes from significant to 

insignificant (Stull, 1988). The lower layer of air which is subjected to turbulent (frictional) 

processes is known as the planetary boundary layer (PBL). The remaining air in the troposphere 

is known as the free atmosphere as it is free of frictional influences. 

Below is the comparison between the PBL and the free atmosphere characteristics. 

Table 2.1 Comparison between PBL and Free Atmosphere. 

Property Planetary Boundary Layer Free Atmosphere 

Friction Significant drag against earth's surface. 

High energy dissipation (due to friction) 

Up to 10km above the ground  

 

Turbulence Continuous turbulence throughout layer Less friction 

Low energy dissipation 

Thickness Between 100 and 3000 m, diurnal variation 

over land 

Only near jet stream and 

convective clouds 

Figure 2.2. Planetary Boundary Layer (PBL) 

(shodor.org, accessed 2017). 
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Mixing Rapid turbulent mixing in vertical and 

horizontal 

Low mixing in vertical 

Mixing in horizontal 

Wind Profile High vertical wind shear Low vertical wind shear 

 

2.2.1 Atmospheric Boundary Layer 

Atmospheric boundary layer (ABL) is another term to explain the layer where atmosphere is 

in contact with ground surface, land, or sea. The surface-air interaction is the trigger of the 

ABL formation and is occurring in two primary forms (Cushman-Roisin, 2014): 

¶ Mechanical:  

o Arises from the friction exerted by wind against ground surface; causes wind shear 

and creates turbulence. 

o When ABL is said to be in neutral condition, we expect wind profile which 

characterized by friction velocity and roughness length, see Chapter 2.3. 

¶ Thermal: 

o The origin is solar radiation. Sun light is electromagnetic radiation in the visible 

range, which is visually transparent in the atmosphere. Therefore, most of the solar 

radiation passes through atmosphere and reaches surface. 

o Most of the solar radiation is absorbed immediately below earth surface, which 

heats up and then radiates heat back. This radiation is emitted upward into the 

atmosphere, and while some portion escapes to space, much of it is retained in the 

atmosphere because of water vapor, carbon dioxide and other gases. This heat 

retention is called the greenhouse effect. 

2.2.2 Marine Atmospheric Boundary Layer 

Marine Atmospheric Boundary Layer (MABL) simply means atmospheric boundary layer 

which exist on the surface of the sea. MABL shows significant differences compared to the 

ABL over flat homogeneous ground. Wind speeds are higher and turbulence intensities are 

lower in the MABL compared to those in the onshore ABL. Advantages of wind conditions in 

offshore can also be seen by the lower vertical wind shear compared to onshore. This means 

that the wind speeds over the ocean are much more consistent. 

Main differences of MABL and ABL are summarised below (Arya, 1988): 

¶ Large differences in the energy balance of sea and land 
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o Heat Capacity 

Water has a higher heat capacity than land. It therefore needs more heat to raise the 

temperature of one gram of water by one degree than it does to raise the temperature 

of land. 

¶ Non-stationary lower boundary of sea vs. stationary lower boundary of land 

o Ocean waves vs. flat homogeneous ground.  

On flat homogeneous ground, the boundary layer affects the wind profile in a 

smooth increment as seen in the left-side wind profile in Figure 2.3. Meanwhile, at 

sea, the lower boundary layer is not stationary due to wave, therefore the influence 

of shear stress on the surface of the sea will be either reinforcing or diminishing the 

wind speed at near surface. This phenomenon is illustrated by the central and the 

right wind profile shown in Figure 2.3. 

 

Figure 2.3. Non-stationary lower boundary.  

¶ Surface roughness offshore is lower than onshore 

o The lower surface roughness offshore results in a very different vertical structure of 

the boundary layer, i.e. the depth of the surface layer can be as low as 30m. 

¶ Relevant measurements over the ocean are sparse or non-existent. 

For wind energy calculations, there are a lot of variables and aspects that needs to be considered 

which are often changing rapidly. Therefore, generally neutral stratification and a flat, smooth 

sea surface are routinely used as the assumptions in wind energy calculations (Kalvig, 

Gudmestad, et al., 2014). 

Knowledge of the MABL is important in offshore industry in terms of (a) assessing wind 

resource (e.g. wind-wave misalignment) and defining design criteria for structural load (e.g. 

occurrence of extreme winds) in the planning phase, (b) defining weather windows favourable 

for marine operations during the construction phase (e.g. heavy lift operations), (c) measuring 
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actual flow conditions such as wind speed, turbulence intensity as well as accessibility for 

operation and maintenance in the operational phase. 

 

2.2.3 Wind Boundary Layer 

As shown in previously in Figure 2.2, the Planetary Boundary Layer is the layer closest to the 

earth surface and therefore the most relevant for wind turbine operation. This boundary layer 

is divided into Surface Layer and Ekman (transition) Layer, illustrated in Figure 2.4, which 

also shows the way in which the wind speed changes with height. This characteristic is called 

velocity shear and the shape of the curve is known as the wind shear profile (Martin, 2010). 

The design of wind turbines is engineered according to the characteristics of the Surface Layer 

since the height of most wind turbines are ranging from 50 m up to 200 m. However, in the 

MABL, the surface layer height can be as low as 30 m under stable atmospheric conditions 

(Emeis, 2014). 

 

Figure 2.4 The atmospheric boundary layer shear profile (Hassan, 2018). 
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2.3 Wind profiles 

The variations of the mean wind 

speed with height above the still water 

level is called wind profile. It is 

affected by several factors, such as 

roughness length, friction velocity, 

and atmospheric stability. 

In a non-complex terrain and 

atmospheric conditions, wind speed 

profile may be represented by an 

idealised wind profile. There are three 

common wind profiles namely logarithmic wind profile, power law wind profile, and stability 

corrected wind profile. 

 

2.3.1 Power law wind profile 

In wind power assessments, the power law is often used as the simplified form when estimating 

the wind speed above the surface layer. However, there is height limit which is considered to 

produce reliable results, and also is accounted for lower heights above sea water level (SWL) 

up to 50 m (Peterson & Jr., 1978). Relationship between wind speeds at different heights with 

power law is calculated as below: 

Ὗᾀ Ὗ ςȢρ  

Where, 

Ὗᾀ = wind speed at height z 

Ὗ  = mean wind speed at ᾀ  

ᾀ  = reference height 

ᾀ = target estimated height 

 = power law exponent 

Figure 2.5. Typical wind profile in the boundary 

layer. 
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The power law exponent is an empirically derived coefficient which value is depends on the 

stability of the atmosphere and surface roughness. For neutral stability conditions,  is 1/7 or 

0.143, assuming constant sea surface roughness of 0.002 m. 

 

2.3.2 Logarithmic wind profile  

Logarithmic wind profile is a semi-empirical relationship of wind profile which is used for 

neutral atmospheric conditions within the lowest section of boundary layer. The logarithmic 

wind profile is considered a more reliable estimator of mean wind speed compared to power 

law wind profile in the lowest 10-20 m of the surface boundary layer (Cook, 1986). Generally, 

reliable result can be obtained up to 100 m above Sea Water Level (SWL) depending on the 

height of the surface layer. The relationship between wind speeds at different heights with 

logarithmic law is given as below: 

Ὗᾀ
Ὗz

Ὧ
ÌÎ
ᾀ

ᾀ
ςȢς 

Where, 

Ὗz = friction velocity 

Ὧ = Von Karman constant (0.4) 

ᾀ = roughness length 

ᾀ = target estimated height 

If the wind speeds at certain height is known, then equation above can be re-written as: 

Ὗᾀ Ὗ ςȢσ  

 

2.3.3 Stability corrections wind profile 

The validity of wind profile estimators is affected by the atmospheric stability. Therefore, we 

need to adjust the estimator formula to achieve the appropriate value under different stability 

conditions. Stability corrections wind profile are made from the logarithmic wind profile with 
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an added stability correction term. The relationship between wind speeds at different heights 

with stability corrections law is given below: 

Ὗᾀ
Ὗz

Ὧ
ÌÎ
ᾀ

ᾀ
 
ᾀ

ὒ
ςȢτ 

Where, 

   = stability-dependent function 

  (+) for unstable conditions, (-) for stable conditions, (0) for neutral conditions 

ὒ = Monin-Obukhov length L 

DNV-RP-C-205 refers to Stull (1988) for the relevant expressions between    and ὒ. It was 

stated that the Monin-Obukhov length L is related to the Richardson number which is a 

dimensionless parameter whose value determines whether convection is free or forced (Obhrai 

et al., 2012). 

 

2.4 Atmospheric stability  

Stability in the atmosphere can be defined as the tendency of air to resist vertical motion. (Stull, 

2000). As a general definition, atmospheric stability refers to the tendency for air parcels to 

move vertically, either to rise or sink depending on its temperature relative to the surroundings.  

To understand this situation, consider the condition that makes air parcel rise (method of lifting) 

and the type of environment the air parcel is rising through. The environment is characterized 

in terms of its static stability. Static stability determines whether an air parcel remains buoyant 

or not. An imaginary parcel of air initially at rest (i.e. static) at some level in the atmosphere 

when given a slight upward push can either keep rising (unstable case), stay where it is (neutral 

case) or sink back down (stable case). 

One of the most common means of lifting air is referred to as buoyant lifting. When an air 

parcel at the surface of the earth becomes warmer than the surrounding air, it will become less 

dense than the surrounding air. The hotter, lower density air will tend to rise, and so it referred 

to as "buoyant". The air will continue to rise as long as it remains warmer than its environment. 

Likewise, when a parcel of air sinks, it compresses and the temperature increases. 
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Turbulence due to atmospheric stability is often referred as buoyancy-generated turbulence. 

The atmosphere can be classified into three stability classes: stable, neutral, and unstable. Putri 

(2016) described the main differences between the three classes in Figure 2.5. It is to be noted 

that the term óturbulenceô refers to summation of mechanically and buoyancy-generated 

turbulence, unless otherwise stated. 

 

Figure 2.6 Atmospheric stability classes (Putri, 2016). 

During the course of day, cooling and heating of the surface of the earth takes place causing 

different stratification. Stability is determined by the net heat flux to the ground, resulting from 

the incoming solar radiation and outgoing thermal radiation, and of latent and sensible heat 

exchanged with the air and subsoil.  

On land, the atmospheric stability is a diurnal cycle where stable condition normally occurs at 

night and unstable condition occurs at around daytime. The heat propagation in the ground 

through conduction is faster than the heat propagation in the air through radiation, so that 

during the night, the earth surface is cold, and the atmosphere is still warm from the sun heating 

at the day. Meanwhile during the day, the earth surface is hot, and the atmosphere is still cold. 
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Figure 2.7 Diurnal changes in temperature due to heating and cooling at the earthôs surface (Jenkins, 2005). 

The medium on which heat from the sun travels affects the cycle of atmospheric stability, 

because of different heat capacity and energy distribution. Offshore, where the surface is water, 

the cycle of atmospheric stability occurs seasonally. It takes a longer time for the ocean surface 

to heat up or cool down due to larger heat capacity. Therefore, stable conditions take place 

during summer (sea surface colder than air), and unstable conditions take place during winter 

(sea surface hotter than air). 

In wind power research, atmospheric stability is usually based on a characteristic length scale 

called Monin-Obukhov length denoted by L. It can be interpreted as the height above the 

surface at which turbulence produced by heat conduction first starts to dominate over 

turbulence produced by shear (Stull, 1988). 

As described in Figure 2.6, buoyancy-generated turbulence contributes to air parcel mixing 

between air parcel layers, so it decreases the wind shear gradient as observed for unstable 

condition. The opposite effect occurs under stable conditions: the high wind shear, implying 

abrupt change in wind speed with respect to height (Roy & Sharp, 2013). The effect of 

atmospheric stability to the mean wind speed profile is shown at Figure 2.8 below. 
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Figure 2.8 Atmospheric stability effect to the mean wind speed profile/wind shear (Thompson, 1979). 

The effect of different atmospheric stability on the wind speed profile is apparent from the 

figure above, so it is necessary to include stability correction on the wind profile calculation, 

as explained in Chapter 2.3.3. Motta et al. (2005) mentioned the importance of atmospheric 

stability correction through comparison of estimation and measurements where they found that 

with the stability correction applied, the error was reduced by 50% (for very stable conditions). 

Moreover, Ameya et al. (2011) concluded that without stability correction, the measured and 

estimated wind profile under stable conditions were over-predicted. 

 

2.5 Turbulence 

Turbulence influences the yields from wind turbines as well as the loads on wind turbines. 

Increasing turbulence leads to higher yields and to higher loads, where the latter is more 

important. Turbulence in the ABL is either generated by shear or by thermal instability. For 

lower wind speeds, thermal production of turbulence is dominant, but this becomes nearly 

negligible for high wind speeds when compared to shear production. Emeis (2014) showed 

that the shear production is proportional to the surface roughness. 

Onshore, the shear production is dependent only on the surface roughness and is assumed to 

be independent from the atmospheric conditions. However, in offshore conditions, surface 

roughness increases with wind speed and therefore increase the wave height. 
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2.5.1 Turbulence intensity 

Turbulence intensity is defined as the ratio of the standard deviation of the wind speed, „ over 

the mean wind speed όᾀ. It is to be noted here that „ increases with the length of the 

averaging interval (Emeis, 2012). For a change in the averaging interval from 10 to 30 min the 

increase is negligible a few metres above ground, because the turbulence length scale is small 

close to the ground and enough turbulence elements are already contained in a 10-min interval. 

The increase becomes larger further away from the surface where the turbulence length scale 

is larger and less turbulence elements pass the measurement instrument in a given time period. 

In appendix A of Emeis (2012), a sample from the FINO1 data 80 m above the sea surface 

showed that „ nearly doubled when the averaging period was prolonged from 10 to 30 min. 

By using the logarithmic wind profile law, turbulence intensity equation yields as below 

(Wieringa, 1973): 

Ὅᾀ
„

όz
‖ ὰὲᾀᾀϳ ὃ ὰὲᾀᾀϳ ςȢυ 

Wieringa (1973) set A=1 based on the assumption that the ratio of the standard deviation of the 

wind speed over the friction velocity, όz, is ρ‖ϳ ςȢυ (Stull, 1988). In principal, Emeis (2014) 

stated that A should vary with the length of the averaging interval, and the FINO1 data showed 

values for the ratio „ όzϳ  which were close to 2.5 for wind speeds above 7 m/s using an 

averaging interval of 10 min. 

For onshore, turbulence intensities increase with decreasing wind speeds as stated in IEC 

61400-3. In this case the same asymptotic behaviour for low wind speeds is found as over land, 

leading to higher turbulence intensities (Emeis, 2014). But on the other hand, there is a second 

influence which is not present onshore: the ocean roughness length increases with increasing 

wind speed due to the formation of waves (Foreman & Emeis, 2010). 

Data evaluation from FINO1 by (Emeis, 2014) shows the relation between turbulence intensity 

and wind speed at the mean, maximum, minimum, median, 10th percentile, and 90th percentiles. 

The data used is the measuring period from September 2003 to August 2007 at 90m height at 

the FINO1. For low wind speeds, the mean turbulence intensity rapidly decreases with increase 

of wind speed to a minimum value around 4.5% at 12m/s wind speed. Above this minimum, 

turbulence intensity increases nearly linearly with increasing wind speed. The high turbulence 

intensity values at wind speeds below about 12m/s originated from the dominance of thermal 

induced turbulence at low wind speeds during unstable atmospheric conditions with water 
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surface temperatures significantly above the air temperature. When the wind speed (and so the 

roughness length) increases further, the mechanical part of the turbulence intensity begins to 

dominate over the thermal effects and turbulence intensity increases again (Barthelmie, 1999). 

 

2.6 Wind turbine energy output 

2.6.1 Weibull distribution  

The first step of determining the potential sites for building a wind farm is by identifying the 

wind energy resource at the site. Therefore, being able to estimate and model the characteristics 

of the wind energy resource are important in different aspects, including the economic aspect 

of a wind project. The wind speed is highly variable, both in space and time. In terms of time, 

the variability can be divided into three time scales (Burton et al., 2001). First, the large time 

scale variability of the variation of the amount of wind in a year scale, up to decades or more. 

Second, the medium time scale covering period up to a year, which is more predictable. 

Monthly variations often used to assess the wind energy potential by statistical analysis of 

several years measurements of wind speed. Finally, the short-term scale covering time scales 

of minutes to seconds, known as turbulence, and high frequency wind data captured by wind 

energy research platform are assessed. 

The wind variation for a site in a year period usually described using Weibull distribution, a 

probability distribution of wind speed, with the detail description can be found in Freris (1990). 

Weibull distribution is a two-parameter function often used in statistical analysis, given as 

below: 

ὖὺ ὺ ὺ Ὠὺ ὖὺ π
Ὧ

ὧ

ὺ

ὧ
ÅØÐ

ὺ

ὧ
 ςȢυ 

Where c is the Weibull scale parameter, with unit wind speed, k is the dimensionless Weibull 

shape parameter, v is the wind speed, ὺ is a particular wind speed, dv is the wind speed 

increment. The variation of hourly mean speed around the annual mean is decreasing with the 

increasing of k, and the variable c shows how high the annual mean speed is. Therefore, in 

general, a desirable case is having a wind farm site which characterized by high scale factor (c) 

and a reduced shape factor (k). 
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2.6.2 Wind turbine p ower curve 

The power curve of a wind turbine is a graph that shows how big the electrical power that can 

be produced by wind turbine at different wind speeds. There are several points that are 

important in the power curve such as cut-in speed, rated output power and rated output wind 

speed, and cut-out speed. Cut-in speed is the wind speed at which wind turbine blade starts to 

rotate and able to generate power, typically between 3 and 5 m/s depending on the wind turbine 

design. As wind speed increases the electrical output will rise and when the wind speed reach 

somewhere between 12 and 17 m/s, the power output reaches the limit and will not be increase 

anymore, capped by the capability of the electrical generator. This limit is called the rated 

power output and the corresponding wind speed is called the rated output wind speed. Finally, 

the cut-out speed is the point at which the the wind speed increases above the rated output such 

that the braking system of the rotor of a wind turbine is deployed bringing the rotor to a halt 

thereby reducing risk of damage to the rotor of wind turbine. 

 

Figure 2.9 Typical wind turbine power curve. 

There is a theoretical limit on the amount of power that can be extracted by a wind turbine from 

wind, which is called Betz limit and by calculation has a value set to 59%. 

Power curve design of a wind turbine is made according to several aspects such as the 

environmental conditions at the site, the wind turbine capability, as well as economic feasibility 

and profitability. In this study particularly for FINO 1, a German wind farm Alpha Ventus is 

located in proximity. As a reference of the potential speed requirement regarding wind farm 

operation near FINO 1, Table 2.2 has been presented below that shows the technical data of 

typical Alpha Ventus wind turbine related to the power curve and its requirement of wind 

resource characteristics. 
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Table 2.2 Technical data related to power curve of a wind turbine in Alpha Ventus wind farm (Bartsch, 2015). 

Technical data of Alpha Ventus wind turbine 

Adwen AD 5-116 

Hub height Cut-in Speed 
Rated Wind 

Speed 

Cut-out Wind 

Speed 
Rated Output 

(m) (m/s) (m/s) (m/s) (MW) 

90 3.5 12.5 25 5 

In the following sections, the above information is relevant to relate the purpose of FINO 1 

research platform instalment, for instance, the fact that the placement of the wind speed 

measurement is at 90 m. Moreover, as a basis to understand the FINO 1 research, cut-in, rated, 

and cut-out speed are used as references to implement the wind speed ranges of the result 

presentation of this study. 

 

2.7 Waves 

Waves that look physically similar might have different characteristics depending on how they 

are generated. Ocean waves are irregular and random in shape, height, length, and speed of 

propagation. A real sea-state is best described by a random wave model. A linear random wave 

model is a sum of many small linear wave component with different amplitude, frequency and 

direction (DNV-RP-C205, 2010). 

Stationary sea-state is a common assumption for short term wave condition and can be 

characterised by environmental parameters such as significant wave height Ὄ and peak period 

Ὕ.  Significant wave height is the average of the highest one-third (33%) of waves measured 

from trough to crest that occur in a given period, whereas peak period is the period of the most 

energetic wave component. 

Wave conditions in a sea-state can be divided into two classes: 

¶ Wind sea/wind wave: waves generated by local wind 

¶ Swell: long period waves generated by distant storms 

Wind wave and swells can be distinguished by the ratio of phase speed and wind speed at 

reference height (usually 10 m) to define regimes of sea-state: 

Wave age: 

… ςȢφ 
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Where, 

ὅ = phase speed (at the peak of wave spectrum) 

Ὗ  = Wind speed at reference height 10 m 

Table 2.3. Sea State Regime. 

 

Swell waves have longer peak period than wind waves, and swell waves are not locally 

generated. Therefore, wind wave directionality during swell conditions is interesting since 

swell can be completely opposing the local wind direction. 

 

2.8 Fetch 

Fetch is the distance that indicates how far wind has travelled over open water. For example, 

if a wind is blowing from east to west across a body of water and there are no obstacles, the 

fetch of the wind is equal to the east-west distance of the body of water (Bruno, 2017). The 

term fetch length is mostly used, which is the horizontal distance over which wave-generating 

winds blow. Fetch length is used in geography and meteorology and its effects are usually 

associated with sea-state. 

 

Figure 2.10. Fetch length (Ainsworth, 2006). 

Wind and waves are closely related. When wind blows over water friction pulls the surface 

water along in the same direction. The water gains energy from the wind and waves form 

because the water is being compressed by the wind. 

Once a wave accumulates enough energy and grows to a certain size, it will bump into the 

wave in front of it which will cause it to gain height. By gaining height a wave exposes its 
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surface to the wind and gains more energy. This cycle continues to produce larger waves as 

long as the wind blows in the same direction and there are no obstacles to stop the waves 

(Bruno, 2017). 

Ocean wave intensity reflects the characteristics of wind speed, wind duration, and fetch. There 

are other factors which can influence the development of a wave field. Some of these include: 

wind speed and its variation, position and geometry of the coastline, wind direction and water 

depth. The combinations of these variables lead to a vast number of situations which cannot be 

simply characterized. Two idealized cases are, however, commonly examined: fetch limited 

growth and duration limited growth. Although highly idealized, these cases provide valuable 

insight into many of the physical processes responsible for wind wave evolution. In addition, 

they form valuable ñtest bedsò for evaluating the performance of more sophisticated wind wave 

prediction techniques. These cases also provide estimates of wave conditions which could be 

expected at a site and are often used in preliminary engineering design (Young, 1999). 

To describe the empirical dependences of above topic, Fontaine (2013) states that wind waves 

are generated and develop with time and space. As the waves grow, wave energy becomes 

strongly concentrated in the wind direction and is also highly concentrated around a main 

frequency. The wave system can be described by the peak frequency fp and the total energy E 

of its narrow-banded spectrum: 

Ὁ – ‰ὪὨὪ ςȢχ 

Two conditions are important for researchers to examine the surface wave generation exposed 

to steady wind force. They are fetch- and duration-limited growth condition, which will be 

explained at the following sub-chapter. 

 

2.8.1 Fetch-limited 

Fetch-limited is situation in which wave energy (or wave height) is limited by the size of the 

wave generation area (Simm et al., 1996).  

Young (1999) explains that Fetch limited growth occurs when a wind of constant magnitude 

and direction blows perpendicular to a long and straight coastline. This case is shown 

diagrammatically in Figure 2.11. The water is assumed deep and the wind blows for a 

sufficiently long time that the wave field reaches steady state (independent of time). Hence, for 
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the given wind speed, the wave field becomes a function of the distance from the shoreline, 

which is termed the fetch, x (Stiassnie, 2012). 

Figure 2.11. Schematic diagram showing fetch limited growth. The wind blows perpendicular to the infinitely 

long coastline shown to the left. The fetch, x is measured offshore in the direction of the wind. For a constant 

wind speed, the wave field develops as a function of fetch (Young, 1999). 

Fontaine (2013) describes that the fetch case corresponds to a steady wind blowing normal to 

a straight shore and generating an offshore directed forcing as illustrated in Figure 2.12. At a 

given distance from the shore (fetch), the wind-waves reach a statistically steady state after a 

long enough time. Assuming that the total energy E and peak frequency Ὢ depend only on 

fetch x, wind stress velocity u0* and gravity Ὣ, dimensional analysis enables it to be concluded 

that: 

Ὁ Ὁὼ ὥὲὨ Ὢ Ὢὼ ςȢψ 

where the non-dimensional energy Ὁ, peak frequency Ὢ, and fetch ὼ are defined as: 

Ὁ
ὫὉ

όᶻ
 ȟὪ

όᶻὪ

Ὣ
 ȟὥὲὨ ὼ

Ὣὼ

όᶻ
ςȢω 

The dependency of the energy and the peak frequency with the fetch has been studied 

experimentally by numerous researchers. Babanin and Soloviev (1998) and Badulin et al. 

(2007) provides detailed discussion and comparative analysis of the different fetch laws that 

have been proposed. As stated by Fontaine (2013), the most well-known dependency is as 

follow: 

Ὁᶿὼ ὥὲὨ Ὢᶿὼ Ⱦ ςȢρπ  
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Wind Direction 
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Figure 2.12. Wind is blowing offshore (Fontaine, 2013). 

 

2.8.2 Duration-limited 

A related problem to fetch-limited growth is duration limited growth. This case considers the 

development of the wave field from an initially calm sea (Young, 1999). Ideally, the water 

stays calm until the sudden start of a steady wind reaching rapidly to a set speed. The wind 

direction may stay steady for a long period of time but ramping up of wind speed from zero to 

a set speed usually takes some time. Moreover, in the open ocean, background swell is almost 

always present (Hwang & Wang, 2004).  

All land boundaries are assumed sufficiently distant that there is no fetch limitation to growth. 

The wind field is of constant speed and direction and spatially homogeneous. The water is also 

assumed to be infinitely deep. For the given wind speed, the resulting wave field will be 

spatially homogeneous and only a function of the duration or time that the wind has been 

blowing, t. As indicated above, reasonable approximations to fetch limited condition 

commonly occur, particularly at short fetch. Duration limited conditions are less common and 

hence the available database is significantly smaller (Young, 1999). 

In contrast to the fetch-limited growth, Fontaine (2013) describes that the duration-limited case 

corresponds to a uniform wind arising at t = 0 and blowing over an unlimited fetch far from the 

influence of the shore. In this case, the wave spectrum at a given time does not depend on the 

position but only on the duration. As with fetch-limited sea, for limited-duration seas, 

dimensional analysis enables it to be concluded that: 

Ὁ Ὁὸǿ ὥὲὨ Ὢ Ὢὸǿȟ ύὬὩὶὩ ὸǿ
Ὣὸ

όᶻ
ςȢρρ 
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Experimentally, the following relations, also called duration-limited laws, have been proposed: 

ὉᶿὸǿȾ ὥὲὨ ὪᶿὸǿȾ ςȢρς 

The fetch or the duration can be eliminated in equation (2.9) or (2.11): 

ὉϽὪ ὅȟύὬὩὶὩ ὅ ὧέὲίὸὥὲὸ ςȢρσ  

Equation (2.12) above has been hypothesized by Toba (1973) and resulting in the relation 

between significant wave height Hs and wave period Tp: 

Ὄ ὄϽὝȟ ύὬὩὶὩ ὄḗφȢς ρπ ςȢρτ 

This is named the three-second power law for wind waves of simple spectrum (Toba, 1973). 

In this equation, the non-dimensional significant wave height and wave period are defined as: 

Ὄ
ὫὌ

όᶻ
 ὥὲὨ Ὕ ρὪϳ ςȢρυ 

However, the assumption of Tobaôs Law is plausible only within given constraint. For example, 

Badulin et al. (2007) recover Tobaôs Law as a particular case of the weakly turbulent law 

(Fontaine, 2013). The takeaway from above topic that energy increases with fetch or duration 

is intuitive, considering that energy is transferred from the wind to the waves. 

It is informative to see the Hwang and Wang (2004) experimental results of the conversion of 

fetch-limited to duration-limited growth functions. 
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3. Previous research on wind-wave misalignment 

3.1 Wind-wave interactions 

As we can physically understand, the wind blows over the ocean surface and create waves. 

However, there is condition when the wind is driven by the wave. The wave-driven wind 

regime is found to be prevalent in the tropics where wind speeds are generally light and swell 

can propagate from storms at higher latitudes (Hanley et al., 2010). Conversely, the wind-

driven wave is occurring in the locations where wind speeds are generally high over the sea. In 

the open ocean, young wind waves are steeper and can often be higher than old sea or swell. 

Therefore, young wind waves generally represent a rougher sea surface than the older swells 

(Janssen, 2004). This sea state dependent roughness can be captured in the Charnock relation 

(Charnock, 1955). 

The roughness length can be considered as the point where the wind speed becomes zero when 

extrapolated towards the surface using Monin-Obukhov theory (Stull, 1988). Stronger winds 

produce higher waves and higher sea roughness length. As per DNV-RP-C205, the value of 

roughness length is generally between 0.0001 m for open sea and 0.01 m for near coastal areas 

with offshore wind farms. 

The roughness length is defined by Charnock relation as below: 

ᾀπ
ὃὧὟz

ς

Ὣ
σȢρ 

Where, 

ᾀ = roughness length 

Ὗz = friction velocity 

ὃ = Charnock constant 

Ὣ = gravity acceleration (9.81 m/s2) 

In a physical sense, roughness length is the smoothness of the terrain contour where wind is 

blowing. Higher the surface roughness length of a particular surface, more will the wind be 

slowed down. Table 3.1 showing roughness length of various terrain are presented below. 
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Table 3.1 Surface roughness length ᾀ over various terrain ("Twin Groves: A Lesson in Wind," 2016). 

Terrain Description 

Surface Rougness Length, z 

(m) 

Very smooth, ice or mud 0.00001 

Calm open sea 0.0002 

Blown sea 0.0005 

Snow surface 0.003 

Lawn grass 0.008 

Rough pasture 0.01 

Fallow field 0.03 

Crops 0.05 

Few trees 0.1 

Many trees, hedges, few buildings 0.25 

Forest and woodlands 0.5 

Suburbs 1.5 

Centers of cities with tall buildings 3 

 

3.2 Causes of wind-wave misalignment 

As described in Chapter 2.4, swell is the type of wave that carries high energy, which caused 

by distant storm, and when local wind blows above the swell, wave-driven wind regime will 

not be created. In this case we have wind-wave misalignment. 

In the idealised wave situation, the mean wave direction is equal to the wind direction. This is 

consistent with the wave-driven wind logic, which is generated by local winds. However, this 

is not always the case. The difference between wave and wind direction at a position at sea is 

seldom equal to zero. There are some physical effects that can cause the mean wave direction 

to be misaligned with the wind direction. The physical influence includes upwind fetch 

restrictions, refraction by spatially varying depth and or currents, spatial and temporal 

variations in the wind field, propagation effects in large areas, parameterization of physical 

processes, and time step in non-stationary wave model computations (Vledder, 2013). 

The phenomenon of upwind fetch restriction could be explained by the fact that to a certain 

extent, wave growth is directionally decoupled implying that the directional wave spectrum is 

composed of separate contributions of waves coming from different directions with different 

fetches and effective wind speeds. In this way upwind variations in fetch result in a mean wave 

direction that is different from the overall constant wind direction. Upwind variations in fetch 

make it almost impossible to define a representative fetch for simple wave predictions using 

parametric methods (Pettersson et al., 2010). 
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Figure 3.1 Geographical variation of the wind-wave misalignment in Lake IJssel for a situation with a constant 

northwesterly wind of 10 m/s and a wind direction of 300°N and 90°N (Black arrow) (Vledder, 2013). 

The effects on the wind-wave misalignment and on the directional spreading are illustrated for 

two output locations (shown in the Figure 3.1 as black/yellow circles) in the Figure 3.2. 

 

Figure 3.2 Wind-wave misalignment and directional spreading in Lake IJssel as a function of wind direction, 

and for a situation with (R=on) and without(R=off) refraction activated. 

 

3.3 Magnitude of misalignment 

In general, there are misalignments between the wind and waves at all wind speeds: small 

misalignments at large wind speeds and large misalignments at lower wind speeds (Fischer et 

al., 2011). Wave heights at real offshore sites tend to diminish with increasing wind/wave 

misalignment (Barj et al., 2014). The distribution of wind-wave misalignment becomes 

narrower with increasing wind speed and/or significant wave height (Vledder, 2013). 



OCCURRENCE OF WIND-WAVE MISALIGNMENT USING FINO AND OBLEX DATA   

 

26 
 

In this thesis, the magnitudes of misalignment are classified into 4 group: 

Table 3.2. Classification of wind-wave misalignment magnitude 

Classification / 

Conditions 

Wind-wave misalignment magnitude 

(deg) 

Category 

Aligned 0 Ò ɗ < 30 Aligned 

Slightly Aligned 30 Ò ɗ < 60 Aligned 

Perpendicular 60 Ò ɗ < 120 Misaligned 

Slightly Opposite 120 Ò ɗ < 150 Misaligned 

Opposite 150 Ò ɗ Ò 180 Misaligned 

 

To be noted that in this thesis, the magnitude of misalignment is always positive value (absolute 

value), meaning that the acute angle of the directional difference between wind and wave 

directions are considered in the analysis. Since long term data is used in this thesis, the 

chronological misalignment will not be the focus. However, the relative direction can be 

considered when necessary. Fischer et al. (2011) study the control concept for mitigation of 

load from misaligned wind and waves on offshore wind turbines supported on monopiles, with 

the wind-wave misalignment using absolute values from an example site in Dutch North Sea, 

close to the existing offshore wind farm Egmond aan Zee (OWEZ). The same approach has 

been used in this study, considering the occurrence of wind-wave misalignment and the relation 

to turbulence intensity was the research focus. In the other hand, several other researches such 

as (Kühn, 2001) and (Vledder, 2013) use the range -180 degree to 180 degree of misalignment 

in their analysis, to consider the direction that causes the misalignment. 

3.4 Statistics of wind-wave misalignment 

In terms of research and engineering, single events of wind-wave misalignment are not of 

interest, rather the statistics of wind-wave misalignment. Statistics of wind-wave misalignment 

can be considered for the total wave system or by breaking down into sea or swell systems. It 

is expected that, the occurrence of misalignment by swell waves should be higher as swell 

waves can easily have a different dominant wave direction than the local winds. Wind-wave 

misalignment has different signatures for wind sea and swell systems, where broader 

directional distributions are found for swell systems (Vledder, 2013). In a study by (Vledder, 
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2013), a third-generation wave prediction models WAVEWATCH III (WW3) was used to 

perform wave model based on hindcast, in order to compare the observed and predicted mean 

wave direction. 

Vledder (2013) mentioned that the sea-distribution is much narrower than the total wave system 

and the swell system. As expected, the distribution of the swell waves is the broadest as swell 

waves have a different dominant wave direction than the local winds. Figure 3.4 below is a 

graphical representation of the wind-wave misalignment for the total wave field, the wind-sea 

part, and the swell part in the north-west Australian continental shelf. 

A result by Vledder (2013) for a wind-wave misalignment located on the north-west Australian 

continental shelf show that most of the events occur in the difference band from -10° to 10°, 

slowly becoming smaller with increasing directional difference. Moreover, distribution of 

wind-wave misalignment becomes narrower with increase of wind speed and significant wave 

height (Vledder, 2013). 

 

Figure 3.3 Misalignment of mean wave w.r.t. mean wind direction at a Dutch North Sea site (Kühn, 2001). 

From the database of North European Storm Study (NESS), data for two grid points in a Dutch 

North Sea site is checked for a continuous record of 9 years. As seen from Figure 3.3 above, 

the misalignment observation of mean wave direction with respect to mean wind direction at 

this site suggest that misalignment of up to 30 deg is common, while misalignment larger than 

60 deg occurs less than 5% of the time (Kühn, 2001). 
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3.5 FINO 1 research platform related research 

FINO 1 research has been conducted not long after its operation and a long-term data analysis 

has been performed to a certain extent. Kettle (2013) was explaining from the basis of how the 

government policy and background is originated, the design, instrument array, data logging, 

and communication, as well as the recognized problems in the FINO data set. Some insights 

that might garner interest in this thesis are mast flow distortion, wind direction, anomalies in 

the logging system for the slow and fast meteorological data, and most importantly the data 

gaps from instrument malfunction, power loss, and computer failure, which will be related 

directly to the data gathered for the long term FINO 1 analysis conducted in this study. As for 

the latter, some instruments have been detected to be more vulnerable to damage in the extreme 

environment compared to the others. For instance, during the first winter of its operation, there 

was damage to the central chain of oceanographic instrument during a storm in December 2003. 

Therefore, it can be expected for either a lack of data or non-continuous data set in this period 

owing to the fact that most of the data were slow profiling met-ocean instruments, except the 

sonic anemometers, and were archived with 10-min average. Wind speed is an exception 

because it has good records of standard deviation, along with the minimum and maximum 

values over 10 minutes interval which later can be used to evaluate the turbulence intensity. In 

terms of the wave rider buoy, there is important measurement in the high frequency data 

recording that is lost in the long-term average statistics. The original high frequency data 

recordings from the slow-profiling instruments at FINO 1 have been lost for the period before 

2006. This fact is the main reason that the data set processed in this thesis starts at 2006. 

Another more detailed research in relation to data processing on FINO 1 data set was performed 

by (Westerhellweg et al., 2010), who assessed the uncertainty of mast correction in respect to 

wind shear as well as the wind direction and wind speed dependency of the turbulence intensity. 

There are more dynamics to be considered by installing research platform at offshore, such as 

the lateral speed-up effects, upwind flow retardation, and downwind wake effects. The 

combined wind and wave loads create the necessity to employ different mast designs, which 

may result in shorter booms as compared to onshore masts. The disturbances caused by the 

masts was addressed by developing a mast correction method called ñuniform ambient flow 

mast correctionò, UAM (Neumann, 2007). In order to investigate the mast correction issue, 

additional top anemometer was installed at a 104.5 m LAT height. The ratio of the wind speeds 

of this additional anemometer and the top anemometer at 103 m was presented by 

(Westerhellweg et al., 2012). The result shows the flow distortion of the booms at wind 
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directions 0°, 90°, 180°, and 270°. Constant speed-up effects are present for the original top 

anemometer for the wind direction sectors between those directions, which is the effect of the 

presence of lightning cage installed at the top of the mast.  

Therefore, mast correction was evaluated for the unstable data set and Vboom which is the wind 

speed corrected according to the wind shear was introduced. It has been found that the higher 

mast correction is concentrated on a certain range of wind direction, north-west direction for 

cup anemometers and south-east direction for sonic anemometer. Those are in fact the 

disturbed direction, opposite to the orientation of the boom from the mast of both instruments 

which are described in detail at the next chapter, see Table 4.2 and Table 4.3. As reference to 

analyse the data in this thesis, the mast correction and its uncertainty were displayed by 

(Westerhellweg et al., 2012) and it was shown that the FINO 1 cup anemometers have the 

highest mast correction in the range of wind direction 300° to 360°. Meanwhile the highest 

mast correction for sonic anemometers in the range of wind direction 100° to 150°. However, 

the uncertainty of the mast correction was caused by several other sources such as wind shear, 

and stability effects. Finally, the overall uncertainties were calculated from the combination of 

sources and the outcome can be seen in Table 3.3 below. This previous research is important 

to understand because this become one consideration of choosing a certain height for data 

analysis in this thesis. 

Table 3.3 Overall uncertainty of mas correction wind speeds for FINO 1 (Westerhellweg et al., 2012). 

Anemometer Overall uncertainty of mast correction 

Cup 104.5 2% 

Cup 91.5 2% 

Cup 81.5 2% 

Cup 71.5 3% 

Cup 61.5 3% 

Cup 51.5 3% 

Cup 41.5 4% 

Sonic 81.5 2% 

Sonic 61.5 2% 

Sonic 41.5 3% 

Another research that would be an interest in relation to this thesis was the dependency of 

turbulence intensity on wind direction and wind speed. FINO 3 shows big differences of the 

turbulence intensity for different wind directions, although in FINO 1, it is more homogeneous. 

(Westerhellweg et al., 2010). However, in this thesis, the dependency on wind speed has been 
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observed in more detail since the OBLEX data for lower heights wind speed are going to be 

introduced later and offshore wind profiles in regard to wind-wave misalignment are presented 

as a result. According to the previous research source, the average turbulence intensity has a 

minimum at approximately 11 m/s and increases for higher wind speeds as shown in Figure 

3.4. This result is in agreement with the result of this thesis as shown in Figure 5.28 and Figure 

5.29, while the difference is that the turbulence intensity was assessed more towards the effect 

regarding wind-wave misalignment. 

 

Figure 3.4 Average turbulence intensity for the different wind directions at FINO1 (Westerhellweg et al., 2010). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




























































































