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Preface 
 

This report is written by Aina Figueras Álvarez, a Civil Engineer student at the 
Universitat Politècnica de Catalunya. The paper is based on the estimation of available 
wave power in the near shore around Hanstholm Harbor in order to locate possible 
wave energy devices in the future.   

Before even knowing the topic of my project, my main aim was to learn more about 
wave energy and wave energy devices. 

In addition to the objectives of this report, other aims which have nothing to do with 
this field study have been improving Matlab skills as well as learning how to use other 
programs that will be probably needed in the near future. 

In the report the citation method used to list source reference is done according to 
the policy of Universitat Politècnica de Catalunya. The full source information can be 
found in the references. If the citation is provided before a full stop, only that sentence 
is attributed to the source; while a citation provided after the full stop attributes the full 
paragraph to the source. 

If a figure is not a product of the report’s author, a source is written at the end of the 
caption. Programs written as a part of the project can be found on the enclosed CD. 
Figures are also found on the enclosed CD. Nevertheless, some of them are saved in 
format .fig and have to be opened with Matlab. The content of the CD is listed on page 
xv. 
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Resume 
 

Estimation of available wave power in the near shore area around Hanstholm 
Harbor  

 

Aina Figueras-Álvarez 

Supervisors: Prof. Agustín Sánchez-Arcilla Conejo 

    Prof. Francesc Xavier Gironella i Cobos  

 

The European target is to source 20% of the Europe's energy from renewable 
sources by 2020. Nowadays, wave energy is one of the renewable sources. Even 
though it has been estimated that wave energy could provide from 10% to 50% of the 
worldwide energy consumption, most of the Wave Energy Converters are still in the 
phase of R&D (research and development). 

A reconstruction of Hanstholm Harbor is planned as well as a building of a wave 
energy center at Hanstholm. Therefore, it has been found interesting to estimate the 
available wave power.  

The main aim is to estimate the magnitude of available wave power in the near 
shore area around Hanstholm Harbor in order to find out the importance of the 
mentioned source and the positions with highest available power in this area. 
Furthermore, the influence of wave conditions and wind in the availability of wave 
power could be of interest. Now, that the reconstruction has not started yet, it is the 
moment to verify if it is worth to change the reconstructed harbor properties to 
adequate it to further wave energy production.  

The way to estimate the wave power has been as follows: 

Firstly, the wave conditions have been determined at a Hanstholm buoy situated in 
a depth of 20 m. For this, the wave parameters have been selected, correlations 
between variables have been needed, data have been filtered and directionality has 
been associated to Hanstholm data. 

Secondly, the available wave power has been estimated at the buoy. Scatter 
diagrams and probabilities of occurrence have been built in order to obtain the wave 
energy flux. All these diagrams have been built non-directionally and directionally as 
well. Then, for various wave directions, 10 sea states have been formed assembling 
waves with similar wave heights Hm0, wave periods Tm01 and wave energy fluxes Pwave. 
The simulation of wave propagation has been executed by SWAN for each wave 
direction and each state, in order to have the propagated Hm0, Tm01 and direction θ at 
11 different points in the near shore area around Hanstholm Harbor (gauges). 

Finally, wave energy fluxes have been calculated with the propagated parameters. 
The results of Pwave depending on wave directions, on wave states and on the location 
of gauges have been analyzed. 

As a conclusion, the available wave power obtained at the Hanstholm buoy has 
been around 6.16 kW/m (54 MWh/y/m) and at the gauges, around 5 kW/m. 
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Resum 
 

Estimació del potencial energètic disponible a l’àrea propera a la costa del Port 
de Hanstholm  

 

Aina Figueras-Álvarez 

Tutors: Prof. Agustín Sánchez-Arcilla Conejo 

    Prof. Francesc Xavier Gironella i Cobos  

 

La meta europea és que el 20% de l’energia europea provingui de fonts renovables 
al 2020. Ara per ara, l’energia de les onades és una de les fonts renovables. Encara 
que s’hagi estimat que l’energia d’onades podria proveir des d’un 10% a un 50% del 
consum energètic arreu del món, la majoria dels Convertidors d’Energia d’Onades 
encara estan a la fase de R&D (recerca i desenvolupament). 

Hi ha planificada una reconstrucció del Port de Hanstholm, així com també una 
edificació d’un centre d’energia d’onades a Hanstholm. Per tant, s’ha trobat interessant 
estimar el poder energètic disponible.  

El principal objectiu és estimar la magnitud del poder energètic a prop de la costa a 
la vora del Port de Hanstholm per esbrinar la importància de la font esmentada i les 
posicions amb més poder energètic a aquesta àrea. A més, la influència de les 
condicions d’onatge i del vent en la disponibilitat de poder energètic podria ser 
d’interès. Ara, que la reconstrucció encara no ha començat, és el moment de verificar 
si val la pena canviar les propietats del Port reconstruït per tal d’adequar-lo a una 
futura producció d’energia de les onades.  

La manera d’estimar el poder energètic ha estat la següent: 

En primer lloc, les condicions d’onatge han estat determinades a la boia de 
Hanstholm situada a una profunditat de 20 m. Per això, els paràmetres de les onades 
han estat seleccionats, s’han necessitat correlacions entre variables, les dades han 
estat filtrades i la direccionalitat ha estat associada a les dades de Hanstholm.   

En segon lloc, el poder energètic disponible de les onades ha estat estimat a la 
boia. Diagrames de dispersió i probabilitats d’ocurrència han estat elaborats per tal 
d’obtenir el flux energètic de les onades. Tots aquests diagrames han estat formats 
tant adireccionalment com direccionalment. Posteriorment, per vàries direccions 
d’onatge, 10 estats de mar han estat formats agrupant onades amb alçades similars 
d’ona Hm0, períodes d’ona Tm01 i fluxos d’energia Ponada. La simulació de la propagació 
de les onades ha estat executada per SWAN per a cada direcció d’onatge i cada estat 
de mar, per tal de tenir les Hm0, Tm01 i direcció θ  a 11 punts diferents a prop de la costa 
a la vora del Port de Hanstholm (mesuradors).  

Finalment, els fluxos d’energia de les onades han estat calculats amb els 
paràmetres propagats. Els resultats de Ponada depenent de la direcció d’onatge, dels 
estats de mar i de la localització dels mesuradors han estat analitzats.    

Com a conclusió, el poder energètic disponible a la boia de Hanstholm ha estat de 
6.16 kW/m (54 MWh/y/m) i als mesuradors, sobre 5 kW/m.  
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List of CD contents 
 
Files 

 

Charts: It contains all the charts needed to expand the bathymetry. 

Hs&Tp: It contains the resulting graphs of Hm0 and Tm01 with wave propagation 
from N, NW and W.  

Spectrumangle: It contains the spectrums S(θ) depending on sea states and wave 
propagation. 

Spectrumfreq: It contains the spectrums S(f) depending on sea states and wave 
propagation. 

Spectrum3D: It contains the spectrums S (f, θ) depending on sea states and wave 
propagation. 

Swan 4072: It contains the program used to simulate propagation in this project. 

Waves Fjaltring: It contains raw wave data obtained at the Fjaltring buoy. 

Waves Hanstholm: It contains raw wave data obtained at the Hanstholm buoy. 

Waves Hirtshals: It contains raw wave data obtained at the Hirtshals buoy. 

Weather Hanstholm: It contains raw weather data obtained at the Hanstholm buoy. 

 

Scripts 

 

2890_2006.txt, 3040_3070_2006.txt, 3080_2001.txt: Bathymetry measurements. 

2890_2006bis.txt: Bathymetry measurements including the expanded points. 

Analysis_aina.m: Script used to plot and extract the propagated Hm0 and Tm01 for each 
sea state and direction of propagation. 

Analysis_aina_wind.m: Script to evaluate the influence of wind direction. 

Analysis_Hs.xls: Propagated Hm0 in all the gauges depending on sea state and on 
direction of propagation. 

Analysis_Tm01.xls:  Propagated Tm01 in all the gauges depending on sea state and on 
direction of propagation. 

Angles.m: Script to calculate the real angle from the vectorial addition. 

Bathymetry.m: Script to plot the bathymetry. 

Classif_direc_ha.m: Script to classify the Hanstholm directional data in intervals. 

Dir_actual_Fja.m: Script to calculate the angle at Fjaltring buoy and at Hirtshals buoy at 
the time of the recorded Hanstholm data. 

Directionality.m: Script to give directionality to Hanstholm data. 

Dirpropagated.xls: Results of the angle of incidence at the gauges for different sea states 
and direction of propagation. 

Filter_Ha.m: Script to filter all the erroneous data at Hanstholm. 
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Final_analysis_aina.m:  Script to obtain the spectrum plots S(f, θ) as well as the angle of 
incidence at the gauges. 

Final_analysis_freq.m:  Script to obtain the spectrum plots S(θ) and S(f) at the gauges. 

FRECHsTpHanstholm.m: Script that distributes Hanstholm data in intervals of Hm0 and Tm01. 

Inputmake.m: Script executed to run SWAN to obtain Hm0 and Tm01 with generation on 
the north side. 

Inputmake2.m, inputmake2ampli.m: Scripts executed to run SWAN to obtain the spectrums with 
generation on the north side (outputs in different units). 

Inputmake2northwest.m, inputmake2amplinorthwestW.m: Scripts executed to run SWAN to 
obtain the spectrums with generation on the north and west sides 
(outputs in different units). 

Inputmakenorthwest.m: Script executed to run SWAN to obtain Hm0 and Tm01 with generation on 
the north and west sides. 

Inputmakewind.m: Script executed to run SWAN to obtain Hm0 and Tm01 with wind direction 
different to wave direction. 

Interpol.m: Script that contains the formula used for the weighed vectorial addition 
of angles. 

JONSWAPspectrum.xls: JONSWAP sprectrum used to find out the correlations with periods. 

Pitagores.m: Function to figure out the module of a vector. 

Probpowerbuoy.xls: Results of scatter diagrams Hm0-Tm01, probabilities and wave energy 
flux diagrams at the buoy for different wave directions of propagation 
and for non-directional data. 

Resumematrix.txt: Hm0, Tm01, θ and the time of recordings at Hanstholm. 

Seastateparameters.xls: Resume of Hm0, Tm01 and Tp of each sea state. 

Sumvect.m: Script that contains the formula used for the vectorial addition of 
angles. 

Swanrun.m: Script used for running SWAN that deletes other simulation’s results. 

Energyflux.xls: Results of the available wave power at the gauges depending on wave 
directions of propagation and on sea states. 

Waves_all.m: Script that represents the Hm0 time series at the buoys of Hanstholm, 
Fjaltring and Hirtshals. 

Windanalysis.xls: Results from the study of wind influence during propagation. 
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Symbols and definitions 

 
γ   = Peak enhancement parameter of the JONSWAP spectrum. 

θ   = Angle [°]. It can be in Nautical or Cartesian conventions.  

C  
( )

k

dkkg
r

rr

∂

⋅⋅∂
=

tanh
 = Group velocity [m/s]. 

d  = Water depth [m]. 
Dir  = Direction of the wave propagation [°].  
Ef  = Wave energy flux [kW/m]. 
E(f) = S(f) = Spectrum energy density depending on the frequency [m2/Hz]. 
Event  = Mean spectrum result obtained from recording during a period of time. 
f  = Frequency [Hz]. 
H  = Wave height [m]. 
Have  = Mean wave height determined from time-domain analysis [m]. 
Hmax  = Maximum wave height determined from time-domain analysis [m]. 

Hm0  = 0m4 ⋅ = Spectral estimate of significant wave height [m]. 

Hs=H1/3  = Significant height determined from time-domain analysis [m].  
H1/10  = Mean of the tenth part with the highest waves determined from time-domain 

analysis [m]. 

k
r

  = Wave number vector. 
L= λ   = Wavelength [m]. 

mn  = ∫
+∞

⋅
0

)( dffEf
n  = n’th order spectral moment. 

N  = ==
uencyRadianfreq

EnergyE

σ
Action density. 

Pwave = Wave energy flux (sometimes multiplied by a probability of occurrence) 
[kW/m]. 

Snl  = Non-linear triad and quadruplet wave-wave interaction [J]. 
Ssd  = Dissipation by white capping, bottom friction and depth induced breaking [J]. 
Stot  = Source/sink term [J]. 
T  = Wave period [s]. 
Tave  = Mean wave period determined from time-domain analysis [s]. 

Te  =
0

1

m

m− = Energy period used to calculate energy flux [s]. 

Tmax  = Maximum wave period determined from time-domain analysis [s]. 
Tp  = Peak period = Period of time where S(f) is maximum. 

Ts1  = 
0

2

m

m− = Spectral estimate of a mean period [s]. 

Tm01= Ts2 = 
1

0

m

m
= Spectral estimate of a mean period [s]. 

Tz  = 
2

0

m

m
= Spectral estimate of a mean period of time [s]. 

T1/10  = Period calculated with the periods corresponding to the heights of H1/10 [s]. 
T33=T1/3= Ts      = Mean period calculated with the periods corresponding to the heights of Hs [s]. 
WEC  = Wave Energy Converter. 
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Chapter 1 
 

111...   INTRODUCTION 

 

 

Natural resources for energy production have been used with a lot of 
consequences arising from this action, such acid rain or contamination of streams. 

Nowadays, there is no doubt that wind is an important source of renewable energy. 
Nevertheless, our society is not very confident in wave energy yet.  Next, some wave 
energy characteristics are going to be exposed that should be taken into account: 

1) British Carbon Trust estimates that the potential of wave energy is 2,000 to 4,000 
TWh per year. In comparison, the world total power production was just under 15,000 
TWh in 2003 [1]. It has been estimated that wave energy could provide 10% to 50% of 
the worldwide energy consumption [2].  

2) Waves are from 3 to 4 times more stable than wind and predictable from 24 to 36 
hours ahead [1]. The stability is due to the high density of water, resulting in less 
fluctuation in power delivery. Waves have the highest energy density among the 
renewable energy sources. 

3) Wave power naturally compensates in periods when wind power declines. That 
is because when the wind blows, waves are created, but when the wind drops, the 
waves generally continue for 6-8 hours in Hanstholm [1]. 

4) Combined wind and wave power installations can provide a more consistent 
level of power delivery [3]. Sharing the cost of grid connection, simplifying licensing 
procedures and making it possible for more power to be installed at one site would 
make the project more economically viable [4]. 

As a summary, with an increasing demand for renewable power sources, wave 
energy is sure to play a significant role in a renewable energy world. 

In this report, the available wave power is estimated in the near shore area around 
Hanstholm Harbor in order to find out the importance of the mentioned source and the 
positions with highest available power in this area. Furthermore, the influence of wave 
conditions and wind in the availability of wave power could be of interest. 

The way to analyze the wave power has been as follows: 
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Firstly, the wave conditions have been determined at a Hanstholm buoy situated in 
a depth of 20 m. For this, the wave parameters have been selected, correlations 
between variables have been needed, data has been filtered and directionality has 
been associated to Hanstholm data. 

Secondly, the available wave power has been estimated at the buoy. In this case, 
ratios among wave periods have been required as well as the time associated to 
reliable data. Once these prerequisites were acquired, scatter diagrams and 
probabilities of occurrence have been built in order to obtain the wave energy flux. All 
these diagrams have been built non-directionally and directionally as well. 

Thirdly, for wave directions θ: N, NW, W, SW and S, 10 sea states have been 
formed assembling waves with similar wave heights Hm0, wave periods Tm01 and wave 
energy fluxes Pwave. These sea states have been necessary for simulating propagation. 

In forth place, a simulation of wave propagation has been run by SWAN for each 
wave direction and each state, in order to have the propagated Hm0, Tm01 and θ in 11 
different points in the near shore area around Hanstholm Harbor (gauges). 

Finally, wave energy fluxes have been calculated with the propagated parameters. 
The results of Pwave depending on wave directions, wave states and location of the 
gauges have been analyzed. 

 

1.1. Objectives 

 
The main aims of the work are the following ones: 
 

1. Estimate the available wave power in the near shore area around Hanstholm 
Harbor in order to find out the importance of this energy source in this area. 

2. Discover what positions have the highest available wave power from 11 
gauges placed in the near shore around Hanstholm Harbor. 

3. Determine the wave characteristics that have the highest energy 
contributions in Hanstholm and have the highest probability of occurrence.   

4. Analyze the influence of sea states (wave height and wave period) as well as 
other wave conditions (direction and probability of occurrence) in the 
availability of wave power.  

 

Besides, other aims have been pursued throughout the process of this project. These 
are: 
 

1. Figure out the correlation between Hm0 at the Hanstholm buoy and Hm0 at the 
buoys of Hirtshals and Fjaltring. In addition, study the relationship between Hm0 
and wind speed as well as the relationship between wind and wave directions in 
Hanstholm.  

2. Analyze the influence of wind speed, wind direction, model wave generation, 
model size and cell size in the propagation of waves. 

 
3.  Quantify the error made when assuming linear theory in calculating the available 

wave power in intermediate water.  
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Chapter 2 
 

222...   STATE OF THE ART  
 
 

The two main aims of the wave energy are the following: 

1) Security of supply. 

2) Use of local energy resources. Ocean Energy will contribute to the EU target of 
a more diversified energy mix by using locally available renewable energy 
resources and reducing, or eliminating, the need to import energy to the EU [4]. 

Overall, the current European target is to source 20% of the Europe's energy from 
renewable sources by 2020 [5].  

 

2.1. Wave Energy Properties and Distribution 

 

Wave energy is a part of the marine power. According to the EIA, the marine power 
represented 42% of the renewable energy potential in 2008 [6]. In Figure 2.1 extracted 
from [7], the different kinds of marine power are shown. 
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Figure 2.1. World percentage of renewable production 2008. 

 

The main wave energy properties in contrast to other energy sources are indicated 
in Table 2.1. 

 
Table 2.1. Advantages and drawbacks of wave energy in contrast to other energy sources. 

ADVANTAGES DRAWBACKS 

• Availability. 

• Predictability. 

• Density of water compared to wind (800 
times denser than air)  [8] [9]. 

• Low visual impact (depending on the 
wave energy device). 

• No fuel volatility. 

• Must be able to withstand very rough 
weather and salt water corrosion*. 

• Needs a suitable site.  

• Can change the pattern of beach sand 
nourishment. 

• Maintenance hardly operating. 

• Lack of stability**. Large fluctuation of 
power in a wide range of sea states due 
to irregular waves. 

• Nowadays, high cost of electricity. 

*Since water is much denser than air, the energy stored is higher. Consequently, a WEC (Wave 
Energy Converter) is much more susceptible to damage during storms than wind turbines. WEC’s need to 
last minimum 50 years in order to be profitable.   

**Even though wave energy is stable in contrast to wind, it is not stable compared to other sources.  

 

Wave energy is a form of solar energy: the sun produces temperature differences, 
causing winds that blow over the ocean surface. Both air pressure differences and 
friction in the water surface cause ripples, which grow into swells. Such waves can then 
travel thousands of km with almost no loss of energy. When a wave reaches shallow 
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water (depth< wavelength/2), it slows down, its wavelength decreases and it grows in 
height, which leads to wave breaking. Closer to the coastline the wave energy intensity 
decreases due to interaction between the seabed and breaking, but can increase by 
refraction or reflection. [4] 

The wave energy flux (or mean available wave power) is the mean wave energy 
through a vertical plane of unit width, parallel to a wave crest. It consists of transported 
kinetic and potential energy as well as an increase in kinetic energy due to work 
produced by external forces such as pressure. 

For irregular sea in deep water (d> λ /2), the wave energy flux is 

emowave TH
g

P ⋅⋅
⋅

⋅
= 2

2

64 π

ρ
       [Equation 2.1] 

Where: 

Pwave is the wave energy flux per unit wave crest length (kW/m). 

Hm0 is the spectral significant wave height (m). 

Te is the energy period (s).  

ρ is the mass density of water (kg/m3). In this project, the salinity of the North Shore has been 
considered to be ρ= 1020 Kg/m3. 

g is the acceleration by gravity (m/s2). In this project, the gravity has been considered to be 9.82 
m/s2 according to the proximity to the North Pole. 

As a consequence, in this project,  

π

ρ

⋅

⋅

64

2
g
≈ 0.49

sm

kW

⋅3
.       [Equation 2.2] 

Equation 3.1 states that wave power is proportional to the wave period and to the 
square of the wave height in deep water.  

As the waves propagate, the wave energy flux is:  

gmwave cHgP ⋅⋅⋅= 2

0
16

1
ρ        [Equation 2.3]  

where cg is the group velocity (m/s). The group velocity depends on the wavelength λ 
which changes with different water depths h. As a result, the wave energy flux behaves 
differently in deep, intermediate and shallow water. [10] 

Wave energy is unevenly distributed. Increased wave activity is found between the 
latitudes of ~30° and ~60° on both hemispheres, induced by the prevailing western 
winds (Westerlies) blowing in these regions (Figure 2.2). [11] 
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Figure 2.2. Global wave power distribution in kW/m of crest length [11]. 

 

The wave climate along the western coast of Europe is highly energetic. Higher 
wave power levels are only found in the southern parts of South America and in the 
Antipodes (Figure 2.2 extracted from [12]).  

 

 
Figure 2.3. Wave power levels in kW/m of crest length in European waters. 

 

The potential of wave energy in the Danish west coast (offshore) can reach 25 
MW/km while the average is ≈16 MW/km. At North Atlantic European Coasts, the 
potential raises to 25-75 MW/km and, in the Mediterranean, it is 4-11 MW/km (Figure 
2.3) [12]. 

Overall, the total potential of European coasts is ≈320 GW.  
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2.2. Wave Energy Converters 

 

A variety of technologies have been proposed to capture the energy from waves. 
These machines called “Wave Energy Converters” (WEC) have been developed to 
extract energy either from shoreline or from the deeper waters offshore. Wave energy 
devices extract energy directly from the surface motion of ocean waves or from 
pressure fluctuations underneath the surface. 

Several units are usually assembled to reach out a wave farm. A typical value of 
installed power is 20MW/km2. Wave farms and tidal power plants are projected to 
deliver an average load factor of 2000 hours per year. (Cruz J, 2008)4 

It is estimated that the energy price in 10-20 years will be 0.12-0.25 €/kWh [12]. 

Wave energy technologies differ in their orientation to the waves and in the way 
they convert the energy of the waves into other energy forms mainly by turning a 
turbine or compressing a piston. Although many devices with different techniques are 
being tested, this report is displaying the four WEC groups that follow. 

 

2.2.1. Terminators 

Terminator devices extend perpendicular to the direction of wave travel and capture 
or reflect the power of the wave. They are usually installed onshore or near shore; 
however, floating mechanisms have been designed for offshore applications.  

An oscillating water column OWC is a terminator which is partially submerged and it 
needs to be onshore. It is open to the sea below the water line, enclosing a column of 
air on top of a column of water. Waves cause the water column to rise and fall, which in 
turn compresses and decompresses the air column. This trapped air is allowed to flow 
to and from the atmosphere via a turbine, which usually has the ability to rotate 
regardless of the direction of the airflow. In Figure 2.4 the principle of an OWC is 
represented. An example of an OWC in Islay is shown in Figure 2.5. 

 
 

 
Figure 2.4. Principle of OWC’s: when the water rises, it compresses the air. [12] 
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Figure 2.5. Example of an OWC: Wave Gen in Islay. 

 

2.2.2. Point Absorbers 

A point absorber is a floating structure. Consequently, it can be used in either 
shallow or deep water. It absorbs energy in all directions through its movements 
at/near the water surface using the raise and fall of the wave height at a single point. 
The relative motion is used to drive electromechanical or hydraulic energy converters. 
Point absorber examples are shown in Figure 2.6.  

 
 

 
Figure 2.6. On the left, Wave Star; in the middle, Aquabuoy; on the right, AWS Portugal. 

 

2.2.3. Attenuators 

Attenuators are floating structures; they can be used in either shallow or deep 
water. Attenuators are long multisegment floating structures oriented parallel to the 
direction of the waves. The differing heights of waves along the length of the device 
causes flexing where the segments connect and this flexing is connected to hydraulic 
pumps or other converters.  

The most developed attenuators are the Mc. Cabe Wave Pump and the Pelamis 
Wave Power Converter. 

The Mc. Cabe Wave Pump has three pontoons parallel to the wave direction. While 
the middle one remains still, the hydraulic pumps located between the center and the 
other pontoons are activated when the waves force the end pontoons up and down. 

In the Pelamis Wave Power Converter, seen in Figure 2.7, when the wave passes, 
flexing at the joints drives hydraulic pumps located in these joints.  
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Figure 2.7.  The Pelamis Wave Power Converter. 

 

2.2.4. Overtopping 

Overtopping Water Devices can be located either onshore or offshore. Overtopping 
wave energy converters use the potential energy in the overtopping water of incoming 
waves. The water is stored in a number of reservoirs at a higher level than mean sea 
water level. One of the most important parameters is the crest level at which the 
overtopping water is captured. In its natural way back to the sea, the water passes 
through turbines generating electricity. Examples of overtopping devices are Wave 
Dragon or Sea Slot-cone Generator (SSG). Wave Dragon’s basic working principle is 
shown in Figure 2.8. The SSG mechanism can be seen in Figure 2.9. SSG will 
probably be used at the breakwater of the reformed Hanstholm Harbor. 

 
 

 

Figure 2.8. The Wave Dragon basic working principle. 

 

 

 
 

Figure 2.9. The SSG mechanism with different reservoirs. 
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2.3. Wave Energy Development 
 

Table 2.2 summarizes some events related to wave energy devices that have 
been designed throughout history. 
 
Table 2.2. Summary of some events in the history of wave energy. 

Date Place Events 

1799 France First patent from Girard and his son. They figured that wave power could run pumps and 
sawmills  [8]. 

1960s Japan The Japanese navy built a marker buoy which used waves to power its lamp. [11] 

70's-80's Norway First prototypes in Oscillating Water Column (OWC). 

1974 UK Due to the oil crisis, Prof. Stephen Salter (University of Edinburgh) published in the journal 
“Nature” the concept of a floating buoy known as the Salter duck which is still one of the most 
efficient devices at absorbing waves. [11] 

1980's Europe Several research programs with government and private support started, mainly in Denmark, 
Ireland, Norway, Portugal, Sweden and the United Kingdom. 

Since 
1986 

Europe Wave Energy research was supported by national Programs and Programs for Research 
such as Technological Development and Demonstration of the European Commission. [11] 

Since 
1987 

Japan The “Mighty Whale” (offshore floating prototype) has been under development at the Japan 
Marine Science and Technology Center [13]. 

1993 Europe The European Commission supported international conferences on wave energy (Edinburgh, 
UK, 1993; Lisbon, Portugal, 1995; Patras, Greece, 1998 and Aalborg, Denmark, 2000), 
which estimulated and coordinated the activities carried out throughout Europe within 
universities, national research centers and industry. [11] 

1996 Ireland Full size 40 m. prototype of the Mc. Cabe Wave Pump off the coast of Ireland  [14]. 

1997 Denmark Point absorber with the company Danish Wave Power. 

1998-
2002 

Denmark Establishment of the Danish Wave Energy Program (DWEP) with focus on economical 
support on new inventions  [15]. 

1999 Denmark Commission "BØlgekraftudvalget" released a 1st protocol on testing/assessment of Ocean 
Energy Devices. [15] 

2000 Europe Formation of the "European Thematic Network on Wave Energy" to coordinate collaboration 
between European countries in the wave energy sector. Participation of 14 wave energy 
representatives from European countries. Its main targets are: coordination, improvement of 
interactions between major players in wave energy and industrial confidence in emerging 
wave energy conversion technologies. [11] 

2003 Denmark Wave Dragon prototype 1:45 at Nissum Bredning. Tests of Wave Rotor. 

2004 UK Full scale, four segment Pelamis prototype with 750 kW was sea tested for 1000 hours [14]. 

2004-
2005 

USA Testing in the Pacific Ocean conducted by PowerBuoy off the coast of the Marine Corps 
Base in Oahu, Hawaii [14]. 

2005 UK A 1:3 scale prototype of the WaveRoller Device in EMEC (European Marine Energy Center), 
Orkney. 
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2005 USA A Powerbuoy demonstration unit at 40 kW was installed for testing offshore from Atlantic city, 
New Jersey  [14]. 

Feb- 05 Norway A 1:3 complete laboratory platform (laboratory Rig “Buldra”) was constructed at the Brevik 
ship yard and it was launched to the sea at the southern coast of Norway by SEEWEC 
(Sustainable Economically Efficient Wave Energy Converter) [16]. 

2006 UK A Pelamis-powered 22.5 MW- wave energy facility was planned for Scotland [14]. 

2006 UK Development of a Wave Dragon ApS full size project in Wales producing 7MW of power [17]. 

2006 Denmark Wave Star 1:10 model at Nissum Bredning. A 5.5 MW generator with 40 hemisphere shaped 
floats with Ø=1m. [8] 

Mar-06 Ireland 1:4 scale prototype of Wave bob installed in Galway Bay [14]. 

Dec-06 Australia Energetech’s Wave Energy generator installed in Port Kembla harbor to generate electricity, 
desalinate water and test facility for further development  [14]. 

2006-
2009 

USA A Rhode Island Green Wave Project by Energetech Australia Pty [14]. 

2007 UK A PowerBuoy full size demonstration plant with a capacity of 10 MW planned in UK Waters. 
1st phase completed [14]. 

2007 Portugal A 2MW capacity Archimedes Wave Swing Buoy tested outside Portugal. Installation and 
Commissioning of WaveRoller [14]. 

2007 UK Oyster Pilot Plant from Aquamarine Power in Orkney [14]. 

2007 Mexico Installation of the Seadog Pump in the Gulf of Mexico [18]. 

2007 Norway Prototype of SSG (Seawave Slot-cone Generation) in the west coast of Kvitsoy producing 18 
kW/m. [17] 

Feb-07 UK Pre-commercial model of the Archimedes device at the European Marine Energy Centre 
(EMEC) in Orkney [14]. 

2008 USA A 1 MW pilot offshore demonstration power plant of AquaBuoy (4 units of 250 kW) developed 
offshore at Makah Bay, Washington [14]. 

2008 UK Wave Dragon in Wales with a power production of 4MW. [19] 

Oct-08 Portugal 3 attenuators by Pelamis Wave Power with a capacity of 2.25 MW installed in Portugal. In 
March 2009, the project was suspended indefinitely. Later, an expansion to 20 MW was 
considered. 

Aug-09 Denmark Wave plane prototype offshore [20]. Unfortunately, one mooring line broke.  

Sep-09 Denmark WaveStar test plant 1:2 with 2 floats by Roshage Pier in Hanstholm [20]. 

2009 USA Installation of wave power array of buoys at the coast of Oregon producing 2 MW of power 
by OPT (Ocean Power Technologies). [8] 

2009 Spain OPT has an agreement with Iberdrola SA.  to install an OPT Wave Power Station with a 1.4 
MW array in the North of Spain. [8] 

2010 Denmark WaveStar full scale [20]. 
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2010 Denmark Dexa Wave Energy wants to construct a plant on the sea [20]. 

2010 Australia Australian subsidiary develops a 10 MW farm at the Australian coast. [8] 

2010 Scotland Pelamis Wave Power plans to install 3 MW mechanical serpents in Northwest Scotland and 
5 MW array of Britain Cornwall coast. [8] 

 

Nowadays 

10 prototype devices installed and three units sold. The European Wave Energy organization 
has emerged and technology is being verified although it is currently relying on subsidies. As 
a consequence of the large size of the devices, the development is slow. EU will push 
development until installation of 10-20 well functioning devices. Evolution depends on the 
political will in the incoming years. [12] 

2011 Denmark Wave Energy is willing to incorporate a wave plant in the piers of the future Harbor in 
Hanstholm. 

 

2.4. Wave Energy Development in Denmark 

 

Development of technical devices to use wave energy for electricity production 
(wave energy converters, WEC’s) has been going on in Denmark for the past 25 years. 

 However, up until the establishment of the Danish Wave Energy Program (DWEP) 
in 1997, only one device (a point absorber developed by the company Danish Wave 
Power) was thoroughly investigated. The DWEP, together with a simultaneously 
established Wave Energy Association (WEA), tested numerous WEC’s. The DWEP 
had the objective to investigate future optimal wave energy solutions by a broad 
development of different WEC’s. [17] 

The DWEP was running from 1998 to 2002. It was administrated by experts 
representing hydraulic and maritime institutes in Denmark: the Folkecenter for 
Renewable Energy, the WEA, the Technical University of Denmark and Aalborg 
University. 

The Wave Energy Sector was characterized by a lot of new devices constantly 
appearing on the scene. In order to do a kind of comparison, it was essential to create 
a protocol so devices could be compared. DWEP was funding the development 
through four stages, going from simple experiments and visualization, through 
intermediate phases involving further R&D (research and development) and ending at 
prototype testing in real sea conditions. The main idea was that each phase had to give 
some specific information to the inventor and his investors as well as not use too many 
resources before having an estimate on the potential. [17] 

As many as 40-50 projects have been through the initial phase with simple testing 
of new ideas, while 10 projects have been through the phase of further R&D. Only 
WEC Wave Dragon was supported by DWEP at the level of real sea prototype testing. 
This project consisted in building a scale 1:4.5 prototype of a North Sea power plant (4 
MW installed capacity), located in Nissum Bredning in the north western part of 
Denmark. DWEP was closed down in 2002. 

Nowadays, Wave Star (WS) and Seawave Slot-cone Generator (SSG) are also at 
the level of real sea prototype testing. As shown in Table 2.2, there is a 1:2 WaveStar 
Device near Hanstholm. In Denmark, the consumption of electrical energy is approx. 
36 TWh/y (2005) with 15.5 % of the consumption covered by renewable energy 
sources (primarily wind). Renewable energy represents 27% of all generated electricity. 
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The Danish government has initiated a program to ensure that, by 2025, 30% of the 
total energy consumption will be from renewable energy sources. [1] 

 

2.5. Plans for a Harbor Reconstruction and a Wave Energy 
Centre in Hanstholm 

Hanstholm (Figure 2.10 from [21]) is a fishing town located on the west coast of 
Jutland facing the North Sea in Denmark. 

 

 
Figure 2.10. Location of Hanstholm in Denmark. 

 
 

 
Figure 2.11. On the left, exiting Harbor in Hanstholm [21]; on the right, outline of the new 

harbor. 

 

The expansion plan is shown in Figure 2.11; the reconstructed harbor will be three 
times bigger than the actual one. The plan for a harbor reconstruction in Hanstholm 
focuses on ferries, goods handling and fishery. The design will depend on calculations 

N 
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of currents, waves, navigational conditions etc. [22]. An integration of a Sea Slot-cone 
Generator (SSG) in the breakwater is suggested in order to produce electricity from 
waves.  

“Hanstholm is a good location for the wave energy centre because of its well-
functioning port and the depth of the waters” said Jens Peter Kofoed in an interview in 
[20]. 

The wave energy industry, Aalborg University, Thisted Municipality and the Port of 
Hanstholm are willing to set up a centre where companies will be able to test their 
wave energy plants (journal Ingeniøren) [20]. 

The main functions of the centre will be: 

1) Research and networking activities, where the different companies benefit 
from each others presence. 

2) Visitors centre, where wave energy is made tangible.  

3) Industry-oriented wave energy centre, which will support development that 
is already in progress in wave energy. 
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Chapter 3 
 

333...   MATERIALS 
 
 
 

3.1. Data Extraction 

 

Data from three Waverider buoys have been obtained by The Danish Coastal 
Authority.  

These previous buoys are located near three towns in the West Coast of Jutland 
(Denmark) (see Figure 3.1 from [21]). These towns are: Fjaltring (buoy 2031), 
Hanstholm (buoy 3110) and Hirtshals (buoy 1041). Their exact coordinates in UTM32N 
Euref89 can be seen in the following Table 3.1.  

 
 

Table 3.1.  Coordinates and depths where the buoys are situated. 

 Longitude Latitude Depth 

Fjaltring (buoy 2031) 441 976 E 6 259 466 N 17.5 m. 

Hanstholm (buoy 3110) 474 700 E 6 332 100 N 20 m. 

Hirtshals (buoy 1041) 524 559 E 6 381 744 N 17 m. 
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Figure 3.1. Location of Hirtshals, Hanstholm and Fjaltring [red dots] and approximated location 

of the buoys [blue dots]. 

 

Apart from the buoy data, wind data have also been available in these three sites. 
Nevertheless, only the weather in Hanstholm has been contrasted to the buoy results 
in this report. The source of wind data from Hanstholm has been the buoy 3110. 

 

Depending on the buoy and on the town, the recording period has varied. The 
exact periods of recorded data are given in the following Table 3.2. 

 

 Table 3.2.  Period of time analyzed depending on the buoy and on the type of data.  

 Buoy data Wind data 

Hirtshals 11/08/99-25/02/09 - 

Hanstholm 01/11/05-25/02/09 01/11/05-25/02/09 

Fjaltring 11/12/91-25/02/09 - 

 

A Waverider buoy has a spherical form (see Figure 3.2). The measurement sensor 
is an accelerometer suspended inside the sphere with a liquid of fixed conductivity. In 
order to obtain vertical displacement, the acceleration signal is integrated twice and 
time series (raw data) are generated. The analogical signal with wave height is 
converted into a wave signal and it is transmitted to the coastal station where, finally, it 
is transformed into a digital signal and analyzed. [23]. 

 

 

 

Hanstholm 

Hirtshals 

Fjaltring 

N 
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Figure 3.2. Image of a Waverider buoy [23]. 

 

3.2. Extracted Data 

 

The variables extracted regarding wave information have been very diverse. While 
Table 3.3 is an example of the different wave parameters that have been obtained in 
Hanstholm, Table 3.4 shows the parameters referent to the weather. The definitions 
and units of these variables can be seen in Symbols and definitions. 

The selection of the parameters that are going to be used in this report has been 
executed in chapter 5: Methodology. 

 

Table 3.3. Example of the parameters extracted from waves in Hanstholm. 

ID DATE 
H 

MAX 
T 

MAX 
H 

1_10 
T 

1_10 
H 

1_3 
T 

1_3 
H 

AVG 
T 

AVG 
H 

M0 TZ TP DIR TS1 TS2 

1022 2005-11-01 12:30 2.27 4.8 2.15 4.7 2.07 4.6 1.95 3.8 0.6 3.77 5.56  5.77 4.15 

1022 2005-11-01 13:00 2.38 4.4 2.14 4.6 2.05 4.4 1.93 3.6 0.58 3.75 5.56  5.7 4.12 

1022 2005-11-01 13:30         0.55 3.73 5.88  5.77 4.1 

1022 2005-11-01 14:00 2.3 5.7 2.14 5 2.05 4.4 1.93 3.5 0.56 3.93 5.56  6.24 4.39 

1022 2005-11-01 14:30         0.53 3.7 6.06  6.35 4.16 

1022 2005-11-01 15:00 2.34 5.1 2.15 4 2.07 3.8 1.95 3.1 0.54 3.43 6.06  6.2 3.84 

1022 2005-11-01 15:30 2.31 4.1 2.15 4.1 2.07 3.9 1.95 3.1 0.57 3.23 5.41  6.27 3.61 

1022 2005-11-01 16:00 2.29 4.8 2.15 4 2.08 3.9 1.96 3.2 0.56 3.15 5.26  6.25 3.51 

1022 2005-11-01 16:30         0.58 3.24 5.56  5.61 3.57 

1022 2005-11-01 17:00 2.35 6.4 2.17 3.9 2.09 4 1.97 3.2 0.59 3.23 5.13  5.8 3.54 

1022 2005-11-01 17:30 2.22 3 2.17 3.4 2.09 3.6 1.96 2.9 0.59 3.2 5.13  5.68 3.5 
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Table 3.4. Example of the parameters extracted from weather information in Hanstholm. 

ID Date Speed (m/s) Dir (°) Gusts(m/s) 

3110 11/1/2005 1:00 8 138 11.2 

3110 11/1/2005 2:00 8 138 12.3 

3110 11/1/2005 3:00 6.7 140 10 

3110 11/1/2005 4:00 8 144 11.2 

3110 11/1/2005 5:00 6.7 154 11.2 

3110 11/1/2005 6:00 6.1 161 9.6 

3110 11/1/2005 7:00 6.3 171 10.2 

3110 11/1/2005 8:00 6.1 174 9.4 

3110 11/1/2005 17:00 2.5 165.9 6.7 

 

The information has been delivered by the Coastal Authority in a text file, but it has 
been necessary to adequate it in order for Matlab to read the file. 

The diverse kind of data obtained is shown in Table 3.5. 
 

Table 3.5.  Description of the data obtained in Hanstholm and their respective 
number of events. 

Total data obtained 50498 86.8
Total reliable data (filtered) 46296 79.6
Total directional data* 40997 70.5

Hanstholm data description Number of events
% of total 

possible data

Total possible data associated to the 
period analyzed

58167 100

 
* The method to obtain directional data is explained in Methodology. 

During this document, all the scripts required to process the data have been 
programmed and executed through Matlab. Furthermore, graphs have also been 
plotted with Matlab. 

In case help was needed to make the scripts, information was found in [24] as well 
as in the “help” of Matlab. 

The principal programs that have been executed through all this report are included 
on the enclosed CD. 

 
3.3. SWAN Model 40.72 (Simulating  WAves Nearshore)  

 

SWAN model has been used for the purpose of simulating the propagation of 
waves. Supposing the same Hm0 and Tp as the buoy at the bathymetry line of 20 m, 
waves have been generated at the buoy location and propagated into the shore.  
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3.3.1. SWAN Model Overview 

SWAN is a third-generation wave model for obtaining realistic estimates of wave 
parameters in coastal areas from given wind and bottom conditions. The model is 
based on the wave spectral energy balance equation with sources and sinks. This 
equation represents the effects of spatial propagation, refraction, shoaling, generation, 
dissipation and nonlinear wave-wave interactions. SWAN is fully spectral (in all 
directions and frequencies). 

SWAN can be used on any scale for wind generated surface gravity waves. 
However, SWAN is specifically designed for coastal applications. 

SWAN expects all quantities that are given by the user to be expressed in S.I. 
units: m, kg, s; consequently, the wave height and water depth are in m, wave period in 
s, etc. For wind and wave directions both the Cartesian and a nautical convention can 
be used. Directions are in degrees (°) and not in radians. 

The Cartesian system has been used during this project. All geographic locations 
and orientations in SWAN, e.g. the bottom grid or output points, are defined in one 
common Cartesian coordinate system with origin (0,0) by definition. This geographic 
origin may be chosen arbitrarily. 

Likewise, in the input and output of SWAN, the directions of wind and waves are 
defined according to the Cartesian convention: the direction to where the vector points, 
measured counterclockwise from the positive x−axis of this system (in °). 

For the output of wave energy flux, the user can choose between variance (m3/s) or 
energy spatial density (W/m) (energy transport per unit length).  

 

The following wave propagation processes have been represented by SWAN: 

• Propagation through geographic space. 

• Refraction due to spatial variations at the bottom. 

• Diffraction. The model should be used in areas where variations in wave height 
are large within a horizontal scale of a few wave lengths. 

• Shoaling due to spatial variations in bottom. 

The following wave generation and dissipation processes are represented in SWAN: 

• Wave generation by wind. 

• Dissipation by white capping. 

• Dissipation by depth-induced wave breaking. 

• Dissipation by bottom friction. 

• Wave-wave interactions in both deep and shallow water. 

 

Several types of grids need to be defined: (a) spectral Grid and (b) spatial 
(geographic) grid. 

The spectral grid is a computational spectral grid on which SWAN performs the 
computations. The frequency space has been defined by a minimum and a maximum 
frequency. In directional space, the directional range has been the full 360° .The 
directional resolution has been determined by the number of discrete directions 
provided by the user.  
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The spatial grids defined have been: 

• A computational spatial grid on which SWAN performs the computations. 

• One spatial input grid for the bottom. 

• One spatial output grid. 

 

Table 3.6 shows the recommended value ranges in SWAN for applications in 
coastal areas [25]. 

 

Table 3.6. Ranges in SWAN for applications in coastal areas. 

 

During the computations SWAN obtains bottom, wind and bottom friction 
information by tri-linear interpolation from the given input grid. The output is in turn 
obtained in SWAN by bi-linear interpolation in space from the computational grid.  

 

The affected areas with errors are regions with the starting point at the corners of 
the water boundary with wave information, spreading towards shore at an angle of 30° 
to 45° for wind sea conditions to either side of the imposed mean wave direction. There 
is less spreading for swell conditions. 

 

3.3.2. Technical Details of the SWAN Model  

Based on the wave action balance equation with sources and sinks, the shallow 
water wave model SWAN is an extension of the deep water third-generation wave 
models. In deep water, it incorporates formulations for wave generation, dissipation 
and the quadruplet wave-wave interactions from the WAM model [26]. In shallow water, 
these processes have been supplemented with the formulations for dissipation due to 
bottom friction, triad wave-wave interactions and depth-induced breaking. 

SWAN employs implicit schemes, which are more robust and economic in shallow 
water than the explicit ones. 

Wave parameters are obtained by the energy density spectrum, which is the 
Fourier transform of the auto-covariance function of the sea surface elevation. 

The following equation shows the spectral description of water waves. 









⋅⋅= ∫

+∞

∞−

− ττ τπ
deCfE

f2
)(2)(  for f ≥ 0 and E(f)=0 for f<0  [Equation 3.1] 

Where: 

>+=< )()()( τηητ ttC  is the auto-covariance function; <> represents mathematical 
expectation of random variable; η(t), η(t + τ ) represent two random processes of sea surface 
elevation and τ represents the time lag. 



Estimation of available wave power in the  Chapter 3 
near shore area around Hanstholm Harbor  Materials   
 

 

  

 21 

 

The dimensions of E(f) are m2/Hz if the elevation is given in m and the frequencies 
in Hz. 

The total energy Etot of the waves per unit surface area is: 

∫
+∞

=
0

)(
2

1
dffEgE wtot ρ        [Equation 3.2] 

In many wave problems it is not sufficient to define the energy density as a function 
of frequency alone. The wave energy should be distributed over directions as well. This 
spectrum is denoted with E(f, θ).  

The total energy Etot of the waves per unit surface area can also be written as: 

 

∫ ∫ θθρ=
+∞

0

360

0
wtot dfd),f(Eg

2
1

E       [Equation 3.3] 

 

As the waves propagate, their energy is transported. The energy transport velocity 
is the group velocity cg (m/s). As a result, taking into account that the x and y are the 
problem coordinate system, the wave energy flux is a vector with components: 

∫ ∫ ⋅= θθρ dfdfEcgE gxfx ),(       [Equation 3.4] 

∫ ∫ ⋅= θθρ dfdfEcgE gyfy ),(       [Equation 3.5] 

In the present case, no currents are taken into account and the analysis is 
stationary, whereby the action balance equation can be stated as: 

 

tot

wyx S
Ec

w

Ec

y

Ec

x

Ec
=

∂

∂
+

∂

∂
+

∂

∂
+

∂

∂

θ
θ      [Equation 3.6] 

 

Where: 
x,y  Cartesian coordinate set of the computational grid 
w Absolute angular frequency 
θ Propagation direction 
Stot Source/sink term that represents generation, dissipation or redistribution of wave 

energy. 
E Energy 
c Group velocity 
cw, cθ The propagation velocities in spectral space (w, θ). 

 

The homogeneous left hand side states that the energy is conserved. The first and 
second term represent propagation of energy in the geographical space. The third term 
represents the effect of shifting the angular frequency due to variations in depth and 
the fourth term represents depth induced refraction. 
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In shallow water, the inhomogeneous source/sink term is combined by two 
contributions:  

 

nldstot SSS +=         [Equation 3.7] 

 

Where: 

Sds Dissipation by white capping, bottom friction and depth induced breaking. 
Snl Non-linear transfer of wave energy through triad and quadruplet wave-wave interaction. 

 

Dissipation 

The dissipation term of wave energy is represented by the summation of three 
different contributions: white capping Sds,w, bottom friction Sds,b and depth-induced 
breaking Sds,br. 

White capping depends on the steepness of the waves. 

Bottom friction is due to the extension down to the sea floor of the water particle 
orbital motions in shallow water. 

Depth-induced breaking due to shoaling becomes dominant over all other 
processes in the surf zone. In SWAN, it occurs when the ratio of wave height over 
water depth exceeds 0.73 (mean value of the data set of Battjes and Stive [27]). 

 

Non-linear Transfer 

The physical meaning of the interactions is that resonant sets of wave components 
exchange energy, redistributing energy over the spectrum. In deep and intermediate 
water, four-wave interactions (so-called quadruplets) are important, whereas in shallow 
water three-wave interactions (so-called triads) become important. 

In deep water, quadruplet wave-wave interactions transfer wave energy from the 
spectral peak to lower frequencies (thus moving the peak frequency to lower values). 
The quadruplet wave-wave interactions are computed with the Discrete Interaction 
Approximation (DIA) as proposed by Hasselmann et al. [28]. 

In very shallow water, triad wave-wave interactions transfer energy from lower 
frequencies to higher frequencies often resulting in higher harmonics [29].  

 

Modelling of Diffraction 

A phase-decoupled refraction-diffraction approximation is used in SWAN 
simulations [30]. The approximation is based on the mild slope equation for refraction 
and diffraction and it is expressed in terms of the directional turning rate of the 
individual wave components in the 2D wave spectrum.  

 

For each iteration, sweeping through grid rows and columns in the geographical 
domain are carried out, starting from each of the four corners of the computational grid. 
After four sweeps, wave energy has been propagated over the entire geographical 
domain. After each propagation update at the geographic grid point, an update in the 
spectral space is made. 
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Because of the implicit nature of the spectral propagation terms, a system of 
equations must be created. Furthermore, due to the fact that the source term is 
nonlinear, linearization is required in order to find a solution.  

Due to refraction and nonlinear wave energy transfer, the quadrant sweeping 
(Gauss-Seidel technique) and the solution of the Stot linearization need to be repeated 
until some convergence criteria are met. The iteration process runs from s = 1 to s = S 
and is terminated if the maximum number of iterations S (usually 15) is reached or the 
following criteria for the significant wave height Hm0 and mean relative wave period Tm01 
are both satisfied in at least 98% of all wet grid points (i, j): 

 

r
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and  
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01

 or a
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s

m jiT ε<∆ ),(01      [Equation 3.9] 

 

Where (Holthuisen et al. [30]) : 
02.0== r

T

r

H εε  

ma

H 02.0=ε  

sa

T 2.0=ε  

 

Three types of boundary conditions are applied: 

1. Generation Border. At the generation border, a spectrum is prescribed. 

2. Land Boundary. Land does not generate waves and it absorbs all incoming 
wave energy. 

3. Water Boundary. SWAN assumes that no waves enter the area and that 
waves can leave the area freely.  

 

Further details on the general scientific and numerical setup of SWAN are given by 
the SWAN manual [25]. 
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Chapter 4 
 

444...   METHODOLOGY 
 
 

In order to accomplish the objectives, the following processes have been 
necessary: 

1) Select the parameters that should be used in describing wave properties for 
obtaining better results in the available wave power estimation. It has been needed to 
get the relationships between the variables Hs and Hmo (described in Symbols and 
Definitions) as well as between the variables Tm01 and Taverage. 

2) Filter all the data that could be erroneous due to high gradients, unnatural time 
series episodes or bad functioning of the Hanstholm buoy. Furthermore, it has been 
desired to remove waves with very high periods that do not contribute much in the 
estimation of wave power. 

Waves and weather at Hanstholm have been correlated as well as the Hm0 values 
obtained at the buoys in Fjaltring, Hirtshals and Hanstholm. 

3) Obtain directional data at Hanstholm in order to be able to simulate propagation. 
Once the new directional data at Hanstholm are acquired, distribute them in different 
directions. The conversion from Nautical to Cartesian convention in the angles is going 
to be necessary. 

4) Find out the ratios between energy period Te and Tm01 as well as peak period Tp 
and Tm01. 

5) Acquire the time associated to reliable data (filtered data) in order to calculate 
probabilities of occurrence. At the same time, it has been verified that the lack of data 
is randomly distributed. 

6) Scatter diagrams of number of events depending on Hm0 and Tm01, probabilities 
of occurrence and wave energy flux diagrams (in kW/m and MWh/y/m) for each of the 
wave propagation direction as well as for the reliable data. Furthermore, discover the 
total amount of available energy  at the Hanstholm buoy (in kW/m and MWh/y/m). 

7) Grouping of cells with similar properties at the scatter diagram into sea states. 

8) Simulate wave propagation in SWAN in order to have Hm0, Tm01 and θ at various 
locations (gauges) in the near shore area around Hanstholm Harbor for different 
directions of wave propagation. For this, some processes have been required. Firstly, 
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the bathymetry has to be defined. In second and third place, the model and the cell 
size have to be characterized. Fourthly, the parametric spectra at the boundary need to 
be defined which includes a boundary choice and other input parameters such 
computational grid shape, spectral directions, wind speed and direction etc. In fifth 
place, the location of gauges needs to be given. It has also been an aim to study the 
wind speed and the wind direction influences in the results, in order to determine the 
input values. Finally, the output from SWAN has been manipulated in order to obtain 
visual and clear results. 

9) Estimation of wave energy flux at the gauges after simulating propagation. This 
estimation has been for the directions of propagation: N, NW and W. Furthermore, the 
wave energy flux diagram containing the sum of all the energy fluxes found in each 
direction has been executed. 

 

4.1. Assumptions 

 

The wave data is stationary, meaning that there is no change in the climate during 
the years the data were obtained. 

Wave heights have been considered to follow a Rayleigh distribution in order to 
assume that Hm0≈ Hs. At the same time, Rayleigh distribution assumes linear theory 
and narrow band spectrum. 

Waves have been considered to have a JONSWAP spectrum with a peak 
enhancement parameter of 3.3=γ  as this paper is based on the North Sea waves.  

The slope of the seabed in all positions at Hanstholm has been assumed smaller 
than 1:1. 

The probabilities of occurrence at the gauges have been considered to be equal to 
those at the buoy. 

All the time that wave energy flux or wave energy power have been used, they 
have only taken into account the available wave energy power, without taking out the 
energy lost in the devices. It’s not the energy that is going to be given by the WEC’s; 
then, it should be multiplied by the efficiency of each device. 

In order to see the error commited by applying the linear theory, the formula to 
calculate the wave energy flux at the gauges in a first approximation has been the 
same as the one used at the buoy, even though this formula does not take into account 
the wavelength and it is best applied at deep water. 

In the formula used for calculating wave energy flux, there has been an implied 
assumption: the independence of Te from Hm0 [31]. 

The class mark for calculating wave energy flux has been considered to be the 
middle value of the range, even though it should have been slightly higher according to 
the definition of wave energy contents (where the height is squared). 

 

In the SWAN model:  

The wind and bottom friction have been considered to be uniform over the area of 
interest in SWAN. Furthermore, there are no currents. 
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The ratio of maximum individual wave height over depth has been considered γ = 
0.73. 

The depths at the north and west borders are constant enough to generate the 
same kind of wave conditions throughout them. 

More assumptions have been supposed by SWAN; for more information, see [25]. 

 

4.2. Selection of Parameters 

 

In this report, the selected wave height has been the Hm0 and the period has been 
Tm01 (annotated in Symbols and definitions). As a reminder for the reader: 

00m m4H ⋅=   
1

0
01m2S m

m
TT ==   and  mn= ∫

+∞

⋅
0

)( dffEf
n  [Equation 4.1] 

In the cases where there was not enough information about Hm0 in the recordings, 
the Hs has been selected. In this project, as mentioned in the assumptions, wave 
heights have been considered to follow a Rayleigh distribution. In order to check if the 
assumption of  s0m HH ≈  is correct, a dispersion graph has been plotted (Figure 4.1). 
The graph shows that Hs are slightly higher than Hm0 although the relationship can be 
approximated to 1:1.  
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Figure 4.1. Correlation between Hm0 and Hs. 

 

Likewise, if there was no Tm01 value, the average period was extracted. By using a 
dispersion graph in Excel (Figure 4.2), it has been proven that there is a correlation 
between Tm01 and the average period Taverage. A regression line can be drawn where: 

 averagem TT ⋅≈ 79.001 . 
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Correlation between Tm01 and Taverage
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Figure 4.2. Correlation between Taverage and Tm01. 

 

4.3. Data Filtering 

 

In order to see if the data was extracted correctly, the time series of Hm0 has been 
represented. It has to be taken into account that the recordings are not equally 
distributed, having to convert the dates into numbers as separated as the time 
increments.  

Data have been sorted out by filters in different processes:  

Firstly, the wave height evolutions that were physically impossible have been taken 
out (Figure 4.3). This process has been done manually by checking the evolution of the 
wave heights. Note that not only the physically impossible heights have been erased, 
but also all the data associated to those events. 

 

 
Figure 4.3. Erroneous data (in red) sorted out for being physically impossible data. 
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Secondly, data with unlikely gradients have also been sorted out (Figure 4.4).  

 
Figure 4.4. Data differing greatly from the nearby data have been sorted out as well because 

they have been considered incoherent. 

 

Thirdly, as there is wave height information in three buoys, these have been plotted 
in the same graph in order to see the inconsistencies by contrasting the evolution of the 
time series (Figure 4.5).  

 

 
Figure 4.5. Plot containing data from buoys in Fjaltring, Hirtshals and Hanstholm. Hanstholm 

unused data can be seen in red. 
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Figure 4.6. Relationship among Fjaltring, Hirtshals and Hanstholm wave heights (m). This graph 

represents a part of the time series. 
 

Furthermore, very high periods (more that 20 seconds) have also been removed.  

Figure 4.7 plots the raw data from Hanstholm (in red) at the same time as the 
filtered data (in blue).  

 
Figure 4.7. Time series showing Hanstholm total data (in red) and Hanstholm filtered data 

(blue). 
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Once the erroneous data have been deleted, the wave information from Hanstholm 
has been contrasted to Hanstholm wind data (Figure 4.8).  

 
Figure 4.8. Correlation between Hanstholm wind data (m/s) and Hanstholm Hm0 data (m). 

 

4.4. Obtaining Directional Data in Hanstholm 

 

The buoy in Hanstholm is not directional; consequently, there is no direct 
information about the direction of the waves in Hanstholm. Fortunately, the buoys in 
Fjaltring and Hirtshals are directional; furthermore, there is also the data of the wind 
direction in Hanstholm.  

A graph has been plotted to visualize the relationship among the waves in 
Hirtshals, Fjaltring and the weather in Hanstholm (Figure 4.9).  

 
Figure 4.9. Graph showing the direction of waves in Hirtshals and Fjaltring as well as the wind 

direction in Hanstholm [°]. This graph refers to May, 2007.  
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The angle of the incoming waves in Hanstholm has been interpolated by a vectorial 
addition of the wave directions in Hirtshals and Fjaltring. The Matlab script that has 
been applied is included on the enclosed CD as well as the functions needed. The 
script is called directionality.m. 

In occasions, the vectorial addition could not be executed because the times of the 
extracted data in the different buoys were not equal. In those cases, a mean has been 
calculated between the next and the previous recordings from the specific buoy 
(Fjaltring or Hirtshals buoy). This mean has been weighed depending on the distance 
between the Hanstholm time and the next or previous recording.  The formula followed 
has been: 
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 [Equation 4.2] 

 Where: 
 
DirXi = Direction of the waves in the location (Hirtshals or Fjaltring) in the time i 

(time from Hanstholm). 
Dir_timeX_nexti      = Direction of the waves in the location (Hirtshals or Fjaltring) in the 

successive time to time i from Hanstholm. 
timeX_nexti = Time of the location successive to the time i from Hanstholm. 
timeHai = Time i from Hanstholm. 
timeX_previ = Time of the location previous to the time i from Hanstholm. 
Dir_timeX_previ      = Direction of the waves in the location (Hirtshals or Fjaltring) in the previous 

time to time i from Hanstholm. 
 

In case the previous and the successive measurements where too far away from 
each other, these directions have not been used and the evaluation i from Hanstholm 
has been erased. 

 

4.4.1.   Distribution of Hanstholm data in directions 

Once the wave directions in Hanstholm have been defined, they have been 
distributed in directions of 45°. Referencing the angles to the North and clockwise, the 
most influential directions in the obtaining of energy are in the range between 202.5° 
and 22.5° (SW, W, NW and N). Nevertheless, the classification has been in 8 directions 
taking into account the 360°. The different directions and their class mark as well as 
their notation are shown in Table 4.1. 
  

Table 4.1. Class mark and notation of the different directions studied. 
Directions Class mark Notation 

(157.5° - 202.5°] 180° S 
(202.5° - 247.5°] 225° SW 
(247.5° - 292.5°] 270° W 
(292.5° - 337.5°] 315° NW 
(337.5° - 22.5°] 0° N 
(22.5° - 67.5°] 45° NE 

(67.5° - 112.5°] 90° E 
(112.5°-157.5°] 135° SE 
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The table showing the directions associated to Hanstholm data is not included due 
to the large amount of data at Hanstholm. Nevertheless, the results can be extracted 
by executing the Matlab script directionality.m. A resume table (Table 5.1) shows the 
distribution of Hanstholm data in directions in Results.  

Because of the larger number of events, this project has only focused on the 
directions within the range (157.5°-22.5°] (see Table 5.1 in Results). These directions 
are S, SW, W, NW and N.  

 

4.4.2. Conversion from Nautical to Cartesian convention 

For the SWAN model, which will be used to simulate the propagation of waves, the 
wind and wave directions are going to be defined according to the Cartesian 
convention. This states that the angle will be the direction to where the vector points, 
measured counterclockwise from the positive x−axis of this system (in °). Therefore, 
the new angles that will have to be provided to the program are in Table 4.2: 

 
Table 4.2. Angle to be provided to SWAN depending on the direction. 

Direction Direction class mark in 
Cartesian convention 

S 68° 

SW 23° 

W 338° 

NW 293° 

N 248° 

 

4.5. Ratios Te / Tm01 and Peak Period (Tp) / Tm01 
 

4.5.1. Ratio Between Te-Tm01 

Te is necessary for calculating the wave energy flux further on. For obtaining the 
value of Te, the moments of the spectrum of a theoretical parameterized JONSWAP 
distribution have been calculated. This JONSWAP spectrum is defined as in DS449 
[32].  

The value of γ  (peak enhancement) has been considered to be 3.3. 

The program used for extracting the relationship between Te and Tm01 is included 
on the CD. It is called JONSWAPspectrum.xls.  

The spectrums of different periods (Tp) have been analyzed with their appropriate 
range of frequencies. The range needs to be sufficiently long not to leave data out as 
well as short enough to have an accurate result. 

Although the ratio differs between Te= 1.053-1.058 Tm01 depending on the periods 
(Tp) analyzed, it has been approximated to 01055.1 me TT ⋅=  (Table 4.3). 
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Table 4.3. Ratio between Tm01 and Te in a parameterized JONSWAP distribution. 
Tp (s) Max f (Hz) Tm01 (s) Te (s) Te/Tm01 

3 1 2.503 2.637 1.053 
4 0.75 3.338 3.515 1.053 
5 0.6 4.172 4.394 1.053 
6 0.52 5.000 5.270 1.054 
7 0.45 5.831 6.147 1.054 
8 0.4 6.660 7.024 1.055 
9 0.35 7.497 7.904 1.054 
10 0.3 8.345 8.788 1.053 
11 0.3 9.149 9.655 1.055 
12 0.3 9.956 10.523 1.057 
13 0.3 10.766 11.393 1.058 
14 0.25 11.624 12.280 1.056 
15 0.25 12.517 13.183 1.053 

   Average: 1.055 

 

4.5.2. Ratio Between Tp-Tm01 

This ratio is needed when providing the initial conditions to the SWAN model. In 
this report, the values of Hm0 and Tm01 have been obtained, but the inputs for SWAN 
have been Hm0 and the peak period Tp. Consequently, it has been necessary to obtain 
a relationship between Tp and Tm01 (Table 4.4). This has been found through the same 
method as the ratio between Te and Tm01. 

 
 

Table 4.4. Ratio between Tp and Tm01 in a parameterized JONSWAP distribution. 
 

Tp (s) Max f (Hz) Tm01 (s) Tp/Tm01 
3 1 2.503 1.198 
4 0.75 3.338 1.198 
5 0.6 4.172 1.198 
6 0.52 5.000 1.200 
7 0.45 5.831 1.201 
8 0.4 6.660 1.201 
9 0.35 7.497 1.201 
10 0.3 8.345 1.198 
11 0.3 9.149 1.202 
12 0.3 9.956 1.205 
13 0.3 10.766 1.207 
14 0.25 11.624 1.204 
15 0.25 12.517 1.198 

  Average: 1.201 

 

Although the ratio differs among Te= 119-121% of Tm01, it has been approximated 
to 012.1 mp TT ⋅= . 
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4.6. Obtaining  Time Associated to Reliable Data 

 

Table 4.5 shows the periods of time associated to different kind of data considered 
throughout this project. The time associated to Realiable data will be necessary for 
calculating probabilities of occurrence.  

 

Table 4.5.  Periods of time associated to different kind of data and their percentage regarding 
the total period of time analyzed. 

 Time (in minutes) Percentage (%) 

Period of time without data 230070 13.2 

Period of time with erroneous data 126060 7.2 

Period of time with reliable data 1388880 79.6 

Period of time associated to filtered 
data without direction information 

158970 9.1 

Period of time with directional data 1229910 70.5 

Total period of time analyzed 1745010 100 

 

The time associated to reliable data results from removing the time without 
obtained data as well as the time associated to erroneous data from the total period of 
time. In Figure 4.10, reliable data are the sum of time with or without directional data 
(79.6%). 

Distribution of the total period of time analyzed 

depending on the kind of data obtained

70.5%

9.1%

13.2%

7.2%

Time without data 

Time with erroneous data

Time without directional
data

 Time with directional
data

 
Figure 4.10. Distribution of time analyzed depending on the kind of data obtained in every 

period of time. 

 

The time without data has not been taken into account during the study; 
nevertheless, these events have been analyzed to make sure that they are randomly 
distributed. Examples of these incidents can be seen in Figure 4.11. 
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Figure 4.11. Examples of lacks of measurements to visualize the randomness of these lacks. 

 

During all the period that Hanstholm data have been obtained, the interval between 
measurements has been 30 minutes, which has been considered to be the time 
associated to every measure. As every measurement is always associated to 30 
minutes, the probabilities are the same by either using the time associated to reliable 
data or by using the reliable data itself. For this reason, during the entire project, the 
reliable data itself has been used. 

 

4.7. Scatter Diagrams, Probability of Occurrence and Wave 
Energy Flux Diagrams At the Hanstholm Buoy 

 

4.7.1. Scatter Diagrams 

Having filtered all the erroneous data of Hm0 and Tm01, the information has been 
classified into scatter diagrams Hm0 versus Tm01. These distributions have been 
executed by a Matlab script which is included on the enclosed CD. The script is called 
FRECHsTpHanstholm.m. 

The Hm0 intervals have been of 0.5 m and the Tm01 intervals, of 0.5 seconds. The 
highest condition in Hm0 has been considered to be 7.75 m. Likewise, the highest 
condition in Tm01 has been 20.25 s.  
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These scatter diagrams are not included in Results because they have been 
considered to be unnecessary. However, two resume tables have been built showing 
the sums of the number of events depending on Hm0 and Tm01 respectively. The tables 
(Table 5.3 and Table 5.5) can be seen in Results. 

 

4.7.2. Scheme and Probabilities of Occurrence 

Figure 4.12 is a scheme showing the procedure that has been followed in order to 
obtain scatter diagrams, probabilities and wave energy fluxes: 

  
Figure 4.12. Scheme of the process in order to obtain the scatter diagrams Hm0/Tm01, the 

probabilities and the wave energy flux diagrams. 

 

These three branches have been executed for various purposes: 

 

1. The first branch has used non-directional data (specifically, reliable data) to build 
the scatter diagram, the probability of occurrence and the wave energy flux 
diagram. The aim has been to determine the probability of occurrence taking into 
account as much data as possible and figuring out the influence of wave heights 
Hm0 and wave periods Tm01 in the wave energy flux.  

The formula used for the probability is: 

 

46296data_reliable_number_total

Frequency
prob_ldirectiona_Non j,i

j,i
=

=     [Equation 4.3] 

Directional data 

Probabilities calculated 
dividing by the total number of 

directional data. 

Probability of a wave 
to arrive from a given 
direction in each cell, 
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Where: 

Non_directional_probi,j= Probability of occurrence of a wave with a wave height Hm0 “i” and 
a wave period Tm01 “j”. [per unit] 

Frequencyi,j= Number of events with a wave height Hm0 “i” and a wave period Tm01 “j” 
happening in the period of time associated to reliable data. 

The values of these probabilities are in sheet  Non-direc of probpowerbuoy.xls on 
the enclosed CD.  

 

2. The second branch has used directional data. Although there are not as many 
values as in the first branch, it has been the only way to determine the weight of 
each direction in the probability of occurrence and in the wave energy flux diagram.  

The formula used for the probability is: 

 

40997data_ldirectiona_number_total

frequency_direction
direction_obPr j,i

j,i
=

=   [Equation 4.4] 

 

Where: 

Prob_directioni,j= Probability of a wave with a wave height Hm0 “i” and a wave period Tm01 “j” 
with waves coming from a specific direction. [per unit] 

Direction frequencyi,j= Number of waves arriving from that direction with a wave height Hm0 
“i” and a wave period Tm01 “j”.  

The values of these probabilities are situated in the sheets with the name of the 
direction studied: S, SW, W, NW, N and All directions of probpowerbuoy.xls on the 
enclosed CD.  

 

3. The third branch has been executed to figure out how many waves (from all the 
waves with a specific wave height Hm0 “i” and a specific wave period Tm01 “j” ) arrive 
from a given direction. It is a conditional probability due to the fact that the 
classification has been in every specific cell. As an example, it could be said that, 
from 100 events with a Hm0 є [2.25-2.75) m and Tm01 є [5.25-5.75) s, 25% of the 
waves could have been propagated from the north (25 events) and 75% of the 
waves could have been propagated from the west (75 events). 

The formula used is: 

j,i

j,id

frequency_directions_All

frequency_Direction
ondistributi_lDirectiona

j,i
=    [Equation 4.5] 

Where: 

Directional_distributiond
,i,j= Probability of the waves to arrive from a given direction d out of 

all the incoming waves with a wave height Hm0 “i” and a wave period Tm01 “j”. 

Direction frequencyi,j= Number of waves arriving from a given direction with a wave height 
Hm0 “i” and a wave period Tm01 “j”.  

All_directions_frequencyi,j= Number of waves with a wave height Hm0 “i” and a wave period 
Tm01 “j” in the All directions scatter diagram. 



Estimation of available wave power in the  Chapter 4 

near shore area around Hanstholm Harbor  Methodology   
 

 

  

 39 

 

The values of these probabilities in the different directions are in the sheets with 
their respective direction adding cell: Scell, SWcell, Wcell, NWcell and Ncell of 
probpowerbuoy.xls on the enclosed CD.  

In order to check, the sum of all the directional distributions should be 1; that is to 
say, all the waves have to arrive from somewhere. 

1ondistributi_lDirectiona
N

1n

n
j,i =∑

=

  where N=number of directions [Equation 4.6] 

In this report, this has not been true in all the cases. Whenever there was no wave 
with a Hm0 and a Tm01 in the directional data, no solution was found because of a 
division by 0. In some cells, although there has not been any event in the directional 
data, there have been events in the reliable data (due to a larger source of 
information). Giving the value of 0 to these cells would convert into 0 anything 
multiplied by them, obtaining erroneous results. As an example, if these cells were 
multiplied by the probability of a wave (that has only been counted in the non-
directional data), the energy of this wave would be 0.  

In order to fix this incoherence, the directional distributionsd
i,j have been modified so 

that, in each cell, the sum of all of them has been 1. The procedure has been as 
follows: 

On the one hand, for heights below 3 m and periods lower than 8.5 s, the divisions 
by zero in the directional distributionsd

i,j have been modified by the probability 
associated to the respective direction (found in branch 2) (Table 4.6): 

 
Table 4.6. Probability given to cells with Hm0 lower than 3 m and Tm01 shorter than 8.5 s. 

Direction Probability of each direction*  

S 2% 

SW 7% 

W 51% 

NW 27% 

N 10% 

*Probability of number of events regarding the total directional data (%) 

 

On the other hand, for heights above 3 m and periods higher than 8.5 s, the zeros 
have been substituted by the values given in Table 4.7. This method has been applied 
because the highest waves with long periods are usually due to waves coming from the 
west or north-west. 

 
Table 4.7. Probability given to cells with Hm0 higher than 3 m and Tm01 longer than 8.5 s. 

Direction Probability of each direction (%) 

S, SW, N 0% 

W 68% 

NW 32% 
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4.7.3. Wave Energy Flux 

Afterwards, the wave energy flux analysis has been conducted. The buoy is 
considered to be in deep water; therefore, as it is explained in State of art, the formula 
used is: 

 

01
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055.1
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mmwave TH
g

P ⋅⋅⋅
⋅

⋅
=

π

ρ
  [kW/m]     [Equation 4.7] 

Where ρ = 1020 Kg/m3 and g= 9.82 m/s2; consequently, the constant 
π

ρ

⋅

⋅

64

2
g

 has 

a value of, approximately, 0.49
sm

kW

⋅3
. Note that Te has been substituted by 1.055*Tm01. 

This relation has been found in section 4.5.1.  

 

The energy flux [kW/m] in a cell related to a wave height Hm0 (i), a wave period 
Tm01(j) and a probability (probij) has been calculated by: 

 

 j,i
2

i,0mj,01mj,i,wave probHT055.149.0P ⋅⋅⋅⋅=  [kW/m]   [Equation 4.8] 

 
Where:  
 

Pwave,i,j= Wave energy flux for each cell related to a Hm0 (i), a Tm01 (j) and a probability of 
occurrence (probij) [kW/m or MWh/y/m]. 

Tm01,j= Interval j of the spectral estimate of  mean period [s]. 

Hm0,i= Interval i of the significant wave height [m]. 

Probi,j= Probability of occurrence of one celli,j [per unit]. 

 

This information has been transformed into [MWh/y/m] by multiplying the previous 
result by the hours of a day (≈ 24) and the days of a year (≈365.25) as well as dividing 
by 1000. The tables with the available wave power expressed in MWh/y/m are in the 
excel file probpowerbuoy.xls on the enclosed CD. Each of them is in a sheet called as 
the direction of propagation. The non-directional available wave power (wave power 
from all the directions) is included in the sheet Non-direc.  

 

As it is shown in Figure 4.12 (the previous scheme), different wave energy flux 
diagrams have been built: 

 

1) Wave energy flux diagram regarding non-directional data (1 diagram).  

2) Directional wave energy flux diagrams regarding directional data (6 diagrams).  
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All the cells of the wave energy flux diagram regarding non-directional data (branch 
one in Figure 4.12) have been added. The value obtained has been the total amount of 
available energy in Hanstholm. 

 

∑∑ ∑∑ ⋅⋅⋅⋅==
= = = =

N

1i

M

1j

N

1i

M

1j
j,i

2
i,0mj,01mj,i,wavetotal probHT055.149.0PP  [MWh/y/m]          [Equation 4.9] 

 

Where: 

N=Number of wave height intervals. 

M=Number of wave period intervals. 

 

All these wave energy flux diagrams have not been included in Results because of 
their large quantity of cells. However, they can be found in the excel file 
probpowerbuoy.xls on the enclosed CD. Furthermore, two resume tables adding the 
wave power in columns (wave power of a specific Tm01) and in rows (wave power of a 
specific Hm0) have been built. This way, the outcome can be clearly seen  as well as 
the total amount of available energy in Hanstholm. These two tables (Table 5.4 and 
Table 5.6) are included in Results.  

 
4.8. Grouping of Cells in Sea States 

 

Different sea states have been designed by means of grouping cells with similar 
Hm0, Tm01 and energy contents.  

The intervals of every sea state are included in Table 4.8: 

 
Table 4.8. Intervals of Hm0 (m) and Tm01 (s) in every sea state. 

Sea 
State 

Wave height 
interval (m) 

Wave period interval 
(s) 

1 [0-1.25) [2.25-5.25) 

2 [0-1.25) [5.25-20.25) 

3 [1.25-1.75) [2.25-5.25) 

4 [1.25-1.75) [5.25-20.25) 

5 [1.75-2.25) [2.25-5.25) 

6 [1.75-2.25) [5.25-20.25) 

7 [2.25-2.75) [2.25-20.25) 

8 [2.75-3.25) [2.25-20.25) 

9 [3.25-3.75) [2.25-20.25) 

10 [3.75-6.75) [5.25-20.25) 
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In order to check if the grouping has been well distributed, the percentage of the 
available wave power (Pwave) of each sea state in the non-directional diagram has been 
calculated (Table 4.9). 

 

Table 4.9. Pwave [kW/m] associated to every sea state and its % regarding the Ptotal 

Sea state Pwave [kW/m] %Ptotal 

1 0.644 10.46 
2 0.238 3.87 
3 0.677 10.98 
4 0.406 6.59 
5 0.411 6.67 
6 0.817 13.27 
7 1.004 16.30 
8 0.838 13.61 
9 0.489 7.94 
10 0.636 10.32 

Ptotal=  6.161  

*Ptotal is calculated with the non-directional data. 
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Table 4.10 shows how the cells have been distributed. Note that the lowest interval of Tm01 is [2.25-2.75) s and the highest interval in Hm0 is 
[6.25-6.75) m.  

 
 
Table 4.10. Distribution of sea states depending on Hm0 (m) (rows) and Tm01 (s) (columns). 
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The class mark has been considered to be the middle value of the range. In order 
to take into account the correlation of the height and period with the energy, the 
following formulas have been applied: 
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        [Equation 4.10] 

Where: 

Hm0,state= Weighed spectral significant height associated to a sea state [m]. 

N= Total number of wave heights analyzed in each sea state. 

Hm0,i= Interval i of the spectral significant height [m]. 

M= Total number of wave periods analyzed in each sea state. 

Pwave,i,j = Energy flux in a cell related to a wave height i and a wave period j [MWh/y/m]. 

Tm01,state= Weighed spectral estimate of mean period associated to a sea state [s]. 

Tm01,j= Interval j of the spectral estimate of mean period [s]. 

This process has been executed with the directional wave energy flux diagrams 
found in the previous section. As a consequence, there have been a weighed height 
mark and a weighed period mark for each sea state in the directions S, SW, W, NW 
and N. Their values are included in Table 4.11. 

 
Table 4.11. Weighed Hm0 mark, weighed Tm01 mark and their related Tp for every sea state in the 
directions S, SW, W, NW and N. 

Tm01 (s) Hm0 (m) Tp (s) Tm01 (s) Hm0 (m) Tp (s) Tm01 (s) Hm0 (m) Tp (s) Tm01 (s) Hm0 (m) Tp (s) Tm01 (s) Hm0 (m) Tp (s)

1 4.30 0.88 5.16 4.25 0.87 5.10 4.46 0.91 5.36 4.36 0.90 5.24 4.23 0.91 5.07

2 6.17 0.92 7.40 8.42 0.78 10.10 6.49 0.94 7.79 6.14 0.90 7.37 5.73 0.96 6.87

3 4.44 1.50 5.33 4.53 1.50 5.44 4.74 1.50 5.69 4.74 1.50 5.69 4.70 1.50 5.64

4 6.00 1.50 7.20 5.58 1.50 6.69 6.06 1.50 7.28 5.81 1.50 6.97 5.63 1.50 6.75

5 0.00 0.00 0.00 4.79 2.00 5.75 4.94 2.00 5.93 4.96 2.00 5.95 4.97 2.00 5.96

6 0.00 0.00 0.00 5.60 2.00 6.72 5.82 2.00 6.99 5.73 2.00 6.88 5.92 2.00 7.11

7 0.00 0.00 0.00 5.72 2.50 6.86 5.91 2.50 7.09 5.88 2.50 7.05 5.90 2.50 7.09

8 0.00 0.00 0.00 0.00 0.00 0.00 6.36 3.00 7.63 6.32 3.00 7.59 6.52 3.00 7.83

9 0.00 0.00 0.00 0.00 0.00 0.00 6.82 3.50 8.18 6.75 3.50 8.10 7.00 3.50 8.40

10 0.00 0.00 0.00 0.00 0.00 0.00 7.59 4.44 9.11 7.82 4.42 9.39 7.34 4.00 8.81

NW NSea 
state

S SW W

 

4.9. Simulation of Wave Propagation in SWAN 

 

In this study, wave propagation from the buoy to the coast has been simulated by 
SWAN. An overview of this model and technical details are given in Material.  

The weighed height mark and the weighed period mark calculated in the previous 
section have been necessary to propagate each sea state of the directions S, SW, W, 
NW and N.  

Nevertheless, before propagating, some requirements have been defined. 
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4.9.1. Bathymetry 

The bathymetry of Hanstholm is based on measurements performed by the Danish 
Coastal Authority [33]. Interpolation is executed by a Matlab function through a 
Delaunay triangulation.  

After analyzing the first results acquired by executing SWAN with the Danish 
Coastal Authority bathymetric measurements, it has been necessary to extend the area 
in the western side of Hanstholm in order to have better results. This extension has 
been based on examining nautical charts attached in the file Charts on the enclosed 
CD. 

The bathymetric model is as shown in Figure 4.13.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.13. Bathymetric model of the coastal area at Hanstholm (m). The red dot is the buoy; 

the black lines indicate the bathymetric measurements and the black crosses are the 
bathymetric data added from examining nautical charts. Axes are expressed in 

UTM32NEuref89 coordinates. 

The SWAN model needs a bottom grid and a computational grid. The bottom grid 
illustrates the seabed of the area and the computational grid describes the 
computational resolution and model extension. They can differ; however, during this 
project, the computational grid is the same size as the bottom grid.  Due to the fact that 
interpolation errors can be reduced by taking the grids as similar as possible, all the 
grids defined in this report have been equal [25]. 

For generating the waves at approximately the same depth, the bathymetry and 
computational domain have been rotated 22° clockwise. As a consequence, angles 
defining wind and wave directions will have to be turned 22° as well when executing 
SWAN.  

The computational domain is from the coast to the buoy; it extends 1.8 km from 
buoy to coast and it is 9.5 km wide (Figure 4.14). Part of the new breakwater designed 
in the reformation of Hanstholm Harbor is indicated with a blue line. The bathymetric 
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measurements are included in the graph: the green crosses are obtained from the 
Danish Coastal Authority and the black ones are based on nautical charts. 

 

 
Figure 4.14. Computational domain used in SWAN (m). The red point is the buoy; the green and 

black crosses, bathymetric measurements and the blue line is part of the new breakwater. 

 

Note that the x-axis measures a distance which is 5 times longer than the y-axis; 
this feature makes the reader loose perception of reality. 

 

4.9.2. Characterization of the Model 

The model has been designed with a uniform, rectangular grid for the 
computational domain as well as for the seabed. 

When choosing the size of the model, different criteria need to be fulfilled. The 
model should be big enough so that any possible boundary effects are avoided but, at 
the same time, the model should not be too large for keeping the computational time 
low. 

In Figure 4.15, it is illustrated how a narrower domain (left) can cause some gauges 
have erroneous wave heights due to energy dissipation on the sides unlike a wider 
domain (right). This wider domain has been the one used throughout the entire project. 
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Figure 4.15. Simulations of northern waves in sea state 1. The wave heights on the right figure 
are higher than the ones on the left. The maximum difference is observed on the extremes (left 

and right) for sea states associated to high waves and they can reach up to 40 cm and 1 m 
respectively. 

 

Considering the model that will be used during the entire project, the following 
figures (Figure 4.16 and Figure 4.17) define the possible affected areas by boundary 
errors according to the SWAN manual for different wave directions in sea state 1. 
These areas have a blue shadow.  

 

 
Figure 4.16.  Possible affected areas with northern wave conditions (left) and north-western 

wave conditions (right). 
 

 
Figure 4.17. Possible affected areas with western wave conditions (left) and south-western 

wave conditions (right). 

A comment about the results in the south-western wave conditions will be included 
in the Boundary choice section. Moreover, the reason of not taking into account 
southern waves is also explained in the Boundary choice section. 

 

4.9.3. Characterization of Cell Size 

Before starting to simulate propagations, the dimensions of the cells need to be 
determined. According to the SWAN manual, the spatial resolution should be in the 
range of 50-1000 m. As the model applied has a horizontal length of 9.5 km and a 
vertical dimension of 1.8 km, choosing the same number of cells in both axes would 
mean having rectangular cells with a big difference in the length of the sides. Although 
there is no specification in the SWAN manual about how different the sides can be, in 
this study, the number of cells has been different in each axis so that the spatial 
resolution is the same in both directions. 
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In the same way as choosing the model size, the resolution needs to be sufficient 
to take into account the changes in the bathymetry, but small enough not to have a 
high computational cost. 

In order to choose what the most appropriate size is, the bathymetry and wave 
heights have been drawn: firstly, dividing the territory by 50 divisions in each axis; 
secondly, taking cells of x∆ = y∆ = 100 m and finally, taking cells of x∆ = y∆ = 50 m . 
Figure 4.18 show the bathymetries and Figure 4.19 indicate the wave heights, which 
have been plotted for northern waves and at sea state 5.   

 

 
Figure 4.18. Bathymetries for different characterizations of cell size; on the left, 50 divisions in 

each axis; in the middle, cell size with x∆ = y∆ = 100 m and on the right, x∆ = y∆ = 50. 

 

 

 
Figure 4.19. Hm0 (m) for different characterizations of cell size; on the left, 50 divisions in each 

axis; in the middle, cell size with x∆ = y∆ = 100 m and on the right, x∆ = y∆ = 50. 

 

The bathymetry does not seem to change a lot depending on the cells size; 
however, the wave heights are modified. It needs to be kept in mind that, although the 
figures are small, the area is large. For this reason, the cell size chosen in this project 
has been x∆ = y∆ = 50 m which means dividing the x domain in 190 cells and the y 
domain, in 40 cells. Even though some oscillations can be seen in the bathymetric 
contour lines, the mesh is small enough to simulate wave heights with accuracy and 
large enough to keep the computational time relatively low. 
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4.9.4. Parametric Spectra at the Boundary  

 

4.9.4.1 Boundary Choice 

As it has been said before, every sea state has been propagated in the directions 
S, SW, W, NW and N.  

During this project, defining parametric spectra at the boundary is referred to wave 
generation.  In general, waves have been generated at the buoy with each sea state 
characteristics. 

Wave generation on the northern side has been successful for waves arriving from 
the north and from the north-west.  

However, the propagation of southern waves has been rejected due to its results 
(Figure 4.20). As it is shown in the next figure, waves arriving from the south and 
generated on the northern side are not well represented in the model applied. 

 
Figure 4.20.  Hm0 (m) due to southern waves generated on the northern side of the model. 

 

Furthermore, the results of south-western waves have not been as expected 
(Figure 4.21, on the left). As a possible improvement, wave generation has been 
moved to the west side (Figure 4.21, on the right). The condition of generating waves 
at the same depth has been violated; nevertheless, the new outcome has been 
evaluated. As it can be seen in Figure 4.21 (right), the new model is still not good 
enough due to boundary effects.  

 
 
 

    
� 
 

 

 

 
Figure 4.21.  On the left, Hm0 (m) of south-western waves generated on the north side of the 
model; on the right, Hm0 (m) of south-western waves generated on the west side. In this last 
figure, the arrows show the generation line and the wave direction. 
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Likewise, the western wave results from generating waves only on the northern 
side have not turned out to be very realistic (Figure 4.22, left). Therefore, the wave 
generation has been increased (Figure 4.22, right). Apart from having generation on 
the north side, a generation line has been located on the west side as well. As it 
occurred before, notice that the generation line on the west side does not fulfill the 
requirement of wave generation at the same depth. Yet, the results are more coherent 
than before. 

 
 

 
 

 

 

�

  
 

 

 

 

 
Figure 4.22. On the left, Hm0 (m) of western waves generated on the north side; on the right, Hm0 

(m) of western waves generated on the west side in addition to the north side. The arrows show 
the generation of waves and their direction. 
 

Only the propagations of northern waves, northwestern waves and western waves 
have been simulated in order to estimate the available wave power at the gauges.  

4.9.4.2 Definition of Spectral Parameters and Input in SWAN 

The spectral parameters need to be defined at the boundary chosen in the previous 
section for calculating the complete spectra and simulate the propagation.  

Waves have been considered to have a JONSWAP spectrum with a peak 
enhancement parameter of =γ 3.3.  

As input for SWAN, several aspects need to be described: 

a) The computational grid has been taken uniform and rectangular.  

b) The spectral estimate of significant height Hm0 (m), the peak period Tp (s) and 
the direction (°) where waves come from. Hm0 is the height class mark of each 
sea state. Tp is the peak period class mark of each sea state. The approach for 
figuring out the value of Tp has been explained in section 5.4.2. 

c) The spectral directions cover the full circle. The resolution has been defined as 
6° because the circle has been divided in 60 parts.  

d) Wind speed (m/s) and wind direction (°). It has been supposed that wind 
direction is the same as wave direction. Wind speed has been different 
depending on the sea state. Its results are shown in Table 4.13. 

e) It has been notified to SWAN to consider refraction, diffraction, dissipation due 
to interactions, depth-induced wave breaking, bottom friction and white capping.  
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4.9.5. Location of Gauges 

For analyzing Hm0 and Tm01 once the propagation has been simulated, a few gauges 
have been chosen around the area. Two of them have been situated in positions where 
the new breakwater is planned to be after the reconstruction of Hanstholm Harbor; one 
has been located where the WaveStar is placed nowadays and the others have been 
positioned arbitrarily. Their location can be seen in Figure 4.23 and Figure 4.24. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.23.  Location of gauges at the bathymetric model of Hanstholm coast. 

 

 
 
 
 
 

 
 
 

Figure 4.24. Position of gauges in the computational domain. 
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The gauges coordinates (in UTM32N Euref89 system) and their depths (in m) are 
indicated in Table 4.12. In addition, the nomenclature is also included. Most of the 
gauges figures included on the enclosed CD are written with this nomenclature. 

 
Table 4.12. UTM32N Euref89 coordinates and depths of the different gauges analyzed in the 

project. 

Gauge Nomenclature UTM32N Longitude 
(m) 

UTM32N Latitude 
(m) 

Depth (m) 

Breakwater 1 BW1 475637 E 6331648 N 7.91 

Breakwater 2 BW2 477032 E 6332451 N 11.73 

WaveStar WS 477409 E 6331860 N 6.06 

Gauge 1 Gauge1 474925 E 6331022 N 6.35 

Gauge 2 Gauge2 474815 E 6331651 N 15.08 

Gauge 3 Gauge3 475467 E 6332248 N 16.80 

Gauge 4 Gauge4 477298 E 6332835 N 13.47 

Gauge 5 Gauge5 478017 E 6332401 N 9.41 

Gauge 6 Gauge6 476345 E 6331907 N 6.60 

Gauge 7 Gauge7 476314 E 6332361 N 12.76 

Gauge 8 Gauge8 477865 E 6332778 N 11.30 

 

4.9.6. Definition of Wind Speed and Wind Direction 

The distribution of wind conditions at Hanstholm Harbor is expressed in Figure 4.25 
and it is based on Frydendahl [34]. The probability is seen as dotted circles. 

 
Figure 4.25. Distribution of wind at Hanstholm Harbor based on Frydendahl [34]. The magnitude 

of wind speed (in m/s) is shown in colors and the probability (in %), as dotted circles. 

 

As an input in SWAN, it has been needed to associate a wind speed and a wind 
direction to each sea state of the different wave directions studied. As a consequence, 
Figure 4.25 can not be used as it is not correlated to wave directions. 
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The text file containing the Hanstholm weather data has a column related to wind 
speed and another column corresponding to wind direction.  

In order to classify the wind speed in each wave direction, 6 groups with equally 
sized intervals of 5 m/s have been executed. Likewise, to classify the wind directions, 8 
groups with equally sized intervals of 45° have been formed.  Both, wind speed and 
wind direction, have also been classified into different wave heights; their respective 
tables are enclosed on the CD in the file called windanalysis.xls and the transcripts 
used are also included on the enclosed CD with the name analysis_aina_wind.m.  

Figure 4.26 and Figure 4.27 resume the information obtained in the tables. 
 

Wind speed depending on the wave orientation in Hanstholm
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Figure 4.26. Percentage (%) of each wind speed interval in every wave direction at Hanstholm. 
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Figure 4.27. Percentage (%) of each wind direction interval in every wave direction at 

Hanstholm. 
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The input in SWAN has been the class mark of a determined wind speed (2.5 m/s, 
7.5 m/s or 12.5 m/s) in every sea state. The highest number of events of one sea state 
with a specific wave direction has determined this wind speed. The values are exposed 
in Figure 4.13. 

 
Table 4.13. Wind speed depending on the wave direction of propagation and the sea state. 

State S SW W NW N
1 7.5 7.5 7.5 7.5 7.5
2 7.5 7.5 7.5 7.5 7.5
3 10.0 7.5 7.5 7.5 7.5
4 10.0 7.5 7.5 7.5 7.5
5 0.0 7.5 7.5 7.5 12.5
6 0.0 7.5 7.5 7.5 12.5
7 0.0 12.5 7.5 7.5 7.5
8 0.0 0.0 7.5 7.5 12.5
9 0.0 0.0 12.5 7.5 0.0
10 0.0 0.0 7.5 7.5 0.0

Wind speed for wave propagation directions (m/s)

 

The wind direction has always been interpreted to be in the same direction as the 
wave direction of propagation. 

4.9.6.1 Importance of Wind Speed 

In order to realize of the wind speed effects in wave height and wave period results, 
a simulation with northern waves in the sea state 5 has been run for different wind 
speeds (2.5 m/s, 7.5 m/s and 12.5 m/s). These simulations are included in Results 
(Table 5.7, Table 5.8, Figure 5.1 and Figure 5.2). 

4.9.6.2 Importance of Wind Direction 

In order to realize of the wind direction effects in wave height and wave period 
results, simulations with northern wind and southern wind in the sea state 5 have been 
run. These simulations are included in Results (Table 5.7, Table 5.8, Figure 5.3 and 
Figure 5.4). 

 

4.9.7. SWAN Output and Handling of Output to Obtain 
Visual Results 

The output of SWAN can be very diverse. During this project, only three aspects 
have been requested: 

 

1) Wave heights Hm0 (in m) in each cell of the computational domain. The outcome 
has been imported to Matlab and plotted with a contour plot (Figure 4.28). The 
transcript analysis_aina.m as well as the plots are included on the enclosed CD 
(the plots are in the file Hs&Tp). In special, the wave energy flux has been 
analyzed in the gauges cited before. Therefore, the Hm0(m) results at the 
gauges have been extracted to excel into tables depending on wave directions 
and sea states. These tables are included in Results (Table 5.9, Table 5.10 and 
Table 5.11). 
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Figure 4.28. Example of a wave height plot (in m) obtained with the output data from SWAN. 
This graph is for northern waves in the sea state 5. The arrows represent the generation line 

and the wave direction. 
 

2) Wave periods Tm01 (in s) in each cell of the computational domain. The outcome 
has been imported to Matlab and plotted with a contour plot (Figure 4.29). The 
transcript analysis_aina.m as well as the plots are included on the enclosed CD 
(the plots in in the file Hs&Tp). In special, the wave energy flux has been 
analyzed in the gauges cited before. Therefore, the Tm01 results (in s) at the 
gauges have been extracted to excel into tables depending on wave directions 
and sea states. These tables are included in Results (Table 5.12, Table 5.13 
and Table 5.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.29. Example of a wave period plot (in s) obtained with the output data from SWAN. 
This graph is for northern waves in the sea state 5. The arrows represent the generation line 

and the wave direction. 
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3) Directional spectral data, spectral frequencies and spectrum energy density 
data at each gauge. All these are imported to SWAN and plotted as 3D graphs 
(Figure 4.30). In each figure, the spectrum energy density S (f,θ) is represented 
depending on frequency and on wave orientation; S (f,θ) units are m2s/°. All the 
figures are included in the file Spectrum3D on the enclosed CD.  

 
Figure 4.30. Example of a directional variance spectrum at the gauge “Breakwater 2” for 

northern waves in a sea state 5. 

 

By means of Matlab, the S(f,θ) has been integrated over the directions at every 
gauge, in each sea state for waves arriving from the sectors N, NW and W obtaining 
S(f). This process is part of the script final_analysis_freq.m which is included on the 
enclosed CD and Figure 4.31 is an example of S(f). 

 
Figure 4.31. Example of a S(f) plot of gauge 4 with northern waves in a sea state 5. 
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Likewise, the directional spectrum has been integrated over the frequencies at 
every gauge in each sea state for different wave directions. This process is part of the 
script final_analysis_freq.m which is included on the enclosed CD. Since the angle of 
incidence at every gauge is not going to be the same as in deep water due to 
refraction, S(θ) has been plotted through Matlab in order to see the angle of incidence 
(Figure 4.32). These plots are also included in the file Spectrumangle on the enclosed 
CD.  

Through a Matlab command, the peak direction of incidence has been extracted for 
each gauge in every sea state of every wave direction. This peak direction of incidence 
is the direction with the highest S(θ). Tables resuming these values depending on sea 
states and wave directions are included in Results (Table 5.15, Table 5.16 and Table 
5.17). 

 

 
Figure 4.32. Example of a S(θ) plot of gauge 4 with northern waves in a sea state 5. The 

direction associated to the highest S(θ) is considered to be the angle of incidence (°). 
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4.10. Estimation of Wave Energy Flux at the Gauges after 
Simulating Propagation   

 

Figure 4.33 shows the outline that has been applied in this section. 

  
Figure 4.33. Scheme showing the procedure to calculate the wave energy flux. 

 

4.10.1. Definition of Directional Probability 

A new probability has been defined. Looking at Figure 4.33, this probability is the 
result of multiplying the directional distribution obtained in the third branch times the 
probability obtained in the first branch. Its name is “Directional probability" and it is 
defined as: 

 

Directional probabilityi,j = Directional distributiond
i,j* Non-directional probabilityi,j    [Equation 4.11] 

 

Where: 

Directional probabilityi,j= The probability of occurrence of a wave arriving from a given direction 
with a wave height Hm0 “i” and a wave period Tm01 “j”. [per unit] 

Directional_distributions
,i,j= Probability of the waves to arrive from a given direction d out of all 

the incoming waves with a wave height Hm0 “i” and a wave period Tm01 “j”. [per unit] 

Non_directional_probi,j= Probability of occurrence of a wave with a wave height Hm0 “i” and a 
wave period Tm01 “j” out of all the reliable data. [per unit] 
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This directional probability is applied because it is preferable to use the maximum 
available data (reliable data) together with directional distribution rather than only using 
directional data.   

The directional probability of a sea state has been calculated by adding the 
probabilities of specific cells. These cells contain waves with Hm0 and Tm01 inside the 
sea state intervals. A resume table (Table 5.18) of the directional probabilities of each 
sea state is included in Results. 

 

4.10.2. Obtaining the Wave Energy Flux Diagrams 

In the first place, although all the gauges are located in intermediate water, the 
formula used to calculate the wave energy flux has been the same as the one at the 
buoy in order to have a first approximation. In this case linear theory has been 
assumed. 

The energy flux [kW/m] in a sea state related to a propagated wave height Hm0 (i), a 
wave period Tm01(j) and a probability (probij) has been calculated by: 

 
 ddimodimdistatesea probHTP ⋅⋅⋅⋅= 2

,,,,01,_ 055.149.0  [kW/m]            [Equation 4.12] 

 

Psea_state,i,d= Wave energy flux for each sea state at the gauge i with waves arriving from a  
direction d. [kW/m or MWh/y/m] 

Tm01,i,d= Spectral estimate of mean period after propagation found at gauge i with waves arriving 
from direction d. [s] 

Hm0,i= Significant wave height after propagation found in gauge i with waves arriving from a  
direction d. [m] 

Probd= Probability of occurrence of one sea state with waves arriving from a given direction [per 
unit]. This probability is the directional probability defined before. 

 

Nevertheless, the formula for estimating the wave energy flux in deep water 
[Equation 4.7] is not valid in intermediate water because the group velocity depends on 
the wavelength λ which changes with different water depths h.  Contsequently, in the 
second place, a specific function of SWAN has been used that considers non-lineality. 
This function Transp obtains the two components of a vector which symbolizes the 
transport of energy. These two components are calculated by [Equation 3.4] and 
[Equation 3.5]. 

The magnitude of the wave energy flux has been found by the function pitagores in 
Matlab which has applied the Theorem of Pitagoras to the components mentioned 
before. This function has been included on the enclosed CD. 

As the magnitude of the wave energy flux depends on the sea state, on the 
direction where the wave propagates and on the gauge, four energy flux diagrams 
have been calculated: 
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1) Wave energy flux of every sea state in all the gauges for a wave direction N. 
[kW/m] 

2) Wave energy flux of every sea state in all the gauges for a wave direction NW. 
[kW/m] 

3) Wave energy flux of every sea state in all the gauges for a wave direction W. 
[kW/m] 

4) Addition of the wave energy fluxes of every sea state in all the gauges for the 
directions N, NW and W. [kW/m] 

 

These 4 diagrams are included in Results as well as these other graphs: 

1) For a given wave direction, the available wave power acquired by each sea 
state at every gauge (3 graphs). 

2) Contribution of available wave power from each wave direction at every gauge 
(1 graph). 

3) The available wave power acquired by each sea state at every gauge (1 graph). 

4) Magnitude of available wave power [kW/m] at each gauge in Hanstholm 
applying linear theory (1 graph). 

5) Magnitude of available wave power [kW/m] at each gauge in Hanstholm 
applying non-linear theory (1 graph). 

The first approach errors have been calculated and can be seen in the excel file 
energyflux.xls. Only the most relevant values of the errors are commented in 
Discussion. 

The available wave power diagrams are also expressed in MWh/y/m. They are not 
included in Results, but they are in the excel file energyflux.xls in the sheets 
correspondent to the wave direction propagation or, otherwise, in the sheet 
total_3_direc. 
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Chapter 5 
 

555...   RESULTS 
 

 

Although many intermediate processes have been done throughout this project, 
this chapter only includes tables and graphs referent to the main objectives of this 
study.  

 
5.1. Scatter Diagrams, Probability of Occurrence and Wave 
Energy Flux Diagrams at the Hanstholm Buoy 

 

Table 5.1.  Number of events at Hanstholm in each direction and their percentage (%) regarding 
the total number of events in the diagram All directions. 

 Number of events % 

S 932 2.27 

SW 2875 7.01 

W 20990 51.20 

NW 11109 27.10 

N 4216 10.28 

NE 242 0.59 

E 235 0.57 

SE 398 0.97 
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Table 5.2. Percentage of wave energy flux in each direction. 
 Pwave  (%) 

S 0.4 
SW 2.1 
W 61.3 

NW 29.2 
N 6.3 

NE 0.1 
E 0.2 

SE 0.3 

 

Two resume tables have been built showing the sums of the number of events 
depending on Hm0 and Tm01 respectively (Table 5.3 and Table 5.5). The percentages 
shown are out of the total number of events in the respective direction. In the case 
Non-directional, the percentage % is dividing by the total number of non-directional 
data; in the case of All direc, the % is out of the total number of directional data. 

As the wave energy flux diagrams also contain a lot of cells, the same method as 
with the scatter diagrams has been used. Two resume tables have been built showing 
the sums of the wave energy fluxes (in kW/m) depending on Hm0 and Tm01 respectively 
(Table 5.4 and Table 5.6).  

The total available wave power at Hanstholm buoy has been quantified as 6.16 
kW/m which is 54 MWh/y/m.   

 

 
Table 5.3. Number of events and percentage % depending on Hm0 and wave direction. 

Hm0(m) Events % Events % Events % Events % Events % Events % Events %

0,125 1789 3,86 127 13,63 292 10,16 695 3,31 409 3,68 206 4,89 1788 4,36
0,5 12479 26,95 463 49,68 1329 46,23 4620 22,01 3240 29,17 1333 31,62 11411 27,83
1 13816 29,84 319 34,23 923 32,10 6124 29,18 3099 27,90 1488 35,29 12159 29,66

1,5 8512 18,39 23 2,47 256 8,90 4243 20,21 1875 16,88 688 16,32 7253 17,69
2 5023 10,85 0 0 65 2,26 2742 13,06 1198 10,78 355 8,42 4375 10,67

2,5 2454 5,30 0 0 10 0,35 1360 6,48 683 6,15 87 2,06 2140 5,22
3 1304 2,82 0 0 0 0 663 3,16 342 3,08 49 1,16 1055 2,57

3,5 522 1,13 0 0 0 0 301 1,43 151 1,36 7 0,17 459 1,12
4 226 0,49 0 0 0 0 131 0,62 68 0,61 3 0,07 202 0,49

4,5 104 0,22 0 0 0 0 67 0,32 26 0,23 0 0 93 0,23
5 50 0,11 0 0 0 0 34 0,16 11 0,10 0 0 45 0,11

5,5 15 0,03 0 0 0 0 9 0,04 6 0,05 0 0 15 0,04
6 1 0 0 0 0 0 0 0 1 0,01 0 0 1 0

6,5 1 0 0 0 0 0 1 0 0 0 0 0 1 0
7 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7,5 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sum 46296 100 932 100 2875 100 20990 100 11109 100 4216 100 40997 100

N All_direcNon-Direc S SW W NW
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Table 5.4. Wave energy flux [kW/m] depending on Hm0 and wave direction. 

Hm0 (m) Non-Direc S SW W NW N All direc

[0-0.25) 0,002 0 0 0,001 0 0 0,002
[0.25-0.75) 0,153 0,006 0,018 0,068 0,045 0,016 0,157
[0.75-1.25) 0,728 0,018 0,051 0,379 0,182 0,082 0,722
[1.25-1.75) 1,082 0,003 0,033 0,615 0,270 0,095 1,038
[1.75-2.25) 1,228 0 0,017 0,755 0,328 0,097 1,201
[2.25-2.75) 1,004 0 0,004 0,627 0,314 0,040 0,986
[2.75-3.25) 0,838 0 0 0,474 0,244 0,036 0,755
[3.25-3.75) 0,489 0 0 0,314 0,157 0,008 0,478
[3.75-4.25) 0,291 0 0 0,187 0,101 0,004 0,293
[4.25-4.75) 0,182 0 0 0,132 0,052 0 0,184
[4.75-5.25) 0,112 0 0 0,085 0,029 0 0,114
[5.25-5.75) 0,042 0 0 0,027 0,020 0 0,047
[5.75-6.25) 0,004 0 0 0 0,004 0 0,004
[6.25-6.75) 0,004 0 0 0,005 0 0 0,005
[6.75-7.25) 0 0 0 0 0 0 0
[7.25-7.75) 0 0 0 0 0 0 0
Sum Hm0's 6,161 0,027 0,123 3,670 1,746 0,379 5,985

Wave energy flux [kW/m]
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Table 5.5. Number of events and percentage % depending on Tm01 (s) and wave direction. 

Events 0 2 0 0 18 165 1301 4010 7198 8828 8993 7412 4235 1918 840 383 182 106 56 37 13 16 16 22 29 50 37 46 50 59 51 55 36 35 24 19 20 14 10 7 3
% 0 0 0 0 0,04 0,36 2,81 8,66 15,55 19,07 19,43 16,01 9,15 4,14 1,81 0,83 0,39 0,23 0,12 0,08 0,03 0,03 0,03 0,05 0,06 0,11 0,08 0,10 0,11 0,13 0,11 0,12 0,08 0,08 0,05 0,04 0,04 0,03 0,02 0,02 0,01

Events 0 0 0 0 3 17 90 222 236 236 86 21 3 4 1 0 0 0 0 1 0 0 0 0 0 1 1 1 1 2 2 1 0 1 1 0 0 1 0 0 0
% 0 0 0 0 0,32 1,82 9,66 23,82 25,32 25,32 9,23 2,25 0,32 0,43 0,11 0 0 0 0 0,11 0 0 0 0 0 0,11 0,11 0,11 0,11 0,21 0,21 0,11 0 0,11 0,11 0 0 0,11 0 0 0

Events 0 0 0 0 2 23 177 497 847 697 362 105 28 12 3 1 0 1 0 0 0 0 1 1 3 1 2 13 9 20 14 8 11 14 9 7 4 1 0 1 1
% 0 0 0 0 0,07 0,80 6,16 17,29 29,46 24,24 12,59 3,65 0,97 0,42 0,10 0,03 0 0,03 0 0 0 0 0,03 0,03 0,10 0,03 0,07 0,45 0,31 0,70 0,49 0,28 0,38 0,49 0,31 0,24 0,14 0,03 0 0,03 0,03

Events 0 0 0 0 2 28 346 1184 2320 3676 4606 4041 2476 1059 469 204 85 39 16 10 1 10 13 21 22 47 27 29 36 35 30 44 24 20 13 12 15 12 10 6 2
% 0 0 0 0 0,01 0,13 1,65 5,64 11,05 17,51 21,94 19,25 11,80 5,05 2,23 0,97 0,40 0,19 0,08 0,05 0 0,05 0,06 0,10 0,10 0,22 0,13 0,14 0,17 0,17 0,14 0,21 0,11 0,10 0,06 0,06 0,07 0,06 0,05 0,03 0,01

Events 0 2 0 0 5 20 312 1070 1795 2047 2008 1877 1028 494 216 102 48 27 16 11 2 1 0 0 3 1 6 3 4 2 5 2 1 0 0 0 1 0 0 0 0
% 0 0 0 0 0,05 0,18 2,81 9,63 16,16 18,43 18,08 16,90 9,25 4,45 1,94 0,92 0,43 0,24 0,14 0,10 0,02 0,01 0 0 0,03 0,01 0,05 0,03 0,04 0,02 0,05 0,02 0,01 0 0 0 0,01 0 0 0 0

Events 0 0 0 0 0 30 209 611 1142 863 684 424 144 70 20 4 2 3 1 5 3 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
% 0 0 0 0 0,0 0,71 4,96 14,49 27,09 20,47 16,22 10,06 3,42 1,66 0,47 0,09 0,05 0,07 0,02 0,12 0,07 0 0 0 0,02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Events 0 2 0 0 18 165 1281 3840 6582 7647 7777 6482 3682 1639 709 312 135 70 33 27 6 11 14 22 29 50 36 46 50 59 51 55 36 35 23 19 20 14 10 7 3
% 0 0 0 0 0,04 0,40 3,12 9,37 16,05 18,65 18,97 15,81 8,98 4,00 1,73 0,76 0,33 0,17 0,08 0,07 0,01 0,03 0,03 0,05 0,07 0,12 0,09 0,11 0,12 0,14 0,12 0,13 0,09 0,09 0,06 0,05 0,05 0,03 0,02 0,02 0,01

NW

N

All direc
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S

SW

W
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Table 5.6. Wave energy flux [kW/m] depending on Tm01 (s) and wave direction. 

Non-Direc 0 0 0 0 0 0,001 0,012 0,063 0,227 0,531 0,942 1,251 1,135 0,822 0,477 0,292 0,172 0,098 0,061 0,045 0,008 0,005 0,003 0 0 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0 0 0,001 0 0,001 0,002 0,002 0 0,001

S 0 0 0 0 0 0 0,001 0,003 0,006 0,011 0,004 0,001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

SW 0 0 0 0 0 0 0,002 0,008 0,027 0,039 0,027 0,013 0,004 0,001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

W 0 0 0 0 0 0 0,004 0,024 0,089 0,267 0,559 0,780 0,720 0,493 0,322 0,182 0,109 0,057 0,027 0,020 0,001 0 0 0 0 0,001 0 0,001 0,001 0,001 0 0,001 0 0 0,001 0 0,001 0,002 0,003 0,001 0,001

NW 0 0 0 0 0 0 0,003 0,018 0,058 0,132 0,238 0,374 0,339 0,259 0,139 0,085 0,038 0,025 0,018 0,018 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

N 0 0 0 0 0 0 0,002 0,011 0,041 0,056 0,087 0,078 0,044 0,037 0,015 0,003 0,001 0,001 0 0,002 0,001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

All direc 0 0 0 0 0 0,001 0,014 0,068 0,235 0,518 0,919 1,250 1,109 0,790 0,476 0,270 0,148 0,082 0,046 0,040 0,002 0 0 0 0 0,001 0,001 0,001 0,001 0,001 0,001 0,001 0 0 0,001 0 0,001 0,002 0,003 0,001 0,001
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5.2. Influence of the wind speed and the wind direction in 
the simulation of wave propagation in SWAN 

 

5.2.1. Importance of wind speed 

In order to realize of the wind speed effects in the wave height (Figure 5.1 and 
Table 5.7) and wave period results (Figure 5.2 and Table 5.8), a simulation with 
northern waves in the sea state 5 has been run. 

 

 
Figure 5.1. Wave heights (m) for wind speeds of 2.5 m/s (left), 7.5 m/s (middle) and 12.5 m/s 

(right). The arrows represent the generation line and the wave direction; the crosses, the 
gauges and the blue dot is the buoy. 

 

 

 
Figure 5.2. Wave periods (s) for wind speeds of 2.5 m/s (left), 7.5 m/s (middle) and 12.5 m/s 

(right). The arrows represent the generation line and the wave direction; the crosses, the 
gauges and the blue dot is the buoy. 

 

Table 5.7 represents the Hm0 (m) in the gauges with a given direction and variable 
wind speed. Table 5.8 shows Tm01 (s) in the gauges with a given direction and variable 
wind speed. 
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Table 5.7. Hm0 (m) at the gauges depending on wind speed (m/s) and wind direction (°). 

[0-5) 248 1,80 1,88 1,73 1,75 1,89 1,96 1,93 1,81 1,80 1,92 1,89
[5-10) 248 1,80 1,88 1,73 1,75 1,89 1,96 1,93 1,82 1,81 1,92 1,90
[10-15) 248 1,86 1,93 1,81 1,81 1,93 1,98 1,96 1,88 1,87 1,96 1,94
[15-20) 248 1,94 2,00 1,91 1,92 1,99 2,00 2,00 1,98 1,95 2,00 2,01

[10-15) 68 1,81 1,90 1,74 1,75 1,91 1,99 1,96 1,83 1,82 1,94 1,92
[15-20) 68 1,84 1,94 1,75 1,77 1,95 2,03 2,00 1,86 1,84 1,98 1,95

Wind 
(m/s)

Dir 
wind(°)

Hm0 
BW1

Hm0 
BW2

Hm0 
WS

Hm0 
gauge1

Hm0 
gauge2

Hm0 
gauge3

Hm0 
gauge8

Hm0 
gauge4

Hm0 
gauge5

Hm0 
gauge6

Hm0 
gauge7

 

 

 
Table 5.8. Tm01 (m) at the gauges depending on wind speed (m/s) and wind direction (°). 

[0-5) 248 4,91 4,92 4,96 4,91 4,90 4,92 4,93 4,96 4,93 4,92 4,95
[5-10) 248 4,86 4,88 4,90 4,86 4,86 4,89 4,89 4,91 4,88 4,88 4,91
[10-15) 248 4,71 4,75 4,74 4,69 4,73 4,81 4,79 4,76 4,74 4,77 4,78
[15-20) 248 4,57 4,62 4,59 4,54 4,61 4,73 4,68 4,61 4,60 4,66 4,65

[10-15) 68 4,58 4,58 4,67 4,59 4,57 4,60 4,58 4,62 4,62 4,59 4,60
[15-20) 68 4,38 4,38 4,47 4,41 4,38 4,40 4,38 4,41 4,41 4,39 4,39

Wind 
(m/s)

Dir 
wind(°)

Tm01 
BW1

Tm01 
BW2

Tm01 
WS

Tm01 
gauge1

Tm01 
gauge2

Tm01 
gauge3

Tm01 
gauge8

Tm01 
gauge4

Tm01 
gauge5

Tm01 
gauge6

Tm01 
gauge7

 

 

5.2.2.  Importance of wind direction 

 

In order to realize of the wind direction effects in the wave height (Figure 5.3 and 
Table 5.7) and wave period results (Figure 5.4 and Table 5.8), simulations with 
northern and southern waves in the sea state 5 have been run. 

 

 
Figure 5.3. On the left, wave heights (m) for northern waves in a sea state 5 and wind of 12.5 
m/s in the same direction as the waves; on the right, wave heights (m) for northern waves in a 
sea state 5 and wind of 12.5 m/s in the opposite direction to the waves. The arrows represent 

the generation line and the wave direction; the crosses, the gauges and the blue dot is the 
buoy. 
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Figure 5.4. On the left, wave periods (s) for northern waves in a sea state 5 and wind of 12.5 
m/s in the same direction as the waves; on the right, wave periods (s) for northern waves in a 
sea state 5 and wind of 12.5 m/s in the opposite direction to the waves. The arrows represent 

the generation line and the wave direction; the crosses, the gauges and the blue dot is the 
buoy. 

 

In the same tables as before (Table 5.7 and Table 5.8), the two last rows are meant 
to be the Hm0 (m) and the Tm01 (s) of waves with the same characteristics, but with 
opposite wind direction. 

 

5.2.3. SWAN Output and Handling of Output to Obtain 
Visual Results 

All the contour plots with Hm0 (in m) in each cell of the computational domain after 
simulating propagation in a determinate direction are included on the enclosed CD (in 
the file Hs&Tp). An example of the plots nomenclature is HSN5 which means the 
significant height Hm0 of northern waves in the sea state 5. In special, the wave energy 
flux has been analyzed at the gauges. Therefore, the gauges Hm0 results (in m) have 
been extracted to excel into tables depending on wave directions and sea states (Table 
5.9, Table 5.10 and Table 5.11). 

 
Table 5.9. Hm0 (m) at the gauges after simulating propagation of northern waves for all the sea 
states. 

1 0.85 0.89 0.84 0.84 0.90 0.91 0.90 0.87 0.86 0.90 0.89

2 0.91 0.92 0.91 0.89 0.92 0.94 0.94 0.92 0.92 0.93 0.93

3 1.37 1.43 1.33 1.33 1.44 1.48 1.46 1.39 1.37 1.46 1.44

4 1.40 1.44 1.38 1.37 1.43 1.47 1.46 1.42 1.42 1.45 1.45

5 1.86 1.93 1.81 1.81 1.93 1.98 1.96 1.88 1.87 1.96 1.94

6 1.91 1.94 1.89 1.88 1.92 1.96 1.96 1.93 1.93 1.95 1.96

7 2.31 2.37 2.25 2.26 2.35 2.44 2.42 2.32 2.33 2.40 2.39

8 2.83 2.88 2.70 2.75 2.84 2.93 2.92 2.86 2.78 2.90 2.92

9 3.22 3.33 3.00 3.11 3.28 3.41 3.38 3.31 3.08 3.37 3.38

10 3.57 3.82 3.21 3.43 3.76 3.90 3.88 3.73 3.30 3.85 3.88

Hm0 
gauge5

Hm0 
gauge6

Hm0 
gauge7

Hm0 
gauge8

Hm0 
gauge1

Hm0 
gauge2

Hm0 
gauge3

Hm0 
gauge4

Sea 
States

Hm0 
BW1

Hm0 
BW2

Hm0 
WS
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Table 5.10. Hm0 (m) at the gauges after simulating propagation of north-western waves for all 
the sea states. 

1 0.85 0.87 0.78 0.83 0.89 0.89 0.89 0.85 0.84 0.88 0.88

2 0.89 0.85 0.79 0.88 0.88 0.89 0.88 0.86 0.88 0.87 0.88

3 1.39 1.41 1.24 1.35 1.45 1.48 1.46 1.38 1.37 1.44 1.44

4 1.44 1.40 1.26 1.41 1.45 1.47 1.46 1.40 1.42 1.43 1.44

5 1.84 1.86 1.60 1.78 1.92 1.96 1.94 1.80 1.81 1.91 1.89

6 1.90 1.86 1.64 1.86 1.92 1.96 1.94 1.85 1.87 1.90 1.91

7 2.37 2.31 2.02 2.32 2.39 2.44 2.42 2.29 2.31 2.37 2.37

8 2.88 2.78 2.39 2.77 2.88 2.93 2.91 2.76 2.69 2.85 2.86

9 3.30 3.25 2.69 3.12 3.37 3.43 3.40 3.23 2.96 3.33 3.35

10 3.81 4.12 3.06 3.60 4.26 4.32 4.29 3.89 3.34 4.20 4.23

Sea 
States

Hm0 
BW1

Hm0 
BW2

Hm0 
WS

Hm0 
gauge1

Hm0 
gauge2

Hm0 
gauge3

Hm0 
gauge4

Hm0 
gauge5

Hm0 
gauge6

Hm0 
gauge7

Hm0 
gauge8

 

 
Table 5.11. Hm0 (m) at the gauges after simulating propagation of western waves for all the sea 
states. 

1 0.84 0.77 0.66 0.83 0.89 0.88 0.83 0.73 0.83 0.83 0.79

2 0.90 0.74 0.66 0.90 0.88 0.87 0.81 0.72 0.88 0.80 0.77

3 1.32 1.18 1.00 1.31 1.41 1.41 1.29 1.10 1.29 1.29 1.21

4 1.39 1.14 1.01 1.39 1.39 1.37 1.27 1.10 1.36 1.26 1.20

5 1.74 1.52 1.29 1.73 1.83 1.84 1.68 1.42 1.70 1.68 1.57

6 1.81 1.50 1.31 1.81 1.84 1.82 1.67 1.43 1.77 1.66 1.57

7 2.25 1.85 1.60 2.24 2.27 2.26 2.07 1.75 2.18 2.05 1.94

8 2.74 2.19 1.88 2.69 2.72 2.69 2.46 2.09 2.54 2.43 2.31

9 3.22 2.59 2.16 3.07 3.22 3.16 2.90 2.51 2.81 2.87 2.75

10 3.70 3.19 2.52 3.45 4.01 3.94 3.59 3.10 3.06 3.55 3.41

Sea 
States

Hm0 
BW1

Hm0 
BW2

Hm0 
WS

Hm0 
gauge1

Hm0 
gauge2

Hm0 
gauge3

Hm0 
gauge4

Hm0 
gauge5

Hm0 
gauge6

Hm0 
gauge7

Hm0 
gauge8

 

All the contour plots with Tm01 (in s) in each cell of the computational domain after 
simulating propagation in a determinate direction are included on the enclosed CD (in 
the file Hs&Tp). An example of the plots nomenclature is TPN5 which means the period 
Tm01 of northern waves in the sea state 5. In special, the wave energy flux has been 
analyzed at the gauges. Therefore, the gauges Tm01 results (in s) have been extracted 
to excel into tables depending on wave directions and sea states (Table 5.12, Table 
5.13, Table 5.14).  

Table 5.12. Tm01 (m) at the gauges after simulating propagation of northern waves for all the sea 
states. 

1 3.76 3.88 3.70 3.67 3.90 4.03 3.97 3.80 3.77 3.94 3.90

2 4.95 5.09 4.85 4.78 5.09 5.41 5.28 4.96 5.00 5.22 5.15

3 4.44 4.51 4.45 4.41 4.50 4.58 4.55 4.50 4.47 4.53 4.53

4 5.30 5.34 5.28 5.23 5.32 5.47 5.42 5.32 5.33 5.39 5.38

5 4.71 4.75 4.74 4.69 4.73 4.81 4.79 4.76 4.74 4.77 4.78

6 5.51 5.53 5.48 5.44 5.50 5.69 5.63 5.51 5.53 5.59 5.58

7 5.80 5.77 5.82 5.79 5.72 5.80 5.79 5.83 5.80 5.77 5.81

8 6.36 6.31 6.37 6.36 6.26 6.37 6.35 6.35 6.37 6.33 6.35

9 7.08 6.95 7.13 7.13 6.90 6.94 6.95 7.00 7.12 6.94 7.00

10 7.52 7.30 7.57 7.55 7.26 7.29 7.30 7.35 7.55 7.29 7.34

Tm01 
gauge6

Tm01 
gauge7

Tm01 
gauge8

Sea 
state

Tm01 
gauge2

Tm01 
gauge3

Tm01 
gauge4

Tm01 
gauge5

Tm01 
BW1

Tm01 
BW2

Tm01 
WS

Tm01 
gauge1
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Table 5.13 Tm01 (m) at the gauges after simulating propagation of north-western waves for all 
the sea states. 
 

1 3.87 3.93 3.63 3.80 4.02 4.15 4.05 3.81 3.84 4.02 3.95

2 5.28 5.22 4.74 5.15 5.44 5.79 5.52 5.03 5.23 5.44 5.28

3 4.51 4.50 4.34 4.50 4.57 4.62 4.58 4.47 4.49 4.55 4.53

4 5.51 5.44 5.22 5.49 5.53 5.65 5.57 5.39 5.49 5.52 5.48

5 4.85 4.80 4.72 4.87 4.85 4.87 4.84 4.81 4.84 4.82 4.83

6 5.59 5.49 5.37 5.60 5.57 5.62 5.58 5.50 5.56 5.54 5.54

7 5.81 5.70 5.63 5.83 5.75 5.78 5.75 5.74 5.77 5.72 5.74

8 6.31 6.18 6.14 6.38 6.22 6.24 6.22 6.24 6.32 6.19 6.22

9 6.84 6.64 6.68 6.93 6.68 6.68 6.67 6.69 6.88 6.65 6.68

10 8.04 7.70 7.93 8.09 7.75 7.76 7.74 7.81 8.04 7.72 7.72

Tm01 
gauge6

Tm01 
gauge7

Tm01 
gauge8

Tm01 
gauge2

Tm01 
gauge3

Tm01 
gauge4

Tm01 
gauge5

Sea 
state

Tm01 
BW1

Tm01 
BW2

Tm01 
WS

Tm01 
gauge1

 
 

 
Table 5.14. Tm01 (m) at the gauges after simulating propagation of western waves for all the sea 
states. 

1 3.83 3.64 3.47 3.81 3.96 4.02 3.84 3.53 3.79 3.82 3.69

2 5.23 4.50 4.35 5.25 5.23 5.31 4.91 4.38 5.12 4.87 4.67

3 4.47 4.24 4.22 4.46 4.51 4.52 4.40 4.20 4.47 4.37 4.32

4 5.58 5.07 5.08 5.59 5.52 5.56 5.34 5.02 5.55 5.29 5.21

5 4.86 4.61 4.67 4.88 4.85 4.83 4.75 4.61 4.86 4.72 4.69

6 5.62 5.22 5.30 5.63 5.53 5.53 5.41 5.22 5.60 5.37 5.34

7 5.84 5.45 5.57 5.84 5.71 5.69 5.60 5.50 5.80 5.56 5.57

8 6.35 5.95 6.07 6.39 6.19 6.15 6.09 6.04 6.36 6.04 6.08

9 6.77 6.26 6.35 6.86 6.55 6.51 6.42 6.33 6.74 6.39 6.39

10 7.82 7.29 7.52 7.89 7.48 7.41 7.37 7.37 7.84 7.35 7.39

Tm01 
gauge5

Tm01 
gauge6

Tm01 
gauge7

Tm01 
gauge8

Tm01 
gauge1

Tm01 
gauge2

Tm01 
gauge3

Tm01 
gauge4

Sea 
state

Tm01 
BW1

Tm01 
BW2

Tm01 
WS

 

All the figures  of the energy density spectrum S (f,θ) are included in the enclosed 
CD in the file Spectrum3D. S (f,θ) units are m2s/° . One example of their notation is: 
W1_3DBW1. It means: spectrum with western waves in the sea state 1 and in the 
gauge “breakwater1”.  

All the plots of S(f) are also included on the enclosed CD in the file Spectrumfreq. 
Likewise, the plots S(θ) are in the file Spectrumangle. Examples of their nomenclature 
are N1_SFBW2 which means the spectrum S(f) at the gauge “Breakwater 2” of 
northern waves in a sea state 1 and N1_SBW2 which represents S(θ). 

The peak direction of incidence has been extracted for each gauge in every sea 
state of every wave direction. Table 5.15, Table 5.16 and Table 5.17 resume these 
values depending on sea states and wave directions. The angle of the directions is 
expressed in Cartesian convention. 
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Table 5.15. Directions (°) at the gauges after simulating propagation of northern waves 
(248°) for all the sea states. 

1 249 255 273 249 249 249 249 243 249 249 249
2 249 255 273 249 249 249 249 249 255 249 249
3 249 255 267 249 249 249 249 243 249 249 249
4 249 255 267 249 249 249 249 249 255 249 249
5 249 255 267 249 249 249 249 243 255 249 249
6 249 255 267 249 249 249 249 249 255 249 249
7 249 255 267 255 249 249 249 249 255 249 249
8 249 261 267 255 249 249 249 249 255 249 249
9 249 261 267 255 249 249 255 249 255 249 249
10 249 267 267 255 249 249 255 249 255 249 249

Mean 249 257 268 251 249 249 250 247 254 249 249

Dir Gauge1 

(°)

Dir Gauge2 

(°)

Dir Gauge3 

(°)

Dir Gauge4 

(°)

Sea 

State

Dir BW1 

(°)

Dir BW2 

(°)

Dir WS 

(°)

Dir Gauge7 

(°)

Dir Gauge8 

(°)

Dir Gauge5 

(°)

Dir Gauge6 

(°)

 
 

 

Table 5.16. Directions (°) at the gauges after simulating propagation of north-western 
waves (293°) for all the sea states. 

1 291 291 285 273 285 291 291 279 291 291 291
2 291 291 285 273 285 291 291 279 291 291 285
3 291 291 285 273 285 291 291 279 291 291 285
4 291 291 285 273 285 291 291 273 291 291 285
5 291 291 285 273 285 291 291 273 291 291 285
6 291 291 285 273 285 291 291 273 291 291 285
7 291 291 267 273 285 291 291 273 291 291 285
8 291 291 267 273 285 291 291 273 291 291 285
9 291 291 267 273 285 291 291 273 291 291 285
10 291 291 267 273 285 297 291 255 291 291 285

Mean 291 291 278 273 285 292 291 273 291 291 286

Dir Gauge5 

(°)

Dir Gauge6 

(°)

Dir Gauge7 

(°)

Dir Gauge8 

(°)

Dir Gauge1 

(°)

Dir Gauge2 

(°)

Dir Gauge3 

(°)

Dir Gauge4 

(°)

Sea 

State

Dir BW1 

(°)

Dir BW2 

(°)

Dir WS 

(°)

 

 

 
Table 5.17. Directions (°) at the gauges after simulating propagation of western waves 
(338°) for all the sea states. 

1 339 333 303 339 339 339 333 309 333 339 321
2 333 321 297 339 339 339 327 297 333 339 309
3 339 327 303 339 339 339 333 303 333 333 315
4 339 321 303 339 339 339 327 297 333 339 309
5 339 327 303 339 339 339 333 303 333 333 315
6 339 321 303 339 339 339 327 297 333 333 309
7 339 321 303 339 339 339 327 297 333 333 309
8 333 321 303 339 339 339 327 291 333 333 309
9 333 321 303 339 339 339 327 291 333 339 303
10 333 321 303 339 339 339 321 291 333 333 303

Mean 337 323 302 339 339 339 328 298 333 335 310

Dir Gauge5 
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5.3. Estimation of the Wave Energy Flux at the Gauges after 
Simulating Propagation  

 

5.3.1.  Definition of Directional Probability 

In Methodology, the process of defining the Directional probabilities has been 
explained. In Table 5.18, the results of Directional probabilities are exposed. 

 
Table 5.18. Values of directional probabilities depending on the wave propagation and the 
sea state. [per unit] 

State S SW W NW N

1 0.020 0.055 0.200 0.134 0.068
2 0.001 0.005 0.076 0.028 0.004
3 0.001 0.006 0.070 0.031 0.013
4 0 0.001 0.038 0.017 0.004
5 0 0.001 0.025 0.010 0.004
6 0 0.001 0.043 0.019 0.005
7 0 0 0.034 0.017 0.002
8 0 0 0.018 0.009 0.001
9 0 0 0.007 0.004 0
10 0 0 0.006 0.003 0

Directional probabilities

 

 

5.3.2. Obtaining the Wave Energy Flux Diagrams 

In the following tables, the available wave power (kW/m) is given at the different 
gauges, from all the sea states and with waves arriving from the north (Table 5.19) 
from the north-west (Table 5.20), from the west (Table 5.21) and an addition of all the 
ones before (Table 5.22). 

 

 
Table 5.19. Available wave power [kW/m] at the different gauges with northern waves from all 
the sea states. 

1 0.108 0.111 0.106 0.104 0.109 0.11 0.112 0.11 0.111 0.112 0.113 1.207
2 0.011 0.011 0.01 0.01 0.01 0.011 0.011 0.011 0.011 0.011 0.011 0.118
3 0.063 0.066 0.061 0.06 0.064 0.066 0.067 0.064 0.065 0.066 0.067 0.707
4 0.025 0.026 0.024 0.023 0.025 0.026 0.026 0.026 0.025 0.026 0.026 0.277
5 0.035 0.036 0.034 0.033 0.035 0.036 0.037 0.036 0.036 0.036 0.037 0.391
6 0.061 0.062 0.059 0.057 0.06 0.062 0.063 0.063 0.062 0.062 0.064 0.674
7 0.038 0.039 0.035 0.035 0.038 0.039 0.04 0.038 0.038 0.04 0.04 0.42
8 0.037 0.038 0.033 0.034 0.037 0.039 0.039 0.038 0.035 0.039 0.04 0.408
9 0.007 0.007 0.005 0.006 0.007 0.007 0.007 0.007 0.006 0.007 0.007 0.074
10 0.004 0.004 0.003 0.003 0.004 0.005 0.004 0.004 0.003 0.004 0.004 0.044

Sum 0.387 0.401 0.371 0.366 0.388 0.4 0.407 0.396 0.391 0.403 0.409

Sea 

state

Pwave 

BW1

Pwave 

BW2

Pwave 

WS

Pwave 

Gauge1

Pwave 

Gauge2

Pwave 

Gauge3

Pwave 

Gauge4
Sum

Pwave 

Gauge5

Pwave 

Gauge6

Pwave 

Gauge7

Pwave 

Gauge8
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Table 5.20. Available wave power [kW/m] at the different gauges with north-western waves from 
all the sea states. 

1 0.222 0.216 0.186 0.213 0.217 0.219 0.223 0.215 0.219 0.218 0.223 2.371
2 0.072 0.067 0.054 0.069 0.070 0.070 0.071 0.068 0.070 0.069 0.070 0.749
3 0.154 0.150 0.121 0.147 0.152 0.154 0.157 0.148 0.150 0.152 0.155 1.639
4 0.112 0.105 0.083 0.107 0.109 0.110 0.112 0.106 0.107 0.108 0.110 1.169
5 0.096 0.093 0.073 0.091 0.095 0.097 0.098 0.091 0.092 0.095 0.097 1.017
6 0.223 0.211 0.162 0.212 0.217 0.220 0.223 0.210 0.211 0.216 0.220 2.326
7 0.311 0.293 0.220 0.295 0.304 0.309 0.312 0.290 0.289 0.301 0.306 3.230
8 0.262 0.247 0.176 0.239 0.258 0.263 0.264 0.243 0.224 0.255 0.258 2.688
9 0.145 0.144 0.093 0.127 0.153 0.156 0.155 0.141 0.114 0.150 0.151 1.529

10 0.157 0.194 0.098 0.135 0.210 0.214 0.209 0.167 0.117 0.204 0.200 1.905
Sum 1.755 1.719 1.267 1.635 1.784 1.811 1.824 1.677 1.593 1.768 1.790

Sea 

state

Pwave 

BW1

Pwave 

BW2

Pwave 

WS

Pwave 

Gauge1

Pwave 

Gauge2

Pwave 

Gauge3

Pwave 

Gauge4
Sum

Pwave 

Gauge5

Pwave 

Gauge6

Pwave 

Gauge7

Pwave 

Gauge8

 

 
Table 5.21. Available wave power [kW/m] at the different gauges with western waves from all 
the sea states. 

1 0.329 0.254 0.196 0.325 0.334 0.327 0.295 0.231 0.315 0.294 0.270 3.170
2 0.208 0.134 0.102 0.204 0.201 0.193 0.168 0.125 0.189 0.164 0.152 1.840
3 0.321 0.239 0.184 0.316 0.326 0.322 0.287 0.215 0.305 0.283 0.257 3.054
4 0.245 0.162 0.123 0.240 0.239 0.230 0.201 0.149 0.225 0.196 0.181 2.192
5 0.214 0.155 0.119 0.211 0.215 0.212 0.188 0.140 0.203 0.184 0.168 2.009
6 0.457 0.307 0.233 0.448 0.449 0.437 0.382 0.281 0.422 0.372 0.343 4.131
7 0.566 0.378 0.281 0.552 0.556 0.542 0.473 0.346 0.514 0.460 0.423 5.090
8 0.469 0.305 0.216 0.442 0.458 0.444 0.384 0.281 0.389 0.374 0.343 4.105
9 0.284 0.190 0.124 0.251 0.289 0.277 0.238 0.177 0.208 0.233 0.215 2.486

10 0.312 0.252 0.141 0.261 0.394 0.378 0.319 0.230 0.207 0.313 0.285 3.094
Sum 3.407 2.375 1.719 3.251 3.460 3.362 2.934 2.176 2.977 2.874 2.637

Sum
Pwave 

Gauge5

Pwave 

Gauge6

Pwave 

Gauge7

Pwave 

Gauge8

Pwave 

Gauge1

Pwave 

Gauge2

Pwave 

Gauge3

Pwave 

Gauge4

Sea 

state

Pwave 

BW1

Pwave 

BW2

Pwave 

WS

 

 
Table 5.22. Addition of available wave power [kW/m] at the different gauges with waves arriving 
from N, NW and W and from all the sea states. 

1 0.659 0.582 0.488 0.643 0.660 0.656 0.631 0.555 0.646 0.624 0.605 6.748
2 0.291 0.212 0.167 0.283 0.281 0.274 0.250 0.204 0.270 0.243 0.233 2.707
3 0.538 0.454 0.366 0.522 0.541 0.541 0.511 0.427 0.519 0.501 0.479 5.400
4 0.382 0.293 0.230 0.370 0.372 0.366 0.339 0.280 0.357 0.330 0.318 3.638
5 0.345 0.284 0.226 0.335 0.344 0.345 0.323 0.267 0.331 0.316 0.302 3.417
6 0.741 0.580 0.454 0.718 0.726 0.718 0.668 0.553 0.695 0.651 0.627 7.132
7 0.915 0.710 0.537 0.882 0.897 0.890 0.825 0.674 0.840 0.801 0.769 8.739
8 0.768 0.590 0.425 0.715 0.753 0.746 0.686 0.562 0.648 0.668 0.641 7.201
9 0.436 0.341 0.223 0.383 0.449 0.440 0.400 0.325 0.327 0.390 0.373 4.089

10 0.474 0.450 0.242 0.400 0.609 0.597 0.532 0.402 0.327 0.521 0.490 5.042
Sum 5.549 4.496 3.357 5.251 5.632 5.573 5.165 4.250 4.961 5.046 4.836

Sea 

state

Pwave 

BW1

Pwave 

BW2

Pwave 

WS

Pwave 

Gauge1

Pwave 

Gauge2

Pwave 

Gauge3

Pwave 

Gauge4
Sum

Pwave 

Gauge5

Pwave 

Gauge6

Pwave 

Gauge7

Pwave 

Gauge8

 

Four plots have been designed in order to show clearly the influence of each factor in the 
available wave power at each gauge after simulating the propagation (Figure 5.5, Figure 5.6, 
Figure 5.7 and Figure 5.8). 
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Figure 5.5. Wave energy flux [kW/m] contributed by each sea state at each gauge with 

northern propagation. 
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Figure 5.6. Wave energy flux [kW/m] contributed by each sea state at each gauge with north-

western propagation. 
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Figure 5.7. Wave energy flux [kW/m] contributed by each sea state at each gauge with western 

propagation. 
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Figure 5.8. Wave energy flux [kW/m] at each gauge contributed by the direction of propagation. 
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Figure 5.9. Available wave power [kW/m] at each gauge in Hanstholm. 
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Figure 5.10. Available wave power (kW/m) using the linear theory and angle of incidence at each gauge depending on the wave direction. 
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Figure 5.11. Available wave power (kW/m) using non-linear theory and angle of incidence at each gauge depending on the wave direction. 
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Chapter 6 
 

666...   DISCUSSION 
 
 

6.1. Discussion of Materials 

 

The location analized has been Hanstholm mainly for three reasons: 

1. The decision of doing my master thesis while staying one semester in Denmark. 

2. A plan for a Harbor Reconstruction and a Wave Energy Centre in Hanstholm 

3. The placement of the WaveStar device near Hantholm Harbor and the possible 
future placement of the SSG.  

The data has been extracted from buoys near Hirtshals, Fjaltring and Hansholm 
because these are the nearest to the Hanstholm Harbor. The periods of data extraction 
have been different depending on the buoy, but only the data from 01/11/05 to 
25/02/09 have been taken into account in each buoy. The reason is the fact that the 
data from the other buoys have only been used to contrast them to the Hanstholm 
data; consequently, if there was not Hanstholm data, the other information was not 
considered. 

It has to be taken into account that the data included in the text file only 
represented the 86.8% of the total data that could have been extracted in the period 
analyzed. 

The programs to classify events in Hm0 and Tm01 or to associate directions have 
been executed through Matlab because it is the best program of my knowledge to work 
with such big data files.  

Referent to the propagation, two options were possible: MildSim or SWAN. MildSim 
works with time-domain analysis while SWAN works with frequency-domain analysis. 
Both of them take into account approximately the same phenomena (shoaling, 
refraction, diffraction, wave breaking, etc). More detailed information can be given to 
MildSim (eg. narrow breakwaters), but SWAN has been finally chosen mostly for two 
reasons: 
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1. The bathymetry could be inserted with a lot more precission than in MildSim. 
The data obtained by the Danish Coastal Authority could be used in contrast 
to MildSim where the data had to be inserted by another program (Engauge) 
that used a .bmp picture from nautical charts. 

2. SWAN was compatible with Windows Vista unlike MildSim.    

 

In SWAN, the generation of waves due to wind has not been taken into account 
because the distance between the buoy and the coast is only 1.8 km and it has been 
considered too short for the wind to have significant contributions.  

 
6.2. Discussion of Methodology 

 

Parameters. The reasons why Hm0 and Tm01 have been chosen are the stability and 
reliability of the data in contrast to the significant wave height Hs and the significant 
wave period Ts.  

According to the purpose of the project (estimating wave power), Hm0 is the best 
wave height parameter to choose because the formula used for wave energy flux takes 
into account Hm0. 

In the correlation between Hs and Hm0, Hs is slightly higher than Hm0 for heights 
lower than 3.5 m, but there is a strong correlation between these two variables. In this 

project, the ratio has been considered to be 10 ≈
Hs

H m . This ratio is usually used when 

wave heights follow a Rayleigh distribution. In deep water, wave heights tend to be 
Rayleigh distributed; nevertheless, in shallow water, waves are depth limited and they 
do not have this distribution anymore. Consequently, this approximation will represent 
better waves at the buoy than waves at gauges with shallower water.  

There is also a good correlation between Tm01 and Taverage. 

Data filtering. The criteria followed in the filtering (high gradients, illogical wave 
height evolutions and bad correlation among buoys) have been chosen by looking at 
the Hm0 time series (in Hanstholm, Fjaltring and Hirtshals) and analyzing the main 
reasons of incoherent results.  

Furthermore, very high periods (more that 20 seconds) have also been removed 
due to the fact that they are long period waves with very low heights. Their contribution 
to wave power would be very low in contrast to the other waves and has been omitted.  

Once the data have been filtered, the number of events has dropped from 58167 to 
50498. This means that only 79.6% of the data has been considered to be reliable.  
Nevertheless, 50498 have been judged to be enough in order to obtain truthful results. 

The physically improbable wave heights have been removed and the Hanstholm 
filtered data is smoother than the raw information. 

It is important to stand out that the filtering has been random not matching 
exclusively with harsh conditions, that is to say that the buoy gave erroneous results in 
different situations, not only in storms. 

Directional Data in Hanstholm. By associating directions to Hanstholm data, 
some of the information has been removed. This is due to the fact that there was no 
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directional information at each of the Hanstholm acquired events. There have been 
40997 values of directional information which represents 70.5% of the data that could 
have been acquired in the period of time analyzed. 12% of the filtered data has been 
omitted by associating directions. There has been a big loss of information; this is the 
reason why, whenever it has been possible, the filtered non-directional data have been 
used. However, this process has been done because simulations need to have a wave 
propagation direction and a lot more conclusions can be extracted by having 
directionality. 

It has been corroborated that, whenever there has been an increasing speed in 
wind, it has usually been followed by an increased wave height. Nevertheless, there 
are also swells that are not correlated to high wind. Weather information at Hanstholm 
has not been used for this purpose due to the lack of stability. 

In the graph with the time series from Hanstholm, Fjaltring and Hirtshals, the 
similarity among all the data is remarkable although Hirtshals usually has slightly higher 
waves than Hanstholm as well as the wave heights in Fjaltring tend to be higher than 
both of the others. 

Even though the distance between the Fjaltring buoy and the Hanstholm buoy is 
approximately 80 km and the distance between the Hirtshals buoy and the Hanstholm 
buoy is around 70 km, it has been considered that the angle of the incoming waves in 
Hanstholm can be interpolated by a vectorial addition of the wave directions in 
Hirtshals and Fjaltring. There may be better ways to associate directionality because 
having a direction in Hirtshals and another direction in Fjaltring does not mean that the 
direction in Hanstholm will be the average. Yet, it has been considered to be the best 
way balancing simplicity in programming and realism.  

Moreover, for obtaining the direction in Fjaltring and Hirtshals at the time when 
Hansholm data was recorded, a weighed average has been calculated at each buoy 
with the previous and the next recordings. This is another approximation assuming that 
the directionality changes linearly. The possible error with this assumption has been 
considered to be negligible.  

The number of wave propagation directions has been chosen to be 8 with intervals 
of 45°, thus only 5 have been willing to be carefully studied. This choice has been 
adequate according to the fact that 97.9% of the events have arrived from one of these 
5 directions; moreover, the wave power of waves coming from these directions at the 
buoy represents a 99.3% of the total wave power out of all the directional values. 

Ratios between Te-Tm01 and Tp-Tm01. The ratio between Te-Tm01 has been obtained 
by taking the average of the ratios calculated with different peak periods. The 
dispersion diagram has also been plotted, but the tendency line has been Te=1.0729 
Tm01-0.1059 which has a slope that is higher than all the ratios found before. Thus, the 
average coefficient has been used as it looks more realistic obtaining Te= 1.055 Tm01.  

The same incident has happened with the relationship between Tp-Tm01. Therefore, 
the choice has been the average ratio which is: Tp= 1.198Tm01≈1.2 Tm01. 

When working with ocean waves, the ratio Tp/Te=1.15 is usually used, although it 
depends on the spectrum. As a check, with the previous assumptions (Te= 1.055Tm01 
and Tp≈1.2 Tm01), this relation has been Tp/Te=1.135. Thus, the coefficients seem 
coherent.  

Time associated to reliable data. As every quantity obtained in the txt at 
Hanstholm buoy is associated to 30 minutes, the entire project has taken into account 
the data itself for calculating probabilites. If the time associated diverged for each data 
point, this method would have not been correct.  
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The main reason for selecting the time associated to reliable data is the fact that, in 
occasions, the data has not been recorded for several days. The causes of lacking 
data are unknown; nevertheless, these events have been analyzed to make sure that 
they are randomly distributed which allows keeping the analysis without any other 
consideration.  

Grouping sea states. Pwave of the sea states has been approximately evenly 
distributed, except for the sea state 2. It can be concluded that waves with low Hm0 
(less than 1.25 m) and long Tm01 (more than 5.5 s) do not contribute much in the total 
available power. 

The intervals Hm0 є [0-1.25), Hm0 є [1.25-1.75), Hm0 є [1.75-2.25) have been divided 
into two sea states respectively. This is due to the fact that the effect of the Tm01 is 
wanted to be analyzed.  

Furthermore, it has to be taken into account that the Tm01 interval is a lot longer 
than the Hm0 interval for each sea state. This distribution has been applied because the 
Hm0 has a bigger influence in the wave power extraction than Tm01. 

As the Hm0 and the Tm01 of each sea state are calculated by a weighed mean, the 
sea states can have a wide interval of Tm01 even though the events are nulls. Whenever 
the number of events is 0, the weighed mean does not take into account that Tm01 
associated to the number 0 obtaining realistic results even for very wide intervals.  

In the Simulation of Wave Propagation in SWAN, some aspects need to be 
discussed: 

The bathymetry has been able to be executed with a relatively high resolution 
thanks to the numerous measurements performed by the Danish Coastal Authority. 

Nevertheless, the domain had to be enlarged with nautical charts information 
instead of “in situ” measurements. This fact has decreased considerably the quality of 
the bathymetry in the left-lower corner of the domain.  

Both the bathymetry and the computational domain have been turned 22° 
clockwise in order generate waves in a similar depth. This is a raft approximation 
because the bathymetry in the northern line is not totally uniform. 

Using SWAN, the resolution is not recommended to be higher [25]; this fact 
influences when having to insert possible obstacles. 

As the computational domain is the same as the bathymetry domain, the 
computations evaluated in the left-lower corner of the domain are not going to be as 
reliable as the computations executed in the rest of the domain. 

There is a very important restriction which is the area affected by the boundary 
effects. As SWAN manual indicates the usual area affected by these effects [25], 
graphs have been plotted with the interference areas shadowed. The surprising and 
relevant information taken out from these plots is the fact that, when generating waves 
from the south-west, almost all the area of importance is affected by these boundary 
repercussions. As a consequence, it has been concluded that the values given after 
the simulation at the gauges were not reliable and the available wave power will not be 
analyzed with waves coming from this direction.  

Looking at the graphs, the reader may think that the cell size is not the best that 
could be chosen because in occasions there are fluctuations in the bathymetry. 
Moreover, the computational time is quite high when realizing the spectrums at each 
gauge. Nevertheless, it is necessary to be aware of the difference in the axis scales 
when plotting contour plots. This difference may change the notion of reality.  
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Although SWAN does not seem to have a problem with rectangular cells, it has 
been considered that the results would be more accurate if the cells where square. In 
addition, the cells’ dimensions are the smallest that SWAN manual recommends in 
order to have a lot of precision even though the time computational cost will be high.  

Referent to the boundary choice, the wave generation has been located on the 
northern side for two reasons: 

1) The data obtained have been at the buoy; consequently, it seems reasonable 
to generate waves at the buoy with the sea state characteristics obtained 
before. 

2) Waves with the same characteristics need to be generated at a similar depth. 
This is the reason for rotating the computational domain 22° clockwise. 

This has been able for waves arriving from the north and from the north-west. Yet, 
after analyzing the results with propagation in other directions, the generation line has 
been needed to be rather enlarged or modified.  

The first results from simulating southern waves have been totally incoherent. 
Southern wave’s propagation has not been simulated because the generation line 
should have been in the bottom of the computational model (southern side of the 
model) where there is a big change on depths. It was meaningless to generate waves 
with the same properties as in the buoy at very shallow water (as example: 5 m depth). 

The first results from simulating south-western waves have been incoherent as 
well. It has been tried to generate southwestern waves on the west side of the model, 
as the variability of depths do not seem to be very significant looking at the bathymetry 
model. Nevertheless, the area affected by boundary effects is very large and includes 
all the gauges. As a consequence, the results obtained either generating waves on the 
north side or generating waves on the west side have been considered unreliable. 
Another option would have been the generation of waves in the southern part of the 
model, but changes in depths are too significant and new data at different depths would 
have been required, rather than the one given at the buoy. As a conclusion, the model 
applied is not appropriate to analyze the south-western waves.  

Likewise, the first results with western propagation obtained by generating waves 
only on the north have also been unrealistic. Therefore, the wave generation line has 
been enlarged. Apart from generating on the north side, generation has been located 
on the west side as well. The west side does not fulfill the requirement of wave 
generation at the same depth; yet the results have been more coherent than before. As 
a consequence, this configuration has been judged as valid. 

The location of gauges has been where the available wave power was wanted to 
be studied. Two of these gauges have been located in the breakwater. The results 
obtained can be worth for a SSG possible installation. Furthermore, a gauge has been 
tried to be located where the WaveStar is situated nowadays. Nevertheless, the depth 
at the gauge has been lower than what the WaveStar company states that their device 
is. The positioning of the gauges could have been improved by knowing the UTM32N 
Euref89 coordinates of the exact places of interest. 

The distribution of wind conditions based on Frydendahl [34] has not been used 
because it is not correlated to the direction of wave propagation. Nevertheless, a clear 
correlation in wave and wind directions has not been found. One of the few similarities 
is the high percentage of wind coming from the west. The disparities between these 
two figures could mean that the data analyzed may not be extensive enough. 
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 As there is no strong correlation between wind and wave directions, it has been 
assumed that wind has the same direction as waves. This would have lead to higher 
waves and therefore higher power energy, if wind direction had a big influence in the 
resulting Hm0 and Tm01. Yet, it has been proved that wind direction is irrelevant.  

Regarding the wind speed, the intervals [5-10) m/s and [10-15) m/s are the 
predominant speeds. Note the fact that this outcome contradicts Frydendahl [34] wich 
says that the predominant wind speeds are [0-5) m/s and [5-10) m/s. This could be 
caused to lack of data or due to taking into account information from different sources 
with different placement at Hanstholm. 

The input in SWAN has been the class mark of a determined wind speed. This 
method is an approximation. The wind speed influence is not relevant so even though 
the error in this approximation can be high, it does not matter in this project. 

 
6.3. Discussion of Results 

 

Scatter diagrams, probabilities of occurrence and wave energy flux diagrams. 
61% of the energy at Hanstholm buoy is produced by western waves and 29% is due 
to north-western waves. This is to say almost all the available wave power is from 
waves coming from only two sectors (W and NW). 

In the scatter diagram using Non-Directional data, the fact that 70% of the events 
have a Tm01 in the interval [3.75-5.75) s stands out. Likewise, the 57% of the events 
happen with a Hm01 of [0.5-1) m. Looking at the number of events in the different 
directions, all suffer the same affair either in Tm01 or in Hm0. Nevertheless, in the waves 
propagated from N, S and SW the wave heights tend to be lower than those from NW 
or W. The mode (with the highest number of events) for Tm01 in the directions N, S and 
SW is the interval [3.75-4.25) s; the mode for NW is [4.25-4.75) s and the mode in the 
direction W is [4.75-5.25) s. These higher waves and longer periods in the NW and W 
can be as a consequence of storms with large swells coming from the sectors NW and 
W.  

The southern and the south-western propagation scatter diagrams have been 
included because they were studied thinking that the simulation of propagation would 
be successful.  

Southern waves only represent a 2% of the total directional events while the south-
western waves represent a 7%. These percentages are low in contrast to northern 
waves (10%), north-western waves (27%) or western waves (51%).  

Looking at the wave energy contribution, it needs to be taken into account that 
most of the highest contributions are from waves propagated from the west. 
Furthermore, in the non-directional diagram, the Hm0 range with the highest value is 
[1.75-2.25) m with 1.228 kW/m. At the same time, the Tm01 range is [4.75-6.25) s with 
3.328 kW/m. This is also the range where the western contribution is the highest (2.06 
kW/m). Sometimes, the wave energy flux in the non-directional diagram varies from the 
All directions diagram; although all directions usually has  lower values, there are Hm0 
and Tm01 where all directions is higher. This is due to the fact that the probabilities are 
calculated differently (the non-directional diagram is divided by the reliable data and the 
all directions diagram by the directional data). 

The total amount of available wave power at the buoy is 6.16 kW/m, which is the 
same as saying 54 MWh/y/m. This is not a lot of energy considering that the North Sea 
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is being analyzed. The results are probably affected by the small fetch between 
Hanstholm and some other destinations as Great Britain or Norway. 

Regarding the influence of wind speed and wind direction in the propagation 
of waves: 

Neither the wave heights nor the periods have a significant change due to different 
wind speed. The greatest difference in heights occurs in the gauge positioned in the 
same place as the WaveStar. The Hm0 associated to a wind speed of 12.5 m/s is only 
4% (10 cm.) higher than Hm0 related to 2.5 m/s. The biggest difference in wave periods 
happens in gauge 1 (the farthest on the left) and the Tm01 at a wind speed of 12.5 m/s is 
only 4% (0.2 s) lower than the period at a wind speed of 2.5 m/s.  

The differences in wave heights when having wind in opposite direction are 
insignificant. At the gauge located where WaveStar is, the wave height has diminished 
6% (2 cm) and, at other gauges, the wave height has increased. Nevertheless, the 
disparity is so small that it has been considered negligible. The difference in periods is 
also insignificant as the maximum difference is a decrease of 0.4 s in gauge 2 (upper 
left gauge).  

SWAN Output and Handling of Output to Obtain Visual Results.  First of all, 
before analyzing any other aspect, the results of western waves will be discussed. The 
difference between what the results were by generating waves only on the north side 
and the results obtained generating waves on the northern and western side is very 
significant. In general, all the heights have increased. The maximum difference in Hm0 
has been appreciated at gauge 1 (the farthest on the left) where they have been 
increased 2.5 m at sea state 10. It is corroborated that there were some boundary 
effects before. 

The results at the gauge WaveStar have been strangely low. Some of the reasons 
could be: 

1) Not taking into account a breakwater which is located at the back of the 
WaveStar nowadays. This is a vertical breakwater, which means that waves are 
100% reflected and the values at the WaveStar would increase substancially. 

2) The depth is only 6 m and a lot of energy is lost due to friction, breaking, etc.  

The results acquired at this gauge should not be taken into account for estimating 
the available wave energy at the WaveStar nowadays. 

Regarding the propagated Hm0 in the different gauges for northern waves, the 
highest waves have taken place in gauge 3 for the sea state 10 (SS10) and their mean 
value has been 3.9 m. Gauge 4 and gauge 7 have followed. Note that gauge 3, gauge 
4 and gauge 7 are located in deeper water than the others (except for gauge 2). The 
minimum Hm0 has occurred for the state 1 in gauge BW1 (breakwater 1) with a 
minimum of 0.85 m. 

It is remarkable the fact that the sea states with very low Tm01 and Hm0 have 
obtained almost the same values of Hm0 and Tm01 as at the buoy before propagating. 
Due to their low periods and low heights, waves have not noticed the difference in 
depths. In these cases, the same values as at the buoy could be used without having 
to simulate propagation with SWAN. 

The propagated Hm0 for north-western waves have been slightly higher especially 
for upper sea states. The maximum Hm0 has been in gauge 4 and its value has been 
4.3 m. Gauges 3, 4 and 2 have been the ones obtaining high Hm0. The minimum value 
has been 0.83 m due to a SS1 in gauge 1.  
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Surprisingly, the propagated Hm0 for western waves have been slightly lower that 
those for north-western waves. The maximum Hm0 is 4.01m which is lower than in the 
case before.  The gauges with higher Hm0 are: gauge 2, gauge 3 and gauge 1. 

The Tm01 are very similar in all the three directions of wave propagation. The only 
remark is that the difference between Tm01 at the buoy and Tm01 at the gauges is almost 
negligible (less than 1 second). 

Regarding the spectrums, it can be seen that the shape is usually following a 
distribution with a peak S(f, θ) and lower values of S(f, θ) when spreading. The reason 
for plotting S(f) in this project has been contrasting the shape of the spectrum obtained 
to the shape of a JONSWAP Spectrum [32]. The shape is similar although the S(f) 
peaks of the plots in this project are associated to lower frequencies than in the 
JONSWAP spectrum. In addition, the spectrums obtained tend to be narrower than the 
JONSWAP spectrum. This can be due to the fact that gauges are located in 
intermediate water. During this project, it has been considered that these spectrums 
are similar enough to calculate the available wave power assuming a JONSWAP 
spectrum.   

Looking at the peak direction tables (direction with the highest S(f, θ)), it is 
observed that angle values are only given every 6°. This is due to the input parameters 
in SWAN making SWAN divide the whole circle in 60 parts in order to have intervals of 
6° which has been considered enough precission. With the northern waves, it has been 
noticed that BW1 and gauges 1, 7 and 8 have the same angle as before propagation. 
The values in BW1 and in gauges 2,3,6,7 and 8 have the same angle regardless the 
sea state. This is reasonable because most of these gauges are close to the 
generation line and the waves have not been refracted yet. The waves that have 
suffered the greatest refraction are in gauge WS and BW2 (in the last case, waves 
have turned 13°).  With north-western waves, there is a clear refraction in gauge 1. 
Furthermore, some refraction has occurred in gauge 2 and gauge 5. In gauge 5, it was 
predictable as waves need to turn all over Hanstholm to hit the coast. Regarding 
western waves, the gauges that have not suffered refraction have been: gauge 1, 
gauge 2, gauge 3, BW1 and gauge 7. This is coherent as they are the gauges closer to 
the wave generation line. Some refraction has occurred in gauges 4, 6, 8 and BW2, but 
waves that have been turned the most are represented in gauge 5. All these results are 
logic because energy spreads more when propagating further away and refraction 
increases closer to the coast. 

Estimation of the Wave Energy Flux at the Gauges after Simulating 
Propagation. The first remark is that the directional probabilities of waves arriving from 
the west are three times as big as the north-western probabilities and even with a 
greater difference from northern probabilities. This has repercussions in the wave 
energy flux results in some cases because, even though the Hm0 are lower with western 
waves, they give larger values of wave power due to the multiplication by the 
probabilities. 

The average available wave power at the gauges due to northern waves is around 
0.39 kW/m; due to north-western waves, around 1.69 kW/m and due to western waves, 
around 2.83 kW/m. Adding the results of these three directions of wave propagation (N, 
NW and W), the average available wave power at the gauges is around 4.9 kW/m. This 
result is not very high regarding other locations to install wave energy converters.  

Contrasting the wave energy flux diagrams from the different directions of 
propagation, the wave energy flux diagram with north-western waves has values four 
times higher than the ones found in the diagram from northern waves. The addition of 
wave energy flux contributed by the sea states 1, 2 and 3 with north-western 
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propagation equals the energy flux from all the sea states with northern propagation. 
The big difference is due mostly to the upper sea states. They contribute a lot more in 
the diagram of the north-western waves than in the diagram of northern waves. The 
available wave power with propagation from the west is much higher that in the other 
directions (N and NW). The energy flux is twice as big as the north-western waves' 
energy flux and 8 times higher than the northern waves' energy flux at some gauges. 
This could be a consequence of having an enlarged generation line. Nevertheless, this 
is not the case because, as it has been seen before, Hm0 from western waves are lower 
than the Hm0 from northern waves. The reason is the high probability of having western 
waves at Hanstholm.  Gauge 4 has been the gauge with more available wave power 
while propagating northern and north-western waves. Nevertheless, when propagating 
western waves, the gauge with greater energy has been gauge 2. Due to the fact that 
western waves give more energy overall, Gauge 2 obtains higher results when adding 
all the directions.  

Regarding the total available wave power at the gauges, Gauge 2 has the most 
available wave power; it contains 5.63 kW/m.  Gauge 5 and gauge WS are the ones 
with the least available wave power. The available wave power in BW1 is higher (≈5.5 
kW/m) than in BW2 (≈4.5 kW/m) although BW2 is in deeper water than BW1 (depth of 
12 m in BW2 and of 8 m in BW1). This is probably due to the fact that BW1 is in a more 
western position and the predominant direction of waves is west. In contrast to the 
wave energy flux at the buoy (6.16 kW/m), some energy has been lost due to 
refraction, bottom friction, breaking, etc. Gauges with deeper water are usually the 
gauges measuring more energy (gauges 2 and 3) and they specially obtain a lot of 
energy from sea state 10. This fact should be taken into account when deciding the 
kind of energy converter that is wanted to be installed, as it will need to stand some 
harsh conditions without breaking.  

On the left side of the model, the western waves contribute a lot more than the 
other waves. This can be because the western waves are much more frequent and 
refraction is lower. 

Analyzing the wave energy flux diagram with northern waves, it can be seen that 
the sea state 1 has a great contribution in the wave energy obtained of these waves. 
The sea state 3 also has a great influence in the available wave power, but the 
influence of the sea states 9 and 10 is almost negligible. As a conclusion, if a wave 
energy device was installed to use the available wave energy from the northern waves, 
it should be a device that could get energy even from low Hm0 and low Tm01 such as a 
WaveStar device.  

The sea states that contribute the most for western waves are the SS6, SS7 and 
SS8. Even though SS9 and SS10 have very high Hm0, they do not give so much energy 
due to the fact that their probability is lower. Nevertheless, their contribution with 
western waves in contrast to northern waves or north-western waves is bigger. SS1 is 
also important in the acquirement of the available wave power in western waves.  

The sea state that contributes the most to the wave energy diagram is the sea state 
7. In order of contribution, the sea states can be distributed as follows: 

SS7 > SS8 > SS6 > SS1 > SS3 > SS10 

This means that, even though the formula used for energy flux depends on Hm0
2, 

the most powerful sea states are the ones that have a balance between probability and 
Hm0. 
 

Analyzing the differences between using linear theory and non-linear theory to 
calculate the available wave power, it is reflected that using linear theory is a good 
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approach because the maximum absolute error is -0.53 kW/m in gauge 5. The highest 
relative error has been -12.4% in gauge 5. All the values obtained with linear theory are 
slightly lower than with non-linear theory, probably due to the fact that the formula for 
deep water does not take into account the effect of shoaling calculated throughout the 
change in group velocity cg. Both the relative error and the absolute error have been 
higher for western waves with values of -15.4% and -0.37 kW/m respectively. The 
results are more accurate with a non-linear method; nevertheless, using linear-theory 
does not require iterations to calculate cg and needs less computational cost. It can be 
concluded that it is reasonable to use linear-theory as a first approach to calculate the 
available wave power in the near shore around Hanstholm Harbor. 
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Chapter 7 
 

777...   CONCLUSIONS AND FUTURE WORK 
 
 

7.1. Conclusions 

 

1. The estimation of available wave power has been successfully achieved at 
different gauges when the wave propagation has been from the north ((337.5° - 
22.5°] in a nautical convention), from the north-west (292.5° - 337.5°] or from 
the west (247.5° - 292.5°].  

2. The available wave power obtained at the Hanstholm buoy has been around 
6.16 kW/m (54 MWh/y/m) and at the gauges around 5 kW/m. 

3. Most of the gauges further offshore have presented higher results (≈5.4 kW/m) 
than the gauges near shore (4.5 kW/m). Gauge 2 is the gauge that has 
measured the most wave energy flux. 

4. Most of the highest wave energy contributions are from waves propagated from 
the west, from Hm0 є [1.75-2.25) m and Tm01 є [4.75-6.25) s. 61% of the energy 
at Hanstholm buoy is produced by western waves and 29% is due to north-
western waves. 

Waves arriving from the west occur approximately 51% of the time and waves 
coming from the north-west occur 27% of the time. 70% of the time, waves at 
Hanstholm buoy have a Tm01 in the interval [3.75-5.75) s. Likewise, 57% of the 
time there are waves with Hm01 є [0.5-1) m. 

5. Sea states with low Hm0 and short Tm01 (sea states 1 and 3) have a bigger 
contribution in wave energy than sea states with low Hm0 and long Tm01 (sea 
states 2 and 4). Nevertheless, with higher waves, longer period waves 
contribute more in the energy flux (sea state 6). Harsh wave conditions (sea 
state 10) are mainly due to western waves. 

6. There is a very good correlation between Hm0 at the Hanstholm buoy and Hm0 at 
the buoys of Hirtshals and Fjaltring. Likewise, there are similarities between Hm0 
and wind at Hanstholm, but wind lacks of stability. However, there is no clear 
correlation between wind and wave directions. 
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7. In the model studied, wind speed and wind direction have an insignificant 
influence in the propagation of waves. Likewise, in this study, the cell size did 
not make much difference. The size of the model and the placement of the 
border where the waves are generated have been crucial to obtain reliable 
results. 

8. By approaching the estimation of available wave power through the linear 
theory at the gauges, the maximum absolut error has been -0.53 kW/m and the 
highest relative error, -12.4%. Therefore, it is reasonable to use the linear 
theory as a first approach. 

 

7.2. Future work 
 

The immediate future work could be positioning a gauge exactly where the 
WaveStar is at the moment, taking into account the breakwater located at the back. For 
it, neither SWAN nor MildSim could be used as they do not take into account reflection. 
In SWAN, another application should be installed. 

As the spectrums have been calculated, new information could be given by 
calculating the variance of them. 

Once the quantity of available wave power is given at different gauges, it would be 
a good idea to get informed about the ships route in the reconstructed Harbor to see if 
the wave energy converters could be allocated where there was a balance between 
wave power availability, minor risk in harsh conditions, minor impact and less cost in 
production, maintenance and transportation. Furthermore, the best route would be 
described in order to avoid harsh conditions by allocating more gauges where the ship 
route is planned to be and in the surroundings.  

As it has been seen in this project, BW1 is one of the gauges where more energy 
can be extracted (≈5.5 kW/m). It would be worth to study the viability of a SSG device 
on the breakwater. Since the new peak directions at the gauges have also been 
acquired, the factor of diminishment due to the angle of incidence could be calculated. 
Taking into account that the SSG is integrated in the breakwater (less maintenance 
and transportation costs) and that it is built at the same time as the Harbor Breakwater 
(less costs of construction) , the energy sold might compensate the costs cited. 

It also has been manifested that, at the buoy, there is an available wave power of 
6.16 kW/m. It is not enough to allocate a Pelamis there (as it cannot be scaled yet and 
there is not enough wave power), but it might be a good location for a Wave Dragon 
scaled to this wave power production. In conclusion, the viability of wave energy 
devices could be studied taking into account their efficiencies for wave energy 
production. 
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6. Directional probability of waves arriving from the west 

7. Absolute and relative errors in the estimation of available 
wave power comparing the results of a first 
approximation with linear theory to the results of a non-
linear theory approach 
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ANNEX 1. Example of directional data at the Hanstholm Buoy 

 

Year Month Day Hour Minute Second 
Hm0 
(m) Tm01 (s) Angle (°) 

2005 11 21 12 30 0 0.72 4.98 284 
2005 11 21 13 0 0 0.79 5.39 282 
2005 11 21 13 30 0 0.83 5.7 281 
2005 11 21 14 0 0 0.79 5.52 282 
2005 11 21 14 30 0 0.76 5.45 280 
2005 11 21 15 0 0 0.75 5.36 277 
2005 11 21 15 30 0 0.77 5.33 280 
2005 11 21 16 0 0 0.74 5.19 273 
2005 11 21 16 30 0 0.69 5.04 278 
2005 11 21 17 0 0 0.71 4.93 283 
2005 11 21 17 30 0 0.69 4.89 274 
2005 11 21 18 0 0 0.66 4.68 284 
2005 11 21 18 30 0 0.67 4.55 278 
2005 11 21 19 0 0 0.68 4.5 282 
2005 11 21 19 30 0 0.69 4.45 283 
2005 11 21 20 0 0 0.71 4.35 280 
2005 11 21 20 30 0 0.75 4.3 282 
2005 11 21 21 0 0 0.74 4.24 284 
2005 11 21 21 30 0 0.75 4.03 280 
2005 11 21 22 0 0 0.79 4.09 276 
2005 11 21 22 30 0 0.78 4.03 281 
2005 11 21 23 0 0 0.76 4.05 280 
2005 11 21 23 30 0 0.8 3.99 280 
2005 11 22 0 0 0 0.92 4.05 280 
2005 11 22 0 30 0 0.92 4.05 240 
2005 11 22 1 0 0 0.76 4.05 239 
2005 11 22 1 30 0 0.8 4.04 240 
2005 11 22 2 0 0 0.75 4.1 244 
2005 11 22 2 30 0 0.73 3.95 244 
2005 11 22 3 0 0 0.71 3.91 241 
2005 11 22 3 30 0 0.72 3.77 241 
2005 11 22 4 0 0 0.71 3.75 246 
2005 11 22 4 30 0 0.77 3.86 285 
2005 11 22 5 0 0 0.77 3.63 242 
2005 11 22 5 30 0 0.83 3.75 285 
2005 11 22 6 0 0 0.83 3.65 252 
2005 11 22 6 30 0 0.84 3.73 241 
2005 11 22 7 0 0 0.95 3.79 235 
2005 11 22 7 30 0 0.89 3.79 286 
2005 11 22 8 0 0 0.93 3.84 288 
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ANNEX 2. Example of a scatter diagram at the Hanstholm Buoy with waves arriving from the west 

 

[0-0.25) 0 0 0 0 2 6 54 99 124 75 27 7 3 2 0 0 0 0 0 0 0 10 12 19 16 34 19 13 23 22 24 31 21 15 8 9 9 4 3 4 0 695

[0.25-0.75) 0 0 0 0 0 17 247 798 948 874 820 449 213 51 34 36 12 12 3 3 0 0 1 2 6 13 8 16 13 12 6 11 3 5 0 3 2 2 0 0 0 4620

[0.75-1.25) 0 0 0 0 0 5 42 254 1049 1504 1341 1127 531 181 51 14 3 0 0 0 0 0 0 0 0 0 0 0 0 1 0 2 0 0 4 0 4 5 4 2 0 6124

[1.25-1.75) 0 0 0 0 0 0 3 24 179 1128 1438 828 417 141 63 10 2 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 3 0 2 4243

[1.75-2.25) 0 0 0 0 0 0 0 9 18 75 928 1002 516 138 38 11 4 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2742

[2.25-2.75) 0 0 0 0 0 0 0 0 2 9 36 582 512 160 37 13 5 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1360

[2.75-3.25) 0 0 0 0 0 0 0 0 0 9 8 26 261 268 60 22 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 663

[3.25-3.75) 0 0 0 0 0 0 0 0 0 2 8 13 9 105 121 30 10 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 301

[3.75-4.25) 0 0 0 0 0 0 0 0 0 0 0 5 4 6 64 47 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 131

[4.25-4.75) 0 0 0 0 0 0 0 0 0 0 0 1 4 2 0 20 30 9 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 67

[4.75-5.25) 0 0 0 0 0 0 0 0 0 0 0 0 6 3 1 0 4 12 7 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 34

[5.25-5.75) 0 0 0 0 0 0 0 0 0 0 0 1 0 2 0 1 1 0 1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9

[5.75-6.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[6.25-6.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

[6.75-7.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[7.25-7.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

sum 0 0 0 0 2 28 346 1184 2320 3676 4606 4041 2476 1059 469 204 85 39 16 10 1 10 13 21 22 47 27 29 36 35 30 44 24 20 13 12 15 12 10 6 2 20990

sum
[0-

0.25)

[0.25-

0.75)

[0.75-

1.25)

[1.25-

1.75)

[1.75-

2.25)

[2.25-

2.75)

[2.75-

3.25)

[3.25-

3.75)

[3.75-

4.25)

[4.25-

4.75)

[4.75-

5.25)

[5.25-

5.75)

[5.75-

6.25)

[6.25-

6.75)

[6.75-

7.25)

[7.25-

7.75)

[7.75-

8.25)

[8.25-

8.75)

[8.75-

9.25)

[9.25-

9.75)

[9.75-

10.25)

[10.25-

10.75)

[10.75-

11.25)

[11.25-

11.75)

[11.75-

12.25)

[12.25-

12.75)

[12.75-

13.25)

[13.25-

13.75)

[13.75-

14.25)

[14.25-

14.75)

[14.75-

15.25)

[15.25-

15.75)

[15.75-

16.25)

[16.25-

16.75)

[16.75-

17.25)

[17.25-

17.75)

[17.75-

18.25)

[18.25-

18.75)

[18.75-

19.25)

[19.25-

19.75)

[19.75-

20.25)
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ANNEX 3. Non-directional probability 

 

[0-0.25) 0 4.32E-05 0 0 1.51E-04 4.54E-04 4.51E-03 8.06E-03 9.01E-03 4.82E-03 1.64E-03 4.32E-04 2.81E-04 2.16E-04 2.16E-05 1.08E-04 4.32E-05 0 8.64E-05 2.16E-05 4.32E-05

[0.25-0.75) 0 0 0 0 2.38E-04 2.92E-03 2.10E-02 6.13E-02 6.77E-02 4.83E-02 3.16E-02 1.72E-02 8.10E-03 2.94E-03 1.58E-03 1.45E-03 7.99E-04 6.70E-04 1.94E-04 2.16E-04 4.32E-05

[0.75-1.25) 0 0 0 0 0 1.94E-04 2.42E-03 1.61E-02 6.83E-02 8.15E-02 6.21E-02 4.29E-02 1.65E-02 5.59E-03 1.75E-03 4.10E-04 8.64E-05 0 0 0 0

[1.25-1.75) 0 0 0 0 0 0 1.30E-04 9.50E-04 9.89E-03 5.24E-02 6.08E-02 3.50E-02 1.56E-02 4.92E-03 3.07E-03 5.83E-04 1.73E-04 1.08E-04 2.16E-05 0 0

[1.75-2.25) 0 0 0 0 0 0 0 2.59E-04 4.97E-04 3.07E-03 3.65E-02 4.20E-02 1.81E-02 4.60E-03 1.75E-03 7.13E-04 4.10E-04 2.81E-04 1.94E-04 1.30E-04 4.32E-05

[2.25-2.75) 0 0 0 0 0 0 0 0 4.32E-05 3.02E-04 1.32E-03 2.13E-02 2.20E-02 5.92E-03 1.19E-03 4.54E-04 2.59E-04 1.08E-04 4.32E-05 4.32E-05 2.16E-05

[2.75-3.25) 0 0 0 0 0 0 0 0 0 2.59E-04 2.38E-04 7.56E-04 1.02E-02 1.27E-02 2.27E-03 6.91E-04 3.67E-04 2.38E-04 1.51E-04 1.30E-04 1.30E-04

[3.25-3.75) 0 0 0 0 0 0 0 0 0 4.32E-05 1.94E-04 3.02E-04 2.16E-04 4.30E-03 4.49E-03 9.72E-04 3.02E-04 1.94E-04 1.30E-04 4.32E-05 0

[3.75-4.25) 0 0 0 0 0 0 0 0 0 0 0 1.30E-04 1.30E-04 1.30E-04 1.97E-03 2.18E-03 2.38E-04 6.48E-05 4.32E-05 0 0

[4.25-4.75) 0 0 0 0 0 0 0 0 0 0 0 2.16E-05 1.30E-04 4.32E-05 2.16E-05 6.91E-04 9.72E-04 2.59E-04 1.08E-04 0 0

[4.75-5.25) 0 0 0 0 0 0 0 0 0 0 0 0 1.51E-04 6.48E-05 2.16E-05 0.00E+00 2.59E-04 3.24E-04 1.94E-04 6.48E-05 0

[5.25-5.75) 0 0 0 0 0 0 0 0 0 0 0 2.16E-05 0 4.32E-05 2.16E-05 2.16E-05 2.16E-05 4.32E-05 4.32E-05 1.08E-04 0

[5.75-6.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.16E-05 0

[6.25-6.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.16E-05 0

[6.75-7.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[7.25-7.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

sum 0 0 0 0 0 0.004 0.028 0.087 0.155 0.191 0.194 0.160 0.091 0.041 0.018 0.008 0.004 0.002 0.001 0.001 0

[0-0.25)
[0.25-
0.75)

[0.75-
1.25)

[1.25-
1.75)

[1.75-
2.25)

[2.25-
2.75)

[2.75-
3.25)

[3.25-
3.75)

[3.75-
4.25)

[4.25-
4.75)

[4.75-
5.25)

[5.25-
5.75)

[5.75-
6.25)

[6.25-
6.75)

[6.75-
7.25)

[7.25-
7.75)

[7.75-
8.25)

[8.25-
8.75)

[8.75-
9.25)

[9.25-
9.75)

[9.75-
10.25)
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[0-0.25) 2.16E-04 2.59E-04 4.32E-04 4.32E-04 7.78E-04 4.75E-04 4.32E-04 6.91E-04 8.64E-04 7.78E-04 8.21E-04 6.70E-04 6.05E-04 3.46E-04 3.02E-04 2.81E-04 1.30E-04 6.48E-05 1.08E-04 2.16E-05 0.039

[0.25-0.75) 4.32E-05 2.16E-05 4.32E-05 1.94E-04 2.81E-04 3.02E-04 5.40E-04 3.67E-04 3.89E-04 3.02E-04 3.24E-04 1.08E-04 1.51E-04 6.48E-05 1.08E-04 6.48E-05 4.32E-05 0 0 0 0.270

[0.75-1.25) 0 2.16E-05 0 0 2.16E-05 0 2.16E-05 2.16E-05 2.16E-05 2.16E-05 4.32E-05 0 0 8.64E-05 0 8.64E-05 1.08E-04 8.64E-05 4.32E-05 0 0.298

[1.25-1.75) 0 0 0 0 0 2.16E-05 0 0 0 0 0 0 0 2.16E-05 0 0 2.16E-05 6.48E-05 0 4.32E-05 0.184

[1.75-2.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.108

[2.25-2.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.053

[2.75-3.25) 2.16E-05 2.16E-05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.028

[3.25-3.75) 6.48E-05 2.16E-05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.011

[3.75-4.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.005

[4.25-4.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.002

[4.75-5.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001

[5.25-5.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.000

[5.75-6.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.000

[6.25-6.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.000

[6.75-7.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.000

[7.25-7.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.000

sum 0 0 0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0 0 0 0 0 0 1.000

[18.25-
18.75)

[18.75-
19.25)

[19.25-
19.75)

[19.75-
20.25)

[16.25-
16.75)

[16.75-
17.25)

[17.25-
17.75)

[17.75-
18.25)

[14.25-
14.75)

[14.75-
15.25)

[15.25-
15.75)

[15.75-
16.25)

[12.25-
12.75)

[12.75-
13.25)

[13.25-
13.75)

[13.75-
14.25)

[10.25-
10.75)

[10.75-
11.25)

[11.25-
11.75)

[11.75-
12.25)

sum
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ANNEX 4. Example of a probability of waves arriving from the west 

 

[0-0.25) 0 0 0 0 4.88E-05 1.46E-04 1.32E-03 2.41E-03 3.02E-03 1.83E-03 6.59E-04 1.71E-04 7.32E-05 4.88E-05 0 0 0 0 0 0 0

[0.25-0.75) 0 0 0 0 0 4.15E-04 6.02E-03 1.95E-02 2.31E-02 2.13E-02 2.00E-02 1.10E-02 5.20E-03 1.24E-03 8.29E-04 8.78E-04 2.93E-04 2.93E-04 7.32E-05 7.32E-05 0

[0.75-1.25) 0 0 0 0 0 1.22E-04 1.02E-03 6.20E-03 2.56E-02 3.67E-02 3.27E-02 2.75E-02 1.30E-02 4.41E-03 1.24E-03 3.41E-04 7.32E-05 0 0 0 0

[1.25-1.75) 0 0 0 0 0 0 7.32E-05 5.85E-04 4.37E-03 2.75E-02 3.51E-02 2.02E-02 1.02E-02 3.44E-03 1.54E-03 2.44E-04 4.88E-05 4.88E-05 2.44E-05 0 0

[1.75-2.25) 0 0 0 0 0 0 0 2.20E-04 4.39E-04 1.83E-03 2.26E-02 2.44E-02 1.26E-02 3.37E-03 9.27E-04 2.68E-04 9.76E-05 0 4.88E-05 2.44E-05 0

[2.25-2.75) 0 0 0 0 0 0 0 0 4.88E-05 2.20E-04 8.78E-04 1.42E-02 1.25E-02 3.90E-03 9.03E-04 3.17E-04 1.22E-04 2.44E-05 2.44E-05 2.44E-05 2.44E-05

[2.75-3.25) 0 0 0 0 0 0 0 0 0 2.20E-04 1.95E-04 6.34E-04 6.37E-03 6.54E-03 1.46E-03 5.37E-04 2.20E-04 0 0 0 0

[3.25-3.75) 0 0 0 0 0 0 0 0 0 4.88E-05 1.95E-04 3.17E-04 2.20E-04 2.56E-03 2.95E-03 7.32E-04 2.44E-04 7.32E-05 0 0 0

[3.75-4.25) 0 0 0 0 0 0 0 0 0 0 0 1.22E-04 9.76E-05 1.46E-04 1.56E-03 1.15E-03 1.22E-04 0 0 0 0

[4.25-4.75) 0 0 0 0 0 0 0 0 0 0 0 2.44E-05 9.76E-05 4.88E-05 0 4.88E-04 7.32E-04 2.20E-04 2.44E-05 0 0

[4.75-5.25) 0 0 0 0 0 0 0 0 0 0 0 0 1.46E-04 7.32E-05 2.44E-05 0 9.76E-05 2.93E-04 1.71E-04 2.44E-05 0

[5.25-5.75) 0 0 0 0 0 0 0 0 0 0 0 2.44E-05 0 4.88E-05 0 2.44E-05 2.44E-05 0 2.44E-05 7.32E-05 0

[5.75-6.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[6.25-6.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.44E-05 0

[6.75-7.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[7.25-7.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

sum 0 0 0 0 0 0.001 0.008 0.029 0.057 0.090 0.112 0.099 0.060 0.026 0.011 0.005 0.002 0.001 0 0 0

[0-0.25)
[0.25-
0.75)

[0.75-
1.25)

[1.25-
1.75)

[1.75-
2.25)

[2.25-
2.75)

[2.75-
3.25)

[3.25-
3.75)

[3.75-
4.25)

[4.25-
4.75)

[4.75-
5.25)

[5.25-
5.75)

[5.75-
6.25)

[6.25-
6.75)

[6.75-
7.25)

[7.25-
7.75)

[7.75-
8.25)

[8.25-
8.75)

[8.75-
9.25)

[9.25-
9.75)

[9.75-
10.25)
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[0-0.25) 2.44E-04 2.93E-04 4.63E-04 3.90E-04 8.29E-04 4.63E-04 3.17E-04 5.61E-04 5.37E-04 5.85E-04 7.56E-04 5.12E-04 3.66E-04 1.95E-04 2.20E-04 2.20E-04 9.76E-05 7.32E-05 9.76E-05 0 0.017

[0.25-0.75) 0 2.44E-05 4.88E-05 1.46E-04 3.17E-04 1.95E-04 3.90E-04 3.17E-04 2.93E-04 1.46E-04 2.68E-04 7.32E-05 1.22E-04 0 7.32E-05 4.88E-05 4.88E-05 0 0 0 0.113

[0.75-1.25) 0 0 0 0 0 0 0 0 2.44E-05 0 4.88E-05 0 0 9.76E-05 0 9.76E-05 1.22E-04 9.76E-05 4.88E-05 0 0.149

[1.25-1.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 2.44E-05 0 0 2.44E-05 7.32E-05 0 4.88E-05 0.103

[1.75-2.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.067

[2.25-2.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.033

[2.75-3.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.016

[3.25-3.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.007

[3.75-4.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.003

[4.25-4.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.002

[4.75-5.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001

[5.25-5.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[5.75-6.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[6.25-6.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[6.75-7.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[7.25-7.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

sum 0 0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0 0 0 0 0 0 0 0 0.512

sum
[10.25-
10.75)

[10.75-
11.25)

[11.25-
11.75)

[11.75-
12.25)

[12.25-
12.75)

[12.75-
13.25)

[13.25-
13.75)

[13.75-
14.25)

[14.25-
14.75)

[14.75-
15.25)

[15.25-
15.75)

[15.75-
16.25)

[16.25-
16.75)

[16.75-
17.25)

[17.25-
17.75)

[17.75-
18.25)

[18.25-
18.75)

[18.75-
19.25)

[19.25-
19.75)

[19.75-
20.25)
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ANNEX 5. Example of a directional distribution of waves arriving from the west 

 

[0-0.25) 0.512 0.000 0.512 0.512 0.286 0.286 0.258 0.265 0.297 0.336 0.360 0.350 0.231 0.200 0.000 0.000 0.000 0.512 0.000 0.000 0.000

[0.25-0.75) 0.512 0.512 0.512 0.512 0.000 0.126 0.259 0.296 0.336 0.458 0.617 0.621 0.621 0.425 0.515 0.554 0.324 0.400 0.333 0.300 0.000

[0.75-1.25) 0.512 0.512 0.512 0.512 0.512 0.556 0.375 0.355 0.363 0.456 0.552 0.679 0.780 0.751 0.646 0.778 0.750 0.512 0.512 0.512 0.512

[1.25-1.75) 0.512 0.512 0.512 0.512 0.512 0.512 0.500 0.545 0.413 0.547 0.603 0.582 0.692 0.797 0.741 0.500 1.000 0.667 1.000 0.512 0.512

[1.75-2.25) 0.512 0.512 0.512 0.512 0.512 0.512 0.512 0.750 0.783 0.581 0.625 0.585 0.699 0.746 0.623 0.917 0.571 0.000 1.000 0.200 0.000

[2.25-2.75) 0.512 0.512 0.512 0.512 0.512 0.512 0.512 0.512 1.000 0.643 0.679 0.654 0.592 0.669 0.725 0.813 1.000 0.500 1.000 1.000 1.000

[2.75-3.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.818 0.800 0.839 0.637 0.571 0.667 0.917 0.900 0.680 0.680 0.680 0.680

[3.25-3.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 1.000 0.889 0.929 0.900 0.568 0.647 0.769 1.000 1.000 0.680 0.680 0.680

[3.75-4.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.833 0.667 1.000 0.744 0.560 0.455 0.000 0.680 0.680 0.680

[4.25-4.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 1.000 0.667 1.000 0.000 0.714 0.789 0.750 0.200 0.680 0.680

[4.75-5.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.857 1.000 1.000 0.680 0.500 0.857 0.778 0.333 0.680

[5.25-5.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 1.000 0.680 1.000 0.000 1.000 1.000 0.000 0.500 0.600 0.680

[5.75-6.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.000 0.680

[6.25-6.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 1.000 0.680

[6.75-7.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[7.25-7.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[0-0.25)
[0.25-
0.75)

[0.75-
1.25)

[1.25-
1.75)

[1.75-
2.25)

[2.25-
2.75)

[2.75-
3.25)

[3.25-
3.75)

[3.75-
4.25)

[4.25-
4.75)

[4.75-
5.25)

[5.25-
5.75)

[5.75-
6.25)

[6.25-
6.75)

[6.75-
7.25)

[7.25-
7.75)

[7.75-
8.25)

[8.25-
8.75)

[8.75-
9.25)

[9.25-
9.75)

[9.75-
10.25)
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[0-0.25) 1.000 1.000 0.950 0.800 0.944 0.864 0.650 0.719 0.550 0.667 0.816 0.677 0.536 0.500 0.643 0.692 0.667 1.000 0.800 0.000

[0.25-0.75) 0.000 1.000 1.000 0.667 1.000 0.615 0.640 0.765 0.667 0.429 0.733 0.600 0.714 0.000 0.600 0.667 1.000 0.512 0.512 0.512

[0.75-1.25) 0.512 0.000 0.512 0.512 0.000 0.512 0.000 0.000 1.000 0.000 1.000 0.512 0.512 1.000 0.512 1.000 1.000 1.000 1.000 0.512

[1.25-1.75) 0.680 0.680 0.680 0.680 0.680 0.000 0.680 0.680 0.680 0.680 0.680 0.680 0.680 1.000 0.680 0.680 1.000 1.000 0.680 1.000

[1.75-2.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[2.25-2.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[2.75-3.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[3.25-3.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[3.75-4.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[4.25-4.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[4.75-5.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[5.25-5.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[5.75-6.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[6.25-6.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[6.75-7.25) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[7.25-7.75) 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680 0.680

[18.25-
18.75)

[18.75-
19.25)

[19.25-
19.75)

[19.75-
20.25)

[16.25-
16.75)

[16.75-
17.25)

[17.25-
17.75)

[17.75-
18.25)

[14.25-
14.75)

[14.75-
15.25)

[15.25-
15.75)

[15.75-
16.25)

[12.25-
12.75)

[12.75-
13.25)

[13.25-
13.75)

[13.75-
14.25)

[10.25-
10.75)

[10.75-
11.25)

[11.25-
11.75)

[11.75-
12.25)
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ANNEX 6. Directional probability of waves arriving from the west 

 

[0-0.25) 0 0 0 0 4.32E-05 1.30E-04 1.17E-03 2.14E-03 2.68E-03 1.62E-03 5.91E-04 1.51E-04 6.48E-05 4.32E-05 0 0 0 0 0 0 0

[0.25-0.75) 0 0 0 0 0 3.67E-04 5.45E-03 1.81E-02 2.28E-02 2.21E-02 1.95E-02 1.07E-02 5.03E-03 1.25E-03 8.12E-04 8.02E-04 2.59E-04 2.68E-04 6.48E-05 6.48E-05 0

[0.75-1.25) 0 0 0 0 0 1.08E-04 9.07E-04 5.71E-03 2.48E-02 3.72E-02 3.42E-02 2.92E-02 1.29E-02 4.20E-03 1.13E-03 3.19E-04 6.48E-05 0 0 0 0

[1.25-1.75) 0 0 0 0 0 0 6.48E-05 5.18E-04 4.09E-03 2.87E-02 3.66E-02 2.04E-02 1.08E-02 3.92E-03 2.27E-03 2.92E-04 1.73E-04 7.20E-05 2.16E-05 0 0

[1.75-2.25) 0 0 0 0 0 0 0 1.94E-04 3.89E-04 1.78E-03 2.28E-02 2.46E-02 1.26E-02 3.43E-03 1.09E-03 6.53E-04 2.35E-04 0 1.94E-04 2.59E-05 0

[2.25-2.75) 0 0 0 0 0 0 0 0 4.32E-05 1.94E-04 8.95E-04 1.39E-02 1.30E-02 3.96E-03 8.62E-04 3.69E-04 2.59E-04 5.40E-05 4.32E-05 4.32E-05 2.16E-05

[2.75-3.25) 0 0 0 0 0 0 0 0 0 2.12E-04 1.90E-04 6.34E-04 6.52E-03 7.23E-03 1.51E-03 6.34E-04 3.30E-04 1.62E-04 1.03E-04 8.81E-05 8.81E-05

[3.25-3.75) 0 0 0 0 0 0 0 0 0 4.32E-05 1.73E-04 2.81E-04 1.94E-04 2.44E-03 2.91E-03 7.48E-04 3.02E-04 1.94E-04 8.81E-05 2.94E-05 0

[3.75-4.25) 0 0 0 0 0 0 0 0 0 0 0 1.08E-04 8.64E-05 1.30E-04 1.46E-03 1.22E-03 1.08E-04 0 2.94E-05 0 0

[4.25-4.75) 0 0 0 0 0 0 0 0 0 0 0 2.16E-05 8.64E-05 4.32E-05 0 4.94E-04 7.67E-04 1.94E-04 2.16E-05 0 0

[4.75-5.25) 0 0 0 0 0 0 0 0 0 0 0 0 1.30E-04 6.48E-05 2.16E-05 0 1.30E-04 2.78E-04 1.51E-04 2.16E-05 0

[5.25-5.75) 0 0 0 0 0 0 0 0 0 0 0 2.16E-05 0 4.32E-05 0 2.16E-05 2.16E-05 0 2.16E-05 6.48E-05 0

[5.75-6.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[6.25-6.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.16E-05 0

[6.75-7.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[7.25-7.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

sum 0 0 0 0 0 0.001 0.008 0.029 0.057 0.090 0.112 0.099 0.060 0.026 0.011 0.005 0.002 0.001 0 0 0

[8.25-
8.75)

[8.75-
9.25)

[9.25-
9.75)

[9.75-
10.25)

[6.25-
6.75)

[6.75-
7.25)

[7.25-
7.75)

[7.75-
8.25)

[4.25-
4.75)

[4.75-
5.25)

[5.25-
5.75)

[5.75-
6.25)

[0-0.25)
[0.25-
0.75)

[0.75-
1.25)

[1.25-
1.75)

[1.75-
2.25)

[2.25-
2.75)

[2.75-
3.25)

[3.25-
3.75)

[3.75-
4.25)
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[0-0.25) 2.16E-04 2.59E-04 4.10E-04 3.46E-04 7.34E-04 4.10E-04 2.81E-04 4.97E-04 4.75E-04 5.18E-04 6.70E-04 4.54E-04 3.24E-04 1.73E-04 1.94E-04 1.94E-04 8.64E-05 6.48E-05 8.64E-05 0 0.015

[0.25-0.75) 0 2.16E-05 4.32E-05 1.30E-04 2.81E-04 1.86E-04 3.46E-04 2.81E-04 2.59E-04 1.30E-04 2.38E-04 6.48E-05 1.08E-04 0 6.48E-05 4.32E-05 4.32E-05 0 0 0 0.110

[0.75-1.25) 0 0 0 0 0 0 0 0 2.16E-05 0 4.32E-05 0 0 8.64E-05 0 8.64E-05 1.08E-04 8.64E-05 4.32E-05 0 0.151

[1.25-1.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 2.16E-05 0 0 2.16E-05 6.48E-05 0 4.32E-05 0.108

[1.75-2.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.068

[2.25-2.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.034

[2.75-3.25) 1.47E-05 1.47E-05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.018

[3.25-3.75) 4.41E-05 1.47E-05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.007

[3.75-4.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.003

[4.25-4.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.002

[4.75-5.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.001

[5.25-5.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[5.75-6.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[6.25-6.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[6.75-7.25) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

[7.25-7.75) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

sum 0 0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0 0 0 0 0 0 0 0 0.517

sum
[10.25-
10.75)

[10.75-
11.25)

[11.25-
11.75)

[11.75-
12.25)

[12.25-
12.75)

[12.75-
13.25)

[13.25-
13.75)

[13.75-
14.25)

[14.25-
14.75)

[14.75-
15.25)

[15.25-
15.75)

[15.75-
16.25)

[16.25-
16.75)

[16.75-
17.25)

[17.25-
17.75)

[17.75-
18.25)

[18.25-
18.75)

[18.75-
19.25)

[19.25-
19.75)

[19.75-
20.25)
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ANNEX 7. Absolute and relative errors in the estimation of available wave power comparing the results of a first 
approximation with linear theory to the results of a non-linear theory approach.  

 

Absolute and relative errors in the available wave power of waves arriving from N.  

BW1 BW2 WS Gauge1 Gauge2 Gauge3 Gauge4 Gauge5 Gauge6 Gauge7 Gauge8

Pwave non-linear theory (kW/m) 0.387 0.401 0.371 0.366 0.388 0.400 0.407 0.396 0.391 0.403 0.409
Pwave linear theory (kW/m) 0.347 0.375 0.329 0.328 0.374 0.402 0.392 0.358 0.350 0.388 0.383

Absolute error (kW/m) -0.040 -0.026 -0.042 -0.037 -0.013 0.002 -0.015 -0.038 -0.040 -0.016 -0.027
Relative error (%) -10.371 -6.455 -11.445 -10.227 -3.477 0.464 -3.576 -9.592 -10.294 -3.913 -6.482

 

Absolute and relative errors in the available wave power of waves arriving from NW.  

BW1 BW2 WS Gauge1 Gauge2 Gauge3 Gauge4 Gauge5 Gauge6 Gauge7 Gauge8

Pwave non-linear theory (kW/m) 1.755 1.719 1.267 1.635 1.784 1.811 1.824 1.677 1.593 1.768 1.790
Pwave linear theory (kW/m) 1.611 1.575 1.143 1.516 1.699 1.777 1.731 1.523 1.478 1.662 1.663

Absolute error (kW/m) -0.143 -0.144 -0.124 -0.118 -0.085 -0.034 -0.093 -0.155 -0.114 -0.107 -0.127
Relative error (%) -8.176 -8.367 -9.778 -7.237 -4.779 -1.855 -5.083 -9.214 -7.185 -6.047 -7.112  
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Absolute and relative errors in the available wave power of waves arriving from W.  
 

BW1 BW2 WS Gauge1 Gauge2 Gauge3 Gauge4 Gauge5 Gauge6 Gauge7 Gauge8

Pwave non-linear theory (kW/m) 3.407 2.375 1.719 3.251 3.460 3.362 2.934 2.176 2.977 2.874 2.637
Pwave linear theory (kW/m) 3.082 2.029 1.484 2.987 3.190 3.136 2.584 1.841 2.739 2.530 2.266

Absolute error (kW/m) -0.325 -0.346 -0.235 -0.264 -0.270 -0.226 -0.350 -0.335 -0.239 -0.343 -0.371
Relative error (%) -9.536 -14.570 -13.657 -8.126 -7.791 -6.721 -11.943 -15.376 -8.025 -11.948 -14.073  

 

 

Absolute and relative errors in the addition of available wave power of waves arriving from N, NW and W.  
 

BW1 BW2 WS Gauge1 Gauge2 Gauge3 Gauge4 Gauge5 Gauge6 Gauge7 Gauge8

Pwave non-linear theory (kW/m) 5.549 4.496 3.357 5.251 5.632 5.573 5.165 4.250 4.961 5.046 4.836
Pwave linear theory (kW/m) 5.040 3.980 2.956 4.831 5.263 5.315 4.708 3.722 4.567 4.580 4.311

Absolute error (kW/m) -0.509 -0.516 -0.401 -0.420 -0.368 -0.258 -0.458 -0.527 -0.394 -0.466 -0.525
Relative error (%) -9.164 -11.474 -11.949 -7.996 -6.540 -4.625 -8.861 -12.405 -7.934 -9.237 -10.854  



 

 
 

         106 

 


