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ABSTRACT 

 

Wind turbine noise is a re-emerging issue in the wind industry. As the competition for sites 

with good wind potential on land is rising, offshore projects in coastal areas seem as a 

reasonable alternative to onshore. In this context offshore sound propagation is gaining more 

importance considering that sound will travel over longer distances on water, especially with 

regard to lower frequencies. Moreover different meteorological conditions that occur on sea 

may attenuate or enhance sound propagation on water. The prediction tools commonly used 

by developers are only partially taking these parameters into account. This will be 

investigated in this thesis. 

 

Hence, different methods for predicting offshore wind turbine noise are going to be assessed. 

These methods can be divided in two approaches namely algebraic and Partial Differential 

Equation (PDE) based. The methods evaluated are the ISO 9613-2 standard for outdoor noise 

prediction, the Danish method and the Swedish method for wind turbines noise estimation 

over water.  

 

For the PDE based approach, the Helmholtz Equation will be employed in order to examine 

different meteorological conditions and phenomena occurring over a flat reflecting surface. 

The experiments with the PDE include the simulation of meteorological conditions with 

different levels of refraction and changing ground impedance in order to take into account the 

effect of a shoreline. In addition a meteorological phenomenon called the low-level jet is 

investigated which is characterised by strong winds at relatively low altitude.     

 

Noise prediction tools used by developers need to be able to consider these effects in order to 

allow for thorough planning of wind energy projects.  Nonetheless, relatively more complex 

models such as the Helmholtz Equation require experienced users and significant computing 

time. Further research and development needs to be made in order to promote the wider use of 

noise prediction methods like the Helmholtz Equation in the wind industry. 
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NOMENCLATURE 

Symbol Unit Description 

A dB attenuation 

b  refractive velocity 

c0 m/s average sound speed 

ceff m/s effective sound speed 

Cmet  meteorological correction 

factor 

d m distance 

Dc dB directivity correction 

Dc  directivity correction 

dp m distance from source to 

receiver projected on ground 

f Hz frequency 

G  porosity factor 

hr m receiver height 

hs m source height 

I  W/m
2 

sound intensity 

I0 W/m
2
 reference sound intensity 

k  wave number 

L  outer eddy scale 

l0  inner eddy scale 

LI dB sound intensity level 

Lp dB sound pressure level 

Lw 

m 

dB sound power level 

metres 

n  refraction index 

P Watt sound power 

p N/m
2 

sound pressure 

prms N/m
2
 root mean square of sound 

pressure 

Q  directivity index 

r m radius/ distance 

T s time period 

T0 K average temperature 

u m/s wind speed 

W W measured sound power 

W0 W reference sound power 

z m height 

z0  reference height 

Z  acoustic ground impedance 

ΔLa dB/m atmospheric absorption 

ΔLg dB ground reflection 

ΔLσ dB insulation indoors 

λ m wave length 

ρ0 kg/m
3 

air density 

ρ0c0 kg/m
2 

acoustic impedance 

σ cgs rayls effective flow resistivity 

ω  angular frequency 
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ABBREVIATION

ABL                                                                  Atmospheric Boundary Layer   

CNPE                                                               Crank Nicholson Parabolic Equation  

CPU                                                                  Central Processing Unit 

EPA                                                                  Environmental Protection Agency         

IEC                                                                   International Electro-technical Commission 

ISO                                                                   International Organisation for Standardisation  

MABL                                                              Marine Atmospheric Boundary Layer 

PDE                                                                  Partial Differential Equation 

RAM                                                                 Random Access Memory 

RSPL                                                                Relative Sound Pressure Level 
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CHAPTER I – Introduction 
 

Wind energy is one of the leading renewable energy industries. In particular the offshore wind 

industry is said to hold a large potential for growth. However offshore wind is still an 

expensive undertaking and the economic profitability of these projects still depends on the 

support of subsidies as well as successful implementation of cost effective measures. 

 

That said, offshore wind farms built closer to the shore rather than in the far open sea are 

easier to access and maintain. In this way installation, material costs e.g. transmission cables, 

and operation and maintenance costs can be reduced. In addition offshore wind farms near 

shore facilitate participation of the community in these projects.  

 

Nonetheless offshore wind farms that are relatively close to shore are likely to have a larger 

impact on the communities living in coastal regions.  In that regard noise disturbance by wind 

turbines can be a source of complaint. As coastal regions are often used for recreational 

activities they are particularly sensitive to nuisance. It is therefore important to adequately 

plan offshore wind farms near shore so that people and their activities as well as other living 

organisms are not disturbed.  

 

1.1 Problem formulation 

Denmark, a country at the forefront of the wind energy sector, is one of the first to encourage 

offshore wind farms near shore. According to developers that were asked by the Danish 

government what would increase their involvement in future offshore wind farm projects, 

they stated smaller projects and easier sites as two of the main reasons (Gill, 2012). This 

prompted the Danish government to tender eight potential offshore sites close to shore for 

wind power development. Under near-shore projects the Danish government defines sites that 

are between two and fifteen kilometres from shore, with a minimum distance of four 

kilometres to nature sensitive areas. 

 

Sound propagation on sea is different than on land due to the acoustically reflecting sea 

surface. Especially low frequency sounds are transmitted over longer distances. Moreover, 

outdoor sound propagation is influenced by a dynamic system of meteorological conditions. 

These conditions vary with season and are dependent on the climatic characteristics of the 

location.  
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Many of the models used for noise prediction by developers have a limited capacity of 

parameters they can include. One widely used method is the ISO 9613- 2 for “Attenuation of 

sound during propagation outdoors”. The accuracy of this standard is howe er unclear for 

certain conditions.   

 

The Swedish guidelines state that noise levels for wind turbines outside residential areas 

should not exceed 40 dB at a wind speed of 8 m/s at 10 m height and 35 dB for areas with low 

background noise as well as recreational sites (Swedish EPA, 2013). The Danish regulations 

require noise levels for dwellings and summer cottages to be kept at 39 dB for wind speeds of 

8 m/s at 10 m height and 37 dB at 6 m/s at 10 m height. In addition, the Danish authorities 

have set a limit to low frequency noise caused by wind turbines which is 20 dB indoors for 6 

m/s as well as for 8 m/s at 10 m height (Danish EPA, 2013). 

 

Compliance with above guidelines is an essential part of the environmental impact assessment 

report which is required in all European countries in order to receive necessary building 

permits for wind turbine installations. Noise prediction models often serve as an evaluation 

tool in the beginning of the wind farm planning process. Furthermore prediction tools enable 

to approximately determine the positioning as well as the number of wind turbines that will be 

installed. Often authorities demand noise levels to be calculated with certain prediction 

methods in order to guarantee that the limits are not exceeded. In case of critical noise levels 

or noise sensitive areas, sound measurements may also be required. In addition, many 

countries like Sweden and Denmark have developed their own prediction methods for 

estimation of wind turbine noise.    

 

1.2 Questions to consider 

 Can sound prediction methods commonly used by wind farm developers accurately 

calculate sound pressure levels over long distances?  

 What impact does a water surface have on sound propagation?  

 How important are different meteorological conditions for propagation of sound over 

water? 

 



18 

 

1.3 Literature review 

For this research project a thorough review of literature on the topic of sound prediction for 

offshore wind turbines was conducted. The sound prediction model based on the wide angle 

Crank-Nicholson Parabolic Equation method found in Johansson, L. (2003) was used for the 

calculations in this thesis.  

 

Johansson, L. (2003) investigated long range sound propagation for low frequencies over the 

Baltic Sea. According to the research work the calculation model was tested against 

benchmark cases and correlated well with measurements. The experiments showed that for 

downwind conditions, after a certain distance (2-3 km), sound propagation over water can 

become cylindrical rather than spherical due to multiple reflections of sound waves by the 

hard surface. However the author specifies that although measurements show good agreement 

with the calculations, it is still unclear how commonly cylindrical propagation occurs and thus 

more long term measurements are needed.  In addition, the effect of water waves is found to 

be negligible for the attenuation of sound.  

 

In a later study for the Swedish Energy Agency Boué, (2007) compared the Swedish 

propagation model over water with sound measurements conducted in the sea area of the 

Kalmar Strait, Sweden. The set-up of the measurement included a 30 m high sound source 

located on a light house on sea and an array of receivers at 1.7 m height on land, 750 m from 

the coast. The frequencies emitted from the source where 200, 400 and 80 Hz and the total 

distance projected on the ground, from source to receiver, was 9750 m. The study found that 

contradictory to the Swedish model the measurements showed that the break between 

spherical and cylindrical spreading occurred around 700 m rather than 200 m. 

 

In another study published by the Danish Environmental Protection Agency (EPA) 

Søndergaard et al., (2005) assessed the Danish, the Swedish and the NORD2000 prediction 

models for water surfaces. The study suggested that based on the calculations with the 

NORD2000 model, the effect of multiple reflections over water with a 30 m wind turbine will 

not occur before 1000 m. Moreover for a 100 m wind turbine the effect does even not occur 

before 4000 m. The authors conclude that the effect of multiple reflections of sound waves by 

the sea surface is of no practical importance to noise disturbance. Moreover they state that the 

Swedish method assuming cylindrical propagation after 200 m greatly overestimates the noise 

levels. For small distances the Danish method can give relatively accurate results but fails at 
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larger distances due to the multiple reflections effect.  The authors also indicate that for long 

distances, the use of octave band data gives more accurate results in regards to atmospheric 

attenuation of sound. 

 

Since the above studies were published the Swedish method for noise prediction over water 

has been amended twice and cylindrical propagation is now assumed to begin above 1 km 

from the source.  

 

1.4 Objectives 

The objective of this research project is to investigate on the basis of literature review and 

calculations, if the noise prediction models developed and required by authorities in different 

countries can reliably predict offshore wind farm noise for long distances. For this purpose the 

engineering methods ISO 9613-2, the Swedish and Danish model for offshore wind turbine 

noise are assessed.  

 

A wide angle Crank Nicholson Parabolic Equation (CNPE) is also employed which is based 

on the work of West et al., (1992) and Salomons, (2001) and was previously used in the thesis 

of Johansson, L. (2003). The CNPE is a numerical method which can calculate sound pressure 

levels by including various meteorological conditions and is accepted as an accurate 

estimation tool for long range outdoor sound propagation (NPL, 2014). The method is used 

with the intention of assessing the impact of different meteorological conditions and 

phenomena on long range sound propagation.   

 

Chapter II will review the basic definitions of sound. In Chapter III the physical factors 

influencing sound propagation in the atmosphere will be recounted. Chapter IV will then 

present the noise prediction methods employed in this research. Chapter V will show the 

results of the algebraic methods as well as the numerical method employed. Chapter VI will 

provide a discussion on the calculated results and on the characteristics of the prediction 

methods used. Finally, Chapter VII will give the conclusions drawn from this research.   
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Chapter II – Definitions 

In the following sections the basic physical definitions related to sound will be reviewed. 

2.1 Sound 

Sound can be characterised as small rapid pressure changes in a medium such as air that 

overlay the normal atmospheric pressure. For example pressure variations like they occur 

when weather conditions are changing are much too slow to be distinguished by the human 

ear. Hence pressure changes have to occur at least 20 times per second in order to be 

perceived by the human ear as sound (Brüel & Kjaer , 1984).  

 

Looking closer now at a small particle of air, sound propagation can be explained as follows. 

When a particle is displaced from its equilibrium position by a vibrating source it comes into 

contact with the adjacent particle, causing it also to oscillate back and forth. In this way the 

oscillating particles set into motion a chain reaction which causes pressure changes inside the 

medium; in this case air. It is important to notice that energy is transferred through the 

medium and not the particle itself. 

 

The time a particle fluctuates back and forth depends on the medium in which it moves. This 

is determined by the density and the elasticity of the medium. The propagation speed of sound 

in air at a temperature of 15  C, a standard air pressure of 101.325 kPa and a relative humidity 

of 70% is about 341 m/s (Totechnik-Rechner, 2013).  

 

2.2 Noise 

When discussing sound in relation to wind turbines the term noise has to be brought in the 

discussion. The definition of noise is simply: unwanted sound. Although unwanted sound is 

difficult to define as it is to a large extent a subjective matter which depends on the sensitivity 

of the listener and the situation, as well as on the level and duration of the sound (Wagner et 

al., 1996).  

 

As coastal regions are usually used for recreational activities, people may be especially 

sensible to unwanted or unnatural sounds. In particular growing public concern is expressed 

over low frequency sounds in relation to wind turbine noise (Madsen et al., 2010). Wind 

turbines in general emit a continuous sound which also includes low frequencies. Depending 
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on the terrain these low frequencies can travel over long distances as they decay slower than 

high frequencies.  

 

2.3 Wind turbine noise 

Wind turbine noise can be divided into two categories: mechanical and aerodynamic noise. 

Mechanical noise is generated by different machinery parts of the wind turbine like the 

generator and the gear box. The noise is transmitted along the structure of the turbine and 

radiated by the surfaces of the nacelle, the tower and rotor blades. Aerodynamic noise is 

emitted by the blades and is mostly related to the interaction of turbulence with the blade 

surface. 

 

Although manufacturers were able to significantly reduce mechanical noise of wind turbines, 

it has not been the case for aerodynamic noise. This has led to the situation that aerodynamic 

noise levels exceed that of the mechanical noise (Wagner et al., 1996). 

 

2.4 Sound power, sound intensity, sound pressure  

When sound is produced energy is radiated from a sound source which is referred to as sound 

power ‘P’. The rate at which this sound energy flows in a certain direction through a certain 

area is called sound intensity ‘I’. Moreover the energy passing through a particular point in 

the area around the source will generate sound pressure ‘p’. Sound power is measured in 

Watts [W], sound intensity in Watts per square meter [W/m
2
] and sound pressure is measured 

in Pascal [Pa] or Newton per square meter [N/m
2
]. 

 

Sound power is a characteristic of the sound source and is commonly used to rate noise from 

machines. Sound intensity on the other is useful to locate and rate noise sources. However 

when it comes to assess harmfulness and annoyance of sound sources, sound pressure is the 

crucial parameter.  It is important to note that sound intensity is characterised by both 

magnitude and direction, whereas sound pressure represents only magnitude (Brüel & Kjær, 

1993).  
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2.5 Frequency 

Figure 1 illustrates a propagating sound wave moving in time. The particles of the medium 

become periodically denser and rarer. This represents regions of high and low sound pressure 

respectively. The illustration also shows how the particles are moving back and forth in time 

(Wagner et al., 1996). 

 

 

Figure 1 - Propagating sound waves as a function of time (Wagner et al., 1996, p. 15) 

 

The number of pressure changes that occur per second is called sound frequency ‘f’ which is 

measured in Hertz [Hz], defined as: 

 

1.1         [Hz] (2.1)  

 

 : is frequency  

T: is the duration of one sinusoidal period to be completed measured in seconds 

 

The distance  etween the start and end of one sinusoidal period ‘T’ or simply the distance 

o er which the wa e’s shape repeats represents the sound wavelength ‘λ’. Consequently 

sound speed ‘c’ can be gi en  y wa elength ‘λ’ per ti e period ‘T’, usually in meters per 

second:   

 

2.1  c = 
λ

T
 (2.2)  
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Taking into account equation 2.1 sound speed is also related to frequency as c = λ ∙ f   
 

 
 ; 

where ‘k’ represents the wa e nu  er and ‘ω’ the angular frequency (Wagner et al., 1996). 

The higher frequency ‘f’ the smaller the wave length ‘ ’is. A person can hear sound 

frequencies of 20 Hz to 20 kHz which represents ten octaves. An octave is the range from one 

frequency of sound to the double of that frequency (Maue, 2009). 

 

A sound signal with only one frequency is referred to as a pure tone. Pure tones rarely occur 

in reality as most sounds are formed by different frequencies. 

 

2.6 Octave bands 

In order to describe a sound source a frequency spectrum has to be determined. The frequency 

spectrum represents the various frequencies that occur in a sound pressure signal. The 

determination of a spectrum is called frequency analysis. The range of the frequency spectrum 

is divided into bands. The term band refers to a frequency interval over which the amplitudes 

are averaged. Each band is defined by one centre frequency.  Most commonly three types of 

bands are used: the narrow-band, 1/3 octave bands and 1/1 octave bands.  

 

The narrow-band spectrum includes frequency bands with the same width and is used for 

detailed evaluations of sound signals. In the 1/1 octave band the upper frequency is double the 

lower frequency and for the 1/3 octave band the upper frequency is    of the lower (Wagner 

et al., 1996).  

 

2.7 Decibel 

Assuming a static air pressure of 10
5 

Pa, the sound pressure levels perceived by the human ear 

are relatively small, ranging from 20 μPa (2  ∙ 10-6 Pa) to 100 Pa. Still, putting the range of 

these values on a linear scale is not very practical, simply because of the quantity of these 

numbers. Therefore, since the human perception of sound is closer to being logarithmical than 

linear, sound power or pressure is measured with the logarithmic ratio scale called Decibel 

(dB). 
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2.8 A-weighted sound levels 

In practice sound levels are measured based on certain frequency weightings. The A- 

frequency weighting is adjusted to the human acoustics. Since low and very high frequencies 

are not perceived as loud, they are given less importance in the calculations of A-weighted 

sound levels. For low frequencies for example, a sound pressure level of 40 dB might be 

required in order for it to be noticed. In contrast to frequencies between 3-4 kHz the threshold 

of hearing lies at 0 dB (Tong, 2010). In other words through the use of the A-weighted sound 

level a better correlation to the human sound perception is achieved.  

 

For sound where low frequencies are dominant a B- or C-weighting might be better suited. 

These weightings are similar to the A-weighting only the weighting curve is different. 

 

2.9 Sound intensity level in Decibel 

In a free field, which describes sound propagation in a theoretical space where there are no 

reflections, sound intensity is equal to the root mean square of sound pressure (p
r s
2   divided 

by the speed of sound ‘  ’ and density ‘  ’ of the medium. This corresponds to the case of a 

sound source in open air sufficiently far away from the ground. 

 

3.1  I = 
p
r s
2

    
 (2.3)  

 

    : represents the acoustic impedance of air [kg/ m
2
s] 

  : is undisturbed air density [kg/m
3
] 

   : is speed of sound in air [m/s] 

 

The sound intensity level is given by the following equation:  

 

4.1  LI  =    ∙ log ( 
I

 I 
) dB (2.4)  

 

where ‘I’ is the measured intensity of sound and ‘I0’ is the threshold of hearing for sound 

intensity 10
-12

 W/m
2
. 
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2.10 Sound power level in Decibel 

The sound power le el ‘  ’ is given by the logarithmic relationship: 

 

5.1  Lw =    ∙ log  (
 

   

) d  (2.5)  

 

Here ‘ ’ represents the measured sound power and ‘  ’ is the reference sound power        

W derived from threshold of hearing for sound intensity. 

 

2.11 Sound pressure level in Decibel 

The sound pressure level ‘   ’ of a source is given by the relationship: 

 

6.1      =    ∙ log (
    
 

  
    = 20   log (

    

  
   dB (2.6)  

where ‘prms’ is the measured sound pressure and ‘p0’ is the threshold of hearing ( p
 
=2 x   

-5
 

N/m
2
 or Pa).  By multiplying the logarithm with 10 the measure Bell is converted into Decibel 

(1 Decibel = 0.1 Bell). A change of 1 dB is close to what a human ear can perceive.  

 

The sound pressure level equals the sound intensity level:    

 

7.1   Lp=    ∙ log (
p
r s
2

p
 
2
) =    ∙ log ( 

I

 I 
) d  (2.7)  

 

2.12 Sound emissions, immissions and directivity 

Sound emissions refer to sound emitted directly by the source, whereas sound immissions are 

sound levels at a receiver point located at a distance from the source. In addition emissions are 

characterised by the sound power level ‘Lw’ and immissions by the sound pressure level ‘Lp’ 

respectively.   

 

It is also important to take into account that sound sources have different directivity patterns. 

Omnidirectional sources for example like a bursting balloon will emit the same sound 

intensity in all directions. Directional sources on the other will emit sound with a higher 

intensity in a certain direction/s. Hence sound pressure levels do not solely depend on the 
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sound power level of the source and the distance, but also on the directivity of the source 

(Wagner et al., 1996). The aerodynamic noise generated by wind turbines is said to be of 

dipole character in the horizontal direction, thus emitting sound upwind and downwind of the 

rotor (Friman, 2011).  

 

2.13 Point source 

A sound source can be characterised as a point source if its dimensions are relatively small 

compared to the distance to the receiver. An industrial plant, an airplane or a car can be 

considered as point sources.  

 

In a situation with no external influences a point source will generate a sequence of spherical 

wave fronts, which means that sound is equally spreading in all directions. Assuming that the 

sound energy is propagated with no attenuation in the medium, the entire power output of the 

source passes through a spherical shell with a radius r. Hence, sound intensity is equal to the 

acoustic power of the source divided by the area of the shell, as illustrated in Figure 2.  

 

 

Figure 2 - Spherical dispersion of sound from a point source (Institute of Sound and Vibration Research, 2014) 

 

8.1     
 

    
 (2.8)  

 

I: is sound intensity [W/m
2
] 

W: power output in [W]  

r: is the radius [m] 
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Based on the relationship in equation 2.3:  

 

9.1     
 

    
  

pr s
2

ρ c 
 p

r s
2 = 

 ρ c 

  r2
 (2.9)  

 

Dividing by    
  and multiplying with 

  

  
  we get the following equation: 

 

10.1  
pr s
2

p
 
2  = 

 

  
∙
 

r2
∙
  ρ c 

  p
 
2  (2.10)  

 

Now by multiplying by       times 10 to transform the unit Bell into Decibel we get: 

 

11.1           
    
 

  
 )=        

 

  
 

 

  
 
      

    
   (2.11)  

 

This translates into:            

 

12.1  Lp = Lw – 20   log (r) +   ∙log  (
  ρ c 

  p
 
2 ) (2.12)  

 

where ‘Lp’ is the sound pressure level, ‘Lw’ the sound power level and ‘r’ is distance from 

source to receiver. With an approximate acoustic impedance  of air ρ
 
c =    kg  

2s and the 

reference level for sound power W0 = 10
-12

 W and sound pressure p0 = 2 ∙ 10
-5

;   ∙log (
  ρ c 

  p
 
2 ) 

≈ - 11 dB.  

 

Consequently,  

 

13.1  Lp = Lw – 20 ∙ log (r) –11 dB (2.13)  

 

where 20∙log(r) implies that when doubling the distance ‘r’ the sound pressure level will drop 

by 6 dB, also known as the inverse square law. This can be regarded as a general rule for 

spherical spreading when sound is spreading equally in all directions.    
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It can however be that a source is directional which means that it is propagating more 

intensively in a certain direction. A source for example relatively close to the ground on a 

reflective hard surface is assumed to have a hemispherical propagation. In order to account for 

directi ity a directi ity index ‘Q’ is introduced to the intensity definition and thus Iθ =  
     

    
 , 

where Iθ is intensity in direction (θ,ψ). In case of spherical propagation Q= 1. For 

hemispherical propagation Q= 0.5, which results in   ∙log (
  ρ c 

2 p
 
2 ) ≈ - 8dB, by assuming the 

same values for the different parameters as for spherical propagation. Therefore the 

relationship of the sound pressure level for hemispherical propagation is:  

 

14.1  Lp = Lw – 20 ∙ log(r) – 8 dB (2.14)  

 

2.14 Line source 

A line source can be a continuous radiation of sound or several point sources in very short 

distance to each other forming a line of persisting emissions of sound. A road or a railway can 

be identified as line sources. Assuming a line source with a constant power per unit length, 

the sound wave front spreads out perpendicular to the line in one direction, forming a 

cylindrical shaped shell along the axis of the line source. This means that the wave front is 

cylindrical which results in a reduction of only 3dB per doubling of distance from the source 

in contrast to spherical spreading where a 6dB reduction occurs. The term cylindrical 

propagation is employed in this situation. The function of intensity for cylindrical propagation 

is:  

15.1  I= 
 

2 r
 (2.15)  

 

This gives the following relationship for sound pressure level with cylindrical propagation:  

 

16.1  Lp = Lw – 10 ∙ log(r) – 8 dB (2.16)  
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Chapter III – Physics of outdoor sound propagation 
 

Meteorological factors like wind direction, wind speed and temperature affect the direction of 

sound waves. Other influences like turbulences and viscosity of air reduce the intensity of 

sound. In addition, depending on the ground type, sound energy is absorbed or reflected and 

spreading of sound is blocked by surface roughness.  

 

These different factors are important for long range sound propagation and will be explained 

more elaborately in the following sections.  Figure 3 illustrates the most relevant factors 

affecting sound propagation in the atmosphere. 

 

 

Figure 3 - In this illustration the most important factors influencing outdoor propagation of sound (Maijala, 2011) 

 

3.1 Meteorological concepts 

The following meteorological phenomena will affect the sound propagation. 

3.1.1 Temperature gradients 

Generally the temperature of a particle of air moving upwards in the atmosphere will decrease 

with height. This is related to atmospheric pressure also decreasing with height and thus 
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enabling the particle of air to expand. Because this expansion consumes energy, temperature 

of the particle decreases. This decrease is about 1  C per 100 m height.  

 

Depending on the temperature of the atmosphere surrounding the small particle of air, the 

terms neutral, stable and unstable stratification are used. When the atmospheric temperature is 

decreasing at the same rate as the upward moving particle of air we talk about neutral 

stratification. On the other side when the temperature of the atmosphere is decreasing at a 

higher rate the particle of air will not rise higher. This condition is characterised as stable. The 

opposite is the case when the atmospheric temperature decreases faster than the particle of air. 

Thus the particle continues moving upwards. This condition is called unstable stratification 

and enhances vertical movement.  

 

It is also possible that atmospheric temperature increases with height in which case we talk 

about a temperature inversion or a positive temperature gradient.  This condition, common 

during cold winter days on land and during spring or early summer on sea, will generate 

stable atmospheric conditions and hence prevent vertical movement of air. 

 

3.1.2 Wind gradients (or wind shear) 

The troposphere stretches approximately 11 km into the atmosphere. The atmospheric 

boundary layer (ABL) is the lowest part of the troposphere and is influenced by the earth’s 

surface. It expands to about 1km in height from the ground. The timescale at which the 

 oundary layer responds to the influence of earth’s surface is one hour or less. The  oundary 

layer can be divided into two sub-layers, the surface layer and the Ekman layer. The surface 

layer can reach up to 100 m and generally represents not more than 10 % of the boundary 

layer. The roughness of the ground affects the vertical wind profile. Water has a very low 

roughness length, even when waves are considered (Johansson, 2003). 

 

Above the surface layer wind is influenced mainly by the pressure gradient force and the 

Coriolis force. Because of these two forces the gradient wind as it is called, moves parallel to 

the isobars which represent zones of equal pressure. However as we move downwards the 

frictional force starts to increasingly influence the direction of wind, creating a spiral shaped 

wind profile characterised as the Ekman layer. 
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The boundary layer is thus very much affected by the friction of the ground which makes 

wind speed directly on ground level close to zero. Hence usually by going higher in the 

atmosphere wind speed increases. In order to determine this vertical wind profile the 

logarithmic profile or the power law can be used. This is as relevant for noise prediction as it 

is for wind resource assessment, because the path of sound waves crossing a layer with a 

different wind speed will change.  

 

3.1.3 Marine boundary layer 

The surface layer in the marine boundary layer (MABL) is shallower than the ABL, because 

the sea surface is relatively flat compared to the land surface. Consequently wind speeds on 

sea for a given height are higher and turbulence intensities are lower than on land. 

Nonetheless, roughness of the sea surface is dependent on wind speed because wind mainly 

forms the waves. Moreover, offshore wind turbines will be more affected by the Ekman layer 

because of a shallower surface layer. Wind speed in the Ekman layer increases slower with 

height and thus the rotor area of the wind turbines experience less wind shear (Emeis, 2013).    

 

Furthermore temperature variations in the MABL do not occur on a diurnal basis but rather on 

an annual scale from winter to summer. This is because water has a much larger capacity to 

absorb heat than soil does. On the other side the sea is a constant source of moisture which 

causes moisture fluxes. These moisture fluxes always move upwards since for a given 

temperature humid air is always lighter than dry air. This leads to a slight destabilisation of 

the marine boundary layer. 

 

Figure 4 shows the vertical profile of the MABL for a wavy sea surface. Just above the sea 

surface we have the wave sub layer which is influenced by pressure fluctuations caused by the 

waves. The other part of the surface layer consists of the constant flux layer which is also 

often much shallower than its counterpart on land. The rest of the MABL consist of about 

90% of the Ekman layer (Emeis, 2013).  
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Figure 4 - Vertical profile of the MABL for a sea surface with waves. The parameters p+ and p- represent positive and 

negative pressure perturbations close to the waves (Emeis, 2013, p. 97) 

 

3.1.4 Low-level jets 

The wind profile of the marine boundary layer is not a constant function of vertically 

increasing wind speed. Low level jets on sea for example can have a different wind speed 

profile. Low level jets are namely winds of high speed which occur at a relatively low height 

and are usually formed by diurnal changes in the thermal stratification of the surface layer.  

 

Low level jets have been frequently observed in the region of the Baltic Sea when warmer 

winds coming from land flow over a colder sea surface. In this case the atmospheric layers 

closest to the sea surface are cooled which reduces vertical movement of air. Consequently 

shear stress between these layers becomes close to zero which allows wind speed to increase 

very rapidly with height. These conditions are often met during spring and summer.  

 

A study conducted in connection to an offshore wind farm in the Kalmarsund area near the 

Swedish coast showed that from April to June 1991 low level jets occurred 50% of the time 

(Smedman et al., 1993). 

 

Moreover in the experiments for this research project aircraft measurements conducted in 

May 1989 were plotted into sound speed profiles and calculated with the CNPE model. The 

four sets of measurements were made in the Kalmarsund area and all show low level jets. In 

the paper by Smedman et al. (1993) the authors focus on the structure and turbulence 

characteristics of these jets. The authors assume that the formation of the jets in the four cases 
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is due to inertial oscillations and can be attributed to the development of nocturnal jets coming 

from land.  

 

It takes some time however for a low level jet to reach its maximum speed on sea. The 

formation of a low level jet for example coming from the Baltic countries will be at its 

maximum approximately when it reaches the island Gotland (Johansson, 2003).   

 

Other causes for low level jets are sea breezes. As warm air in the inland along the coast is 

heated by the summer sun it will rise upwards. At a certain height the rising air will start 

moving in the direction of the sea. This will create a circulation system of air moving towards 

the sea and air on the water surface filling up the empty space on land, generating high wind 

speeds in the process. Low level jets caused by sea breezes will be characterised by a varying 

vertical wind speed profile. This means that at lower altitudes the wind will be directed 

towards the shore in form of the low level jet and change direction higher up (Johansson, 

2003).  

 

3.1.5 Turbulence 

Atmospheric turbulence is characterised by rapid changes of the vertical temperature and 

wind speed profile. In the field of fluid dynamics two types of flows are defined: laminar and 

turbulent. In case of the former the fluid is considered to travel smoothly with no disruptions. 

The latter is considered to behave in a chaotic and stochastic manner. The direction of a 

turbulent flow is rather random forming swirls of fluid called eddies. Figure 5 shows the 

pattern of a laminar and a turbulent flow. 
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Figure 5 - Illustration of a laminar and turbulent flow of a fluid like air. Notice the eddies that form in the turbulent flow 

(Peixoto de Oliveira, 2012) 

  

Turbulence in the atmosphere can be created mechanically or thermally. Mechanical 

turbulence is created when winds blow over an uneven or rough surface causing small eddies. 

Thermal turbulence originates from the radiation by the sun which warms up the surface. In 

consequence the ground heats up the air above it, making it rise upwards. When the heating is 

irregular or very rapid the warmer air will be lighter than the colder surrounding air and hence 

rise up in form of eddies.   

 

Eddies can have different dimensions, which usually increase with increasing height. The 

scale of eddies is described by an outer scale ‘L’ and an inner scale ‘l0’.  ‘L’ defines large size 

eddies and ‘l0’ s aller eddies. 

 

3.2 Surface Impedance  

The sea surface is considered as a hard surface with an infinite level of acoustic impedance. 

The acoustic impedance of air and ground play an important role in the reflection of sound 

waves. Characteristic impedance is an inherent property of a medium.  

 

Most of the natural grounds can be described as porous media. A sound wave causes vibration 

of the air in the pores of a porous ground medium. In case of a hard surface like water the 

acoustical ground impedance can be considered as infinite, because normal movement of air 

is not possible. Therefore the impedance of a surface is a measure of the resistance of the 

surface against normal movement of air.  
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As mentioned previously the surface roughness of the sea is created by water waves 

dependent on wind speed. 

3.2.1 Water Waves and roughness 

It can be assumed that a flat water surface will totally reflect sound. However under real 

conditions on sea, water waves will be present. These will have an effect on sound 

propagation. Water waves can have different scales and wavelengths. The most relevant 

waves for sound propagation are wind waves.  

 

Wind waves as the name suggests are generated by wind. These waves do not transport water 

but only propagate the movement. As long as wind is blowing in the same direction water 

waves will grow to a certain equilibrium point. In order for a wind wave to be generated and 

maintained a wind speed of about 1.1 m/s must exist (Johansson, 2003). 

 

3.3 Effects of meteorological concepts 

In order to address all the meteorological concepts reviewed in the previous section we first 

define the sound speed, which will be central to all physical concepts.  

3.3.1 Effective sound speed 

Effective sound speed is commonly used in order to incorporate atmospheric turbulence as 

well as the effect of refraction into sound prediction models. Turbulent flow is described by 

employing effective sound speed that randomly fluctuates around an average value. Following 

equation defines effective sound speed: 

 

 ceff = c0√
 

   
   (3.1)  

 

 c0√     represents the adia atic sound speed ‘c’, ‘T’ is the existing temperature and 

‘  ’ is an a erage te perature 

 ‘u’ is the wind speed in direction of sound propagation 
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S all changes in te perature ‘T’ and wind speed ‘u’ will result in tur ulent fluctuations of 

the effective sound speed ‘ceff’. In order to measure these fluctuations the acoustic refraction 

index n = c0 / ceff is employed (Salomons, 2001). 

 

3.3.2 Refraction effect 

Sound waves can be regarded as rays travelling through the atmosphere. The track of these 

sound rays is dependent on sound speed. The parameters that influence sound speed in the 

atmosphere is wind speed, wind direction and temperature. The phenomenon of sound rays 

bending in the upward or downward direction is called refraction. 

  

Sound speed is usually defined as a function of temperature. Higher temperature leads to 

faster propagation of sound. During the day the sun heats up the ground and thus sound speed 

near the surface rises. Moving higher in the atmosphere the temperature drops and therefore a 

negative temperature gradient is created. This condition of high sound speed near the ground 

and decreasing sound speed with altitude causes upward refraction. In addition a shadow zone 

of very low sound pressure levels will be created around the sound source depending on the 

intensity of the temperature gradient. 

 

However it is also common to have a positive temperature gradient, in which case temperature 

increases with height. The consequence is that sound waves will be refracted downwards, 

making sound being heard over larger distances.  

 

The major cause of downward refraction though is wind speed or rather wind shear. 

Increasing wind speed with height will lead to downward refraction. Figure 6 illustrates this 

effect on sound propagation. When the rate at which wind speed is increasing with height is 

high, downward refraction will be intensified.  In case of a wind turbine sound rays emitted 

upwind will be bending upwards due to the wind direction being opposite to the direction of 

sound propagation. This can lead to a shadow zone of low sound pressure levels at a certain 

distance in front of the turbine as can be seen in Figure 6. Downwind of the turbine however 

the sound rays will be refracted downwards intensifying sound pressure levels on the ground. 

Refraction caused by wind shear will in general dominate over the effect of temperature 

gradients for wind turbine noise propagation. Temperature gradients depending on their form 

will merely contribute or counteract to sound propagation.   
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Figure 6 - Refraction caused by wind shear (Hubbard et al.,1985) 

 

In order to simulate a vertical profile of an atmosphere a logarithmic function of effective 

sound speed is assumed: 

 

 ceff = c0 +   ∙ ln ( 
 

  
    (3.2)  

 

where ‘c0’ is the sound speed at ground le el, ‘z0’ is a reference height and not roughness 

length, and ‘ ’ is the refraction  elocity. If the para eter ‘ ’ is positi e downward refraction 

is replicated and oppositely when the value is negative upward refraction is implied.  

 

The above function of logarithmic sound speed is used in the CNPE calculations in Chapter V 

in order to simulate different levels of refraction. Moreover, for the modelling of the low level 

jet profiles in section 5.3.3, which are based on measured data found in Smedman et al., 

(1993), equation 3.1 was used. 

 

3.3.3 Absorption effect 

Temperature, humidity and precipitation play an important and complex role when it comes to 

attenuation of sound. Atmospheric absorption is mainly related to the dissipation of acoustic 

energy into heat which is caused by the viscosity of air. In addition, the interaction of the 

sound waves with the air molecules also consumes energy. The sound wave will make the 

molecules in air vibrate and rotate and in this way transfer energy. The combination of the 

two effects is characterised as absorption. 

 

Atmospheric absorption depends on temperature, relative humidity and air pressure. 

Moreover it is proportional to the distance from source to receiver. Generally the attenuation 
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of sound in the atmosphere increases with higher sound frequencies and increasing 

temperatures, but decreases at relatively high humidity levels.  

 

The ISO 9613-1 international standard describes extensively how to calculate atmospheric 

absorption for different meteorological conditions. The absorption coefficient defined in the 

standard enables to calculate the sound attenuation caused by atmospheric absorption per 

kilometre. Figure 7 shows the atmospheric absorption in dB for the mid band frequency 

spectrum from 63-8000 Hz over distance. 

 

  

Figure 7 - Atmospheric absorption in dB over distance for an a erage te perature of     C and a relative humidity of 70% 

calculated with the ISO 9613-1 for the nominal mid-band frequency range.  

 

3.3.4 Reflection effect 

The type of the ground is essential for sound propagation. Porous ground like grass will cause 

attenuation of sound. For sources and receivers located close to the ground reflected sound 

waves may reach the receiver in addition to the direct sound energy. This effect is encouraged 

by flat and hard surfaces such as water. Water is considered a hard surface and has a very low 

absorption capability. Consequently when a sound wave hits on water most of its energy is 

reflected back and thus sound will travel over longer distances. A reflecting surface in 

combination with a downward refracting atmosphere will lead to the effect of multiple 

reflections as can be seen in Figure 8. This type of propagation is characterised as cylindrical 

spreading. 
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Figure 8 - Effect of multiple reflections (Swedish EPA, 2010) 

 

In order to compute acoustic ground impedance the relationship based on the model 

developed by Delany and Bazley (1970) is frequently used. Acoustic i pedance ‘Z’ is gi en 

in following equation:    

 

 Z = 1 + 9.08  
 

 
 -     + i ∙  .9  

 

 
 -     (3.3)  

 

where ‘σ’ is the effecti e flow resisti ity [cgs rayls] and ‘f’ sound frequency. Howe er the 

equation is said to  e  alid for  .   < f   σ < 1which makes the use of this model questionable 

for low frequencies with high flow resistivity. A correction of the model based on the same 

data is suggested by Miki (1990).   

 

 Z = 1 + 5.50 (
f

σ
)
- .  2

 + i ∙8.   (
f

σ
)
- .  2

 (3.4)  

 

Other factors influencing the ground effect are source and receiver geometry as well as 

frequency of the sound source. The topology like hills, barriers and valleys will also influence 

sound propagation.  

 

When sound waves travelling on water reach the coast a change in propagation occurs due to 

differences in the surface as well as the wind and temperature gradients. The impedance of the 

ground on land changes and thus part of the sound is attenuated. Also different temperature 
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gradients and frictional forces of the surface on land create another wind profile which affects 

the bending of sound rays and sound profile (Boué, 2007). 

 

 

Figure 9 - R1 depicts the direct sound wave from source to receiver and R2 the indirect sound wave after reflection by the 

surface; the length of R2 is assumed to be equal to the distance from image source to receiver (Salomons, 2001, p. 129) 

 

Figure 9 illustrates a reflecting surface between source and receiver. The angle of incidence of 

the indirect sound wave is equal to the angle of reflection according to the law of mirrors. The 

sound pressure level at the receiver will be the sum of the direct wave and indirect wave. The 

latter can be considered as coming directly from an image source. The apparent source will be 

located opposite to the actual source. The amplitude of the image source is determined from a 

reflection coefficient times the amplitude of the real source. If the ground impedance is finite, 

the reflection coefficient will be less than one and part of the sound energy will be lost at the 

reflection.  

 

The contribution of the reflection effect to the sound pressure level is also related to the height 

of the source and the distance to the receiver. According Boué, (2007) if the ratio of height of 

the emitting source and the distance to the receiver is very small, the influence of the 

reflecting surface is as important as the direct effect of the source.  

 

3.3.5 Roughness effect 

A flat surface will reflect sound waves at the same angle according to the law of mirrors. 

Theoretically a plane or spherical wave will be reflected as a plane or a spherical wave 

respectively, in a homogenous atmosphere. This implies that the phase difference between 
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different parts of the wave will remain the same which is characterised as a coherent sound 

field. 

 

This however is not always the case under normal conditions where the surface displays a 

certain scale of roughness. Hence a rough surface will reflect sound waves at different angles. 

In addition the time before reflection of different parts of the sound wave will vary resulting 

into phase shifts. This will lead to interference between reflected sound waves and incoming 

waves. Thus a sound field that experiences phase shifts is described as incoherent or diffuse. 

Nonetheless, a reflected sound wave will still have a coherent field besides an incoherent field 

that is dependent on the level of surface roughness. Roughness will therefore just like a 

porous surface lead to attenuation of sound pressure levels. 

 

3.3.6 Atmospheric turbulence effect 

Atmospheric turbulence causes random fluctuations of wind speed and temperature in a time 

scale of minutes or seconds. When using effective sound speed however to estimate sound 

pressure levels we assume an averaged profile of for example 10 minutes.  The effect of 

atmospheric turbulence on sound propagation depends on wind speed and temperature 

gradients which determine the sound speed profile. One effect of atmospheric turbulence on 

sound propagation is that it can change the phase and amplitude of sound waves. This can 

lead to higher sound pressure levels than expected. 
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Chapter IV – Noise prediction methods 

In Section 4.1 the theory behind the algebraic noise prediction methods is explained and in 

Section 4.2 the theory of the numerical Parabolic Equation method is reviewed.     

 

4.1 Algebraic prediction methods  

The following section recounts the theory for the ISO 9613-2 as well as the Swedish and the 

Danish method for noise calculation of wind turbines over water. 

4.1.1 ISO 9613-2 General calculation method  

The ISO 9613-2 standard describes a method for calculating the attenuation of sound outdoors 

and enables the prediction of environmental noise at a certain distance for a variety of noise 

sources.  The output of the method gives the equivalent A-weighted sound pressure level of a 

known source under favourable meteorological conditions. In addition it is stated in the ISO 

9613-2 that the method has an accuracy of ±3 dB for a source height of 30 m and a distance 

up to 1000 m (ISO 9613-2, 1996). However no other indications about the accuracy of the 

method are made above this distance.  

 

Moreover, the method can account for downwind conditions as well as moderate temperature 

inversion over ground with wind speeds ranging from 1 to 5 m/s measured at a height 

between 3 to 11 m. However temperature inversions over water are not accounted for which 

can lead to lower predicted sound pressure levels than in reality (ISO 9613-2, 1996). 

 

Furthermore, the method consists of octave-band algorithms with a nominal mid-band 

frequency from 63 Hz to 8 kHz for calculating the attenuation of sound coming from one 

point source or several sources in the downwind direction. In detail the physical effects 

included in the algorithms are the following: 

 

 geometrical divergence 

 atmospheric absorption  

 ground effect 

 reflection from surfaces 

 screening by obstacles 

(ISO 9613-2, 1996) 
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The method also requires several parameters to be known in order to make the calculations, 

such as the geometry of the source and the surrounding environment. 

 

In order to calculate the continuous A-weighted downwind sound pressure level for the 

frequencies from 63 Hz to 8 kHz the following equation is used: 

 

 

LAT (DW) = 10∙log [10
0.1LAfT(63) 

+ 10
0.1LAfT(125) 

+ 10
0.1LAfT(250) 

+ 10
0.1LAfT(500) 

+ 10
0.1LAfT(1k) 

+ 10
0.1LAfT(2k) 

+ 10
0.1LAfT(4k) 

+ 

10
0,1LAfT(8k)

 ] 

 

(4.1)  

 here ‘LAfT’ is the A-weighted noise level at each frequency of the noise source, which is 

given by equation:  

 

 

LAfT (DW) = (Lw+ Af) + Dc – A 

 

(4.2)  

In this case ‘Lw’ is the octa e noise source for non A-weighted point source and ‘Af’ is 

standardised A-weighting from the IEC 651. Added together they give the A-weighted sound 

power level for each octave band.  ‘Dc’ is the directivity correction in decibels, which 

describes the deviation of a continuous sound pressure level of a point source in a certain 

direction in proportion to a sound pressure level of an omnidirectional point source 

propagating into free space. In the case the point source is propagating into free space Dc=0.  

If the source is directional, for example if the source is situated directly over a perfectly 

reflecting surface (he ispherical propagation), ‘Dc’=  d  (Lamancusa, 2009). 

 

The para eter ‘A’ is the octave-band attenuation in decibels from source to receiver point. 

Attenuation point A is given by the following relationship and comprises most of the physical 

effects mentioned above: 

 

 

A = Adiv + Aatm + Agr + Abar + Amisc 

 

(4.3)  

 

4.1.1.1 Attenuation due to geometrical divergence 

Adiv is the attenuation due to geometrical divergence for an omnidirectional sound source. 

Coming back to equation 2.13 in Section 2.13, geometrical divergence is given by: 
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Adiv = 20 ∙ log (d) + 11 

 
(4.4)  

d: is the distance from source to receiver in meters [m]  

 

Figure 10 illustrates the attenuation due to geometrical spreading for spherical and cylindrical 

propagation over distance. It can be seen that the level of attenuation for spherical spreading 

is substantially higher than for cylindrical. 

 

 
Figure 10 - Attenuation due to geometrical divergence for spherical and cylindrical propagation in Decibel  

 

4.1.1.2 Attenuation due to atmospheric absorption 

Attenuation due to at ospheric a sorption ‘Aatm’ is mainly dependent on frequency, 

temperature and relative humidity of the air, as well as to a smaller extent ambient pressure. 

The parameter is calculated with the following formula: 

 

 

Aatm = a ∙ d /1000 

 

(4.5)  

where ‘a’ is the at ospheric absorption coefficient in Decibels [dB] per kilometre for a 

distance ‘d’, from source to receiver on surface level. Table 1 shows the absorption 

coefficients for the frequencies 63-8000Hz for certain temperature and relative humidity 

levels. The absorption coefficient is strongly related to local atmospheric conditions and is 

defined based on average values. The ISO 9613-1 standard gives a more detailed description 

of the calculation method for the attenuation coefficient (ISO 9613-1, 1993). 
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Table 1 - The attenuation coefficient per km for the nominal mid-band frequency spectrum for different levels of temperature 

and relative humidity (ISO 9613-2, 1996). 

 

4.1.1.3 Attenuation due to the ground effect 

The attenuation of the ground effect ‘Agr’ includes the effect of reflection which takes into 

account sound waves reflected by the ground interfering with the sound that is propagated 

directly from sound source to the receiver. The general ground attenuation method is mainly 

applicable for a flat surface or for a ground with a constant slope. The method focuses on the 

region of the source and the receiver in the downwind direction for downward refracting 

atmosphere.  

 

The region at the source is defined as the distance from the source equal to 30 times the height 

of the source with maximum distance from source to receiver. The same applies to the region 

of the receiver. Also a middle region is defined which is between the source and the receiver 

region. If the total distance is smaller than the sum of the region of source and receiver times 

30, the two will overlap and hence the middle region is not existent. For more details on the 

algebraic equations used please refer to the ISO 9613-2, (1996).  

 

 Moreo er a porosity factor ‘G’ of the ground is used as an indication of the hardness of the 

surface which will reflect more sound waves. The porosity factor goes from 0 to 1, G=0 

describing a hard surface like water and G=1 an absorbing ground. The sum of the source 

region ‘As’, recei er region ‘Ar’ and  iddle region ‘Am’ defines the ground attenuation ‘Agr’.  

 

4.1.1.4 Other attenuation parameters 

Other attenuation parameters described in the ISO 9613-2 that can  e included is ‘Abar’ which 

is the attenuation because of a barrier and ‘Amisc’ which is the attenuation due to propagation 

through foliage, industrial sites and housing areas. 
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In addition, normally the ISO 9613-2 standard assumes moderate meteorological conditions 

favourable to sound propagation valid for short time intervals. However, in order to account 

for longer periods where both favourable and unfavourable meteorological conditions can 

occur, a meteorological correction factor is introduced. 

 

 LAT (LT) = LAT (DW) - Cmet (4.6)  

 

The formula for this correction factor is the following: 

 

 Cmet=C  ∙ (1-   ∙(hs+hr) /dp) (4.7)  

 

C0 is a meteorological correction factor which can range between 0 to 5 dB, although in most 

cases it does not exceed 2dB. WindPRO recommends setting the coefficient to 0 dB 

(WindPRO, 2012). Moreover, no guidelines are given by the ISO 9613-2 how to set the 

meteorological correction factor and therefore it is difficult to be implemented in practice.  

 

4.1.2 Swedish method prediction of wind turbine noise over water 

For distances up to 1000 meters the official Swedish method for calculating noise of wind 

turbines, for both on land and on water, is the following: 

 

 LA= LwA – 8 – 20 ∙ log (d) – 0.005 ∙ d (4.8)  

 

Notice that the method assumes hemispherical propagation for a totally reflecting surface. It 

also includes a standard coefficient for atmospheric attenuation of 0.005 dB per metre from 

source to receiver. LwA is the A-weighted sound power level at hub height for a specific wind 

speed measured at 10 meters height. For equation 4.8 octave band data is not required as it 

assumes a constant atmospheric damping coefficient of 0.005 for all frequencies. Distance ‘d’ 

represents the distance from the height of the source hs to the height of the receiver hr. Thus: 

 

 d = √(hs – hr)
2

+dp
2

 (4.9)  

 

dp: is the distance from source to receiver projected on the ground 
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Moreover, when the receiver is on land and located more than 1000 meters from the source 

the Swedish authorities recommend the use of the following formula: 

 

 LA= LWA – 10 – 20 ∙ log (d) – ΔLa (4.10)  

 

In this case the propagation of sound waves is still considered to be spherical, however the 

surface is not assumed to be totally reflecting anymore and thus a higher ground attenuation 

factor is introduced. ‘ΔLa’ represents the atmospheric attenuation parameter which is 

calculated with this equation: 

 

 ΔLa = 10 ∙ log (∑10
(Li+Ai)/10

) –    ∙ log (∑10
(Li+Ai - r∙ai)   

) (4.11)  

 

where Li is the measured octave band value, Ai the A-weighting for the particular frequency 

and ‘ai’ is the atmospheric coefficient defined for each centre frequency.  Hence for equation 

4.10 octave band data is required. This data is usually obtained by the manufacturer. It should 

be noted that the Swedish method considers the frequency spectrum from 63 Hz to 4 kHz and 

not up to the usual 8 kHz. 

 

Finally the method that assumes cylindrical propagation after a distance of 1000 m is the 

following:  

  

 LA = LWA - 8 - 20 ∙ log (d) - ΔLa + 10 ∙ log (d/1000) (4.12)  

 

Again equation 4.12 assumes hemispherical spreading on a totally reflecting surface, only this 

time the parameter 10 ∙ log (d/1000) is introduced. This will change the assumed spreading of 

sound from spherical to cylindrical after 1000 m similar to a line source (see Section 2.14). 

Hence, after 1000 m sound attenuation will be 3 dB and not 6 dB per doubling of distance.  

Initially the Swedish code of 2002 suggested that the phenomena of multiple reflections on 

water already started at 200 m distance. This was later corrected to 700m and finally set to 

1000 m.  

 

4.1.3 Danish method for prediction of wind turbine noise over water 

The Danish method assumes spherical propagation for both land and sea and uses the 

following formula for both surface types:      
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 LpA = LwA - 10 ∙ log [(hs-hr)
2 

+ dp
2
] -   d  + ΔLg - ΔLa (4.13)  

 

The only parameter that changes depending on the surface type is ΔLg which is the ground 

reflection factor. For land surfaces a factor of 1.5 dB is used and for water 3 dB are used 

implying a totally reflecting surface. For this method octave data is required in order to 

determine the atmospheric absorption for each octave band value from 63 Hz to 8 kHz. 

Atmospheric absorption is calculated using this relationship: 

 

 ΔLa = aa ∙√d (4.14)  

 

where ‘aa’ is the a sorption coefficient and ‘d’ the distance from source to receiver. 

Danish method for prediction of low frequency noise indoors 

Furthermore, the Danish authorities have developed a method to calculate low frequencies 

from wind turbines indoors with following code: 

 

 LpA = LwA - 10 ∙ log (d) -   d  + ΔLg - ΔLa - ΔLσ (4.15)  

 

Equation 4.15 is similar to equation 4.13, except that the ΔLg ground reflection factor varies 

with each frequency and ΔLσ is included which represents the sound insulation indoors. For 

ΔLg different ground reflection factors are defined for sea and land surfaces. Note that these 

reflection factors are given higher values than the constant reflection factor of 3dB assumed in 

equation 4.13. This accounts for a lower ground attenuation rate of low frequencies. Table 2 

presents the  alues for ΔLg , ΔLσ as well as the at ospheric a sorption coefficients ‘aa’ used 

for the calculation of ΔLa. 

 

 

Table 2 - Values of the Danish low frequency indoor  ethod for ground reflection ΔLg, indoor insulation ΔLσ and 

atmospheric absorption coefficient aa (Bajers, 2014). 
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4.2 Partial differential based models 

The parabolic wave equation is frequently used in acoustic engineering to estimate long range 

sound propagation. The method essentially calculates the sound pressure level in the direction 

of propagation by solving the so called Helmholtz equation. This partial differential equation 

can be discretised using the Crank-Nicholson method, referred to in literature as the Crank-

Nicholson Parabolic Equation (CNPE). The calculation grid employed is of two or three 

dimensions, although usually a two dimensional grid is used in order to minimise computing 

time.  

 

The advantage of this method to the algebraic method discussed in the previous section is that 

surface impedance and a sound speed profile can be included in the calculations. Moreover, 

atmospheric turbulence and surface roughness can be integrated. On the other hand factors 

that enhance sound propagation like wind and positive temperature gradients can be defined 

by the sound speed profile.  

 

 

Figure 11 - Illustration of the rectangular coordinates xyz and the cylindrical coordinates rzφ. A two dimensional parabolic 

equation method assumes rotational symmetry around the z-axis. Hence only a the r, z directions are studied (Salomons, 

2001, p. 147) 

 

In order to compute a two dimensional grid, rotational symmetry around the z-axis is 

assumed. Hence only the directions r and z are taken into account, depicted in Figure 11. For 

the purpose of the CNPE method the three dimensional Helmholtz equation is reduced to a 

two dimensional form giving following parabolic equation:  
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         (4.16)  

 

where r, z are the coordinates shown in Figure 11. The effective wave number ‘k’ is equal to 

ω / ceff, where ‘ω’ represents the angular frequency and ceff the effective sound speed. ‘q’ is 

equal to   √  , where ‘  ’ sy  olises the complex pressure amplitude and ‘r’ the distance.  

 

However, the elevation angle in which the model gives accurate results is limited (Salomons, 

2001, pp. 163-164). As can be seen Figure 12 γmax is the maximum elevation angle, receiver 

A is outside this angle and therefore cannot be estimated with certainty. Nonetheless this 

should not pose a problem to wind turbine modelling as the receivers are usually located far 

from the source. For a sound source, for example, with a height of hs= 150 m and a receiver 

with a height hr = 1.5 m the wide angle Crank Nicholson Parabolic Equation (CNPE), which 

has an elevation angle limitation of approximately ±    , can estimate sound levels accurately 

above a distance of  
hs-hr

tan  (   ) 
= 2    . 

 

 

Figure 12 - Elevation angle for the Parabolic Equation method (Peixoto de Oliveira, 2012) 

 

The CNPE is especially suited for calculation of low frequencies. The method exists as a 

narrow or wide angle equation. The main difference is that the narrow angle method is 

restricted to an elevation angle of   5   and the wide angle CNPE can be used at a greater 

angle of around      . 
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The wide angle CNPE used for this research project is a two dimensional model. The 

computation starts at r = 0 with a starting function q(0,z), which denotes the monopole source. 

Each calculation step is an extrapolation of this function in the positi e horizontal ‘r’ 

direction, which returns the entire field q(r, z). An extrapolation step fro  range ‘r’ to range ‘r 

+ Δr’ is written as q(r, z)   q(r + Δr, z). Hence the  alues for ‘q’ at a grid point ‘r + Δr’ are 

based on the values at range ‘r’. This implies that results at each vertical grid point at a given 

step ‘r + Δr’ are calculated fro  the  alues at all heights of the pre ious range step ‘r’ as 

shown in Figure 13.  

 

 

Figure 13 - Initial field r1 and extrapolation step r2 (Rosenbaum, 2011, p. 24) 

 

Figure 14 illustrates how the two dimensional calculation grid in the CNPE model looks like. 

The grid spacing in the horizontal and vertical direction is dependent on the wave length and 

thus on the sound frequency that is calculated. Consequently the grid spacing has a maximum 

value of ‘λ’ divided by 10, where ‘λ’ is the wave length. This limitation is required in order to 

assure that each oscillation of the sound field is accounted for and the sound pressure level 

can be calculated with accuracy. Hence the higher the frequency the lower the grid spacing is. 

This has implications for long range sound propagation and high frequencies because the 

number of extrapolation steps in the horizontal direction can be high. This leads to significant 

computing time for high frequencies (Peixoto de Oliveira, 2012). 
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Figure 14 - Two di ensional calculation grid for the Crank Nicholson para olic equation  ethod, where Δr is the grid 

spacing in horizontal direction and Δz in the  ertical direction. The ground surface is at z=  and the upper part includes an 

absorbing layer which prevents sound waves being reflected from the top. The different sizes of circles on the grid points 

indicate the sound pressure amplitude coming from the source (Salomons, 2001, p. 165). 

 

In this research the calculation for a frequency of 250 Hz with a Dual-Core CPU processor 

and 4GB RAM memory lasted about 9 hours. In addition the calculation steps for this 

frequency in the ‘r’ direction of        and in the ‘z’ direction of 650 m in total amounted to 

22.059 and 4.779 respectively.  

 

In the upper boundary of the grid an artificial absorbing layer is built-in in order to eliminate 

reflections from the top, see Figure 14. The determining of thickness of the absorbing layer is 

important, because if it is too thin not all reflections will be eliminated and if it is too thick 

computing time will increase. The model used in this thesis uses an absorption layer with a 

thickness of fifty wavelengths as suggested by Salomons, (2001). Also the constant At 

included in the absorbing layer varies with frequency. Salomons, (2001) suggests the use of 

At = 1, 0.5, 0.4, 0.2 at the frequencies 1000, 500, 125, 30 Hz, respectively. In order to 

calculate the At for the intermittent frequencies linear interpolation can be used (Salomons, 

2001). The ground boundary includes the acoustic ground impedance model by Miki, (1990).  

 

Furthermore it should be noted that the result of the CNPE calculations is the relative sound 

pressure level. The relative sound pressure level is the pressure level relative to the level one 

step away from the point source. In addition, the CNPE model is normalised which means that 

the intensity of the source is always assumed to be equal to one. Therefore the sound power 
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le el of the source is dependent on the calculation step λ      which is related to the 

frequency.  

 

In order to calculate the sound power level for the CNPE model we make use of equation 2.7 

(Section 2.11) and equation 2.13 (Section 2.13). 

 

Hence, since sound intensity is equal to 1: 

 

Lp = 10 ∙ log (1) dB = 0 

 

Therefore, Lw = 20 ∙ log (d) +11 dB (4.17)  

 

where ‘d’ is the calculation step in the horizontal direction. For sound a frequency of 63 Hz 

the calculation step will be approximately 0.5397 m. Hence the sound power level will be:  

 

Lw = 20 ∙ log (0.5397) +11 dB ≈ 5.   dB. 

 

For a frequency of 125 Hz the calculation step is 0.272 m and thus the source sound power 

level Lw ≈ - 0.31 dB. 

 

The theory of the CNPE method is further explained in Appendix A. 
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Chapter V – Numerical results  
 

We will now evaluate the comparison of the algebraic and differential equation based models 

of sound propagation.  

 

Following sound prediction models were used in the experiments:  

 

 the ISO 9613-2 method using the general method for calculation of ground 

attenuation,  

 the newest version of Swedish method assuming cylindrical propagation over 1000 m 

for water surfaces as well as the method for noise propagation over land,  

 the Danish method for sound propagation over water for a nominal mid-band 

frequency spectrum of 63-8000 Hz and the method for low frequencies 

 the wide angle Crank Nicholson Parabolic Equation method based on West et al., 

(1992) and Salomons, (2001) as given by Johansson, (2003) 

 

The ISO 9613-2, the Swedish and the Danish methods were plotted in MS-Excel and 

validated with the wind farm planning software WindPRO (WindPRO, 2012) which includes 

these models. Later the algorithms were computed in the Matlab software. In addition a wide 

angle Crank Nicholson Parabolic Equation was plotted and run with Matlab.  

 

5.1 Evaluation of national and international standards based on algebraic 

equations 
 

In the following section the Swedish, the Danish and the ISO 9613-2 are compared to each 

other. Octave data from a Siemens SWT-2.3MW-82 wind turbine with an 80 m hub height is 

used as input shown in Table 3. Atmospheric absorption coefficients for the prediction codes 

were identical and were taken from the ISO 9613-1 standard. The sound power level of the 

turbine used was measured at 8 m/s at 10 m height and sums up to 106 dB(A) (Siemens, 

2007). The calculations were done for one single turbine. 
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Octave band, 

centre 

frequency 

[Hz] 

63 125 250 500 1000 2000 4000 8000 

A-weighted 

sound power 

level 

Total=106 dB 

79.4 89.4 98.1 100.2 100.5 97.9 96 90.2 

 

Table 3 - Typical octave band for 8 m/s for SWT-2.3MW-82 VS, 80 m hub height. LWA [dB(A) re 1 pW] 

 

 

 

Figure 15 - Ground effect calculated for different sound prediction methods. Note that the distance is given in a logarithmic 

scale. 

 

Figure 15 shows the ground effect calculated with different prediction methods. The Danish 

standard assumes a constant value of 3 dB which is equivalent to the hemispherical 

propagation over a reflecting surface. The Swedish standard assumes also hemispherical 

propagation up to 1000 m distance and cylindrical propagation above that. The ISO 9613-2 

outdoor noise prediction standard calculated with the general method for ground attenuation 

shows its sensitivity to height variations. Hence, for ISO 9613-2  ground reflection for a 30 m 

source starts to increase close to 1000 m and for a 100 m source at about 4000 m distance.  
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Figure 16 - Noise prediction for an 80 m wind turbine on water using octave data and calculated with different prediction 

codes. Here the Swedish method which assumes cylindrical propagation after 1000 m was used. Notice the upward jump of 

the curve that depicts the Swedish results after 1000 m distance.  

 

The graph in Figure 16 shows noise immissions calculated with three different prediction 

methods over a distance of 8000 m. The atmospheric absorption coefficients used in the 

Figure 16 and in the following figures are equivalent to an atmospheric te perature of 2   C 

and a relative humidity of 70%. 

 

In the calculations with ISO 9613-2 standard the general attenuation method is used and the 

ground porosity ‘G’ is set equal to 0, which corresponds to a hard surface.  

 

The Swedish standard assumes cylindrical propagation over 1000 m and therefore the noise 

level increases sharply after that distance. It has to be noticed that it is not clear from the 

literature that was reviewed, when the Swedish method for water surfaces, which assumes 

cylindrical propagation, is meant to be employed. The wind engineering software WindPRO 

suggests using the Swedish method for noise propagation on land for a distance above 1000 m 

when the receiver is located onshore (WindPRO, 2012, p. 313). For less than 1000 m distance 

the formula for onshore and offshore immission points is identical in the Swedish method.  
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In the calculations for this research it is assumed that the Swedish method for cylindrical 

propagation is used for immission points close or on water. Hence a distinction is made in the 

following graphs when the method for cylindrical propagation is used and when the formula 

for spherical propagation for wind turbines located on land is employed. 

 

 
Figure 17 - Noise prediction for an 80 m wind turbine on water using octave data and calculated with different prediction 

codes. In this case the Swedish method that is also used for wind turbines on land is used. This method does not assume a 

change to cylindrical propagation above 1000 m and also assumes a lower ground reflection constant.  

 

Figure 17 shows the results for the different prediction models. This time however the 

Swedish method for receiver on land is used. It can be seen that the Swedish method predicts 

the lowest sound pressure levels compared to the other methods in contrast to Figure 16. The 

Danish code for offshore noise propagation assumes a constant 3 dB increase due to the 

ground effect. The ISO 9613-2 also has a constant ground effect of 3 dB for distances bellow 

2000 m, but starts to increase beyond that.   



58 

 

 
Figure 18 - Noise prediction for an 80 m wind turbine on water using octave data and calculated with the Swedish and Danish 

codes for propagation over water. The Graph shows the results for two different sets of calculation with a changing 

atmospheric absorption coefficient. One set is calculated assuming a relative humidity of 10% and the other with 100%. 

 

Figure 18 depicts the Swedish method with cylindrical propagation and Danish method for 

noise propagation over water. The graph shows the difference of a changing absorption 

coefficient. Both methods are calculated with an absorption coefficient for a relative humidity 

of 10% and 100% respectively. The Swedish method is not influenced by the changing 

humidity level until 1000 m, because it assumes a fixed absorption coefficient of 0.005 dB/m 

until that distance. 
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Figure 19 - Noise prediction for an 80 m wind turbine on water using octave data and calculated with the Swedish method for 

receiver located onshore and Danish codes for propagation over water. The Graph shows the results for two different sets of 

calculation with a changing atmospheric absorption coefficient. One set is calculated assuming a relative humidity of 10% 

and the other with 100%. 

 

 Figure 19 shows the Swedish method for land surfaces and the Danish method for sound 

propagation over water. It is worth noticing that the Swedish method yields higher sound 

pressure levels for distances up to 1000 m for a relative humidity of 10%, but predicts lower 

sound levels over 1000 m compared to the Danish method. In addition, for a relative humidity 

of 100% the Danish method generates more conservative results for distances of more than 

500 m.  

 

5.2 Partial Differential Equation: Wide-angle Crank-Nicholson Parabolic 

Equation  

The following calculations were made with the sound speed profiles found in Johansson, 

(2003, p. 60) that can be seen in Figure 20- Figure 23. 
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Figure 24 combines the sound speed profiles from Figure 20 to Figure 23 in one graph. The 

impedance of the water surface is assumed to be totally reflecting and so the flow resistivity 

was set to infinite.  

 
Figure 20 - Sound speed profile with weak downward 

refraction. Wind speed at 10 m height is about 3 m/s. 

c0=340, b=1, z0=0.5 

 

 
Figure 21 - Sound speed profile with moderate downward 

refraction. Wind speed at 10 m height is about 8 m/s. 

c0=340, b=2.5, z0=0.5 

 
Figure 22 - Sound speed profile with strong downward 

refraction. Wind speed at 10 m height is about 15 m/s. 

c0=340, b=5, z0=0.5 

 

 
Figure 23 - Sound speed profile of a low level jet. Wind 

speed at 10 m height is about 15 m/s. c0=340, b=1, z0=0.5 
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Figure 24 - Comparison of sound speed profiles 1, 2, 3 and 4 

 

 
Figure 25 - Sound propagation over a flat reflecting water surface for a frequency of 63 Hz using the Crank Nicholson 

calculation model. The sound speed profile used is Profile 2. The height of the vertical profile is reduced to 400 m in order to 

reduce computing time. The relative sound pressure levels are given for a source of 30 m, 65 m and 120 m respectively and 

the receiver height is assumed to be 1.5 m.  

 

The calculated relative sound pressure levels in Figure 25 show diverse behaviour for 

different source heights. It can be seen that the multiple reflections for a source height of 30 m 

seem to start around 1000 m, for a source of 65 m after 2000 m and for a source of 120 m 

after 5000 m.  
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Figure 26 - Sound propagation over a flat reflecting surface for a frequency of 125 Hz using the Crank Nicholson model. The 

sound speed profile used is Profile 2. The height of the vertical profile is reduced to 400 m in order to reduce computing time. 

The relative sound pressure levels are given for a source of 30 m, 65 m and 120 m respectively and the receiver height is 

assumed to be 1.5 m. 
 

The same pattern in the behaviour of sound pressure levels for a higher frequency of 125 Hz 

can be observed in Figure 26 were the effect of multiple reflections seems to be consistent 

with the observations in Figure 25.  

 

The observations in Figure 25 and Figure 26 are consistent with the conclusions made in the 

study by Søndergaard et al., (2005) were calculations for long range noise propagation over 

water were made with the NORD2000 model. The authors concluded that for a wind speed of 

8 m/s at 10 m height the effect of multiple reflections for a source height of 30 m will begin at 

distance of 1 to 2 km and above approximately 5 km for a wind turbine with a height of 100 

m.   

 



63 

 

 
Figure 27 - Comparison of the sound pressure level attenuation of CNPE model with the ISO 9613-2 method for two source 

height (hs) 30 m and 120 m respectively. The sound speed profile used in the CNPE model is a moderate refracting 

atmosphere (Profile 2) and the ground impedance is assumed to be totally reflecting (infinite flow resistivity). The calculated 

frequency is 125 Hz and the receiver height is 1.5 m. 

  

In Figure 27 the sound pressure level attenuation is depicted for different source heights 

estimated with the CNPE model and the ISO 9613-2 standard. For a height of 30 m the ISO 

9613-2 results seem to be consistent with the output of the CNPE. In contrast, for a source 

height of 120 m the results of the ISO 9613-2 seem to well above the CNPE results, especially 

until approximately 5000 m. This gives an indication of the weakness of the algebraic 

methods like the ISO 9613-2 to take into account higher heights of sound source which 

characterise better the height of modern large scale wind turbines.  
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Figure 28 - Long range propagation of 63Hz sound frequency with a source located at 100 m height and receiver at 1.5 m 

height over a hard surface tested for different sound speed profiles. 

 

 
Figure 29 - Long range propagation of 125 Hz sound frequency with a source located at 100 m height and receiver at 1.5 m 

height over a hard surface tested for different sound speed profiles. 
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The effect of multiple reflections will be intensified by a stronger refracting atmosphere and 

in the case of the low level jet profile, as can be seen in Figure 28 and Figure 29. Moreover 

the effect of multiple reflections will start earlier for a strong refracting atmosphere than for a 

weaker downward refraction. 

 

Figure 30 shows the difference in amplitude for different frequencies over distance under the 

low level jet profile (profile 4). It can be clearly observed that the higher the frequency the 

greater the attenuation will be with distance. 

 

 
Figure 30 - Illustration of the relative sound pressure level for long range propagation over a water surface for different 

frequencies with a low level jet profile (profile 4).  

 

5.3 Comparison of noise prediction methods 
 

In the following sections the results of the algebraic methods and the CNPE method are 

compared. In Section 5.3.1 the case of noise propagation over a water surface is evaluated. In 

Section 5.3.2 a shore is introduced in order to examine the impact a change in the ground 

impedance has on sound propagation. Finally in Section 5.3.3 the low level jet phenomenon 

over water is examined closer with the use of measured data found in Smedman et al., (1993).  
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5.3.1 Noise propagation over a water surface 

The following calculations with CNPE model have been done assuming a water surface with 

infinite flow resistivity. The calculations have been done for different sound speed profiles 

and for a frequency of 63 Hz and 125 Hz. The results have been compared with the ISO 9613-

2, the Swedish method with cylindrical propagation (with receiver on or near water), the 

Danish low frequency method and Danish method for regular frequencies (63-8000 Hz) over 

a water surface.  The source height was assumed to be 100 m and the receiver height 1.5 m for 

all calculations. 

 

CNPE over 

water surface 

Sound speed profile for 

CNPE 

Frequency 

[Hz] 

ISO 9613-2       

& 

Swedish method 

(receiver on 

water) 

& 

Danish method 
(low frequency 

and nominal mid-

band frequency 

method) 

Profile 1 63 

Profile 2 63 

Profile 4 63 

Profile 2 125 

Profile 4 125 

Table 4 - Overview of noise prediction methods compared 
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Figure 31 - Illustration of the sound pressure level attenuation for different prediction  ethods o er a water surface (σ=∞). 

The sound speed profile used in the CNPE model (Profile 1) is for a weak downward refracting atmosphere. The source 

height (hs) used in all four methods is 100 m and the receiver height 1.5 m. The calculated frequency is 63 Hz. 

 

For a weak refracting atmosphere like it is shown in Figure 31 the ISO 9613-2 and the Danish 

method for low frequencies and regular frequencies seem to have a relatively good 

compatibility with the CNPE model over a water surface until 4000 m distance. The Swedish 

method for water surface seems to mostly overestimate the results compared to the CNPE 

model until about 7000 m.  

 

The Danish low frequency standard normally includes a sound insulation parameter defined 

for each frequency. This parameter has been excluded in the all calculations in order to make 

the algorithm comparable to the other methods.  
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Figure 32 - Illustration of the sound pressure le el attenuation for different prediction  ethods o er a water surface (σ=∞). 

The sound speed profile used in the CNPE model (Profile 2) is for a moderate downward refracting atmosphere. The source 

height (hs) used in all four methods is 100 m and the receiver height 1.5 m. The calculated frequency is 63 Hz. 

 

For a moderate refracting atmosphere as depicted in Figure 32 the ISO 9613-2 and the Danish 

method for regular frequencies seem to roughly agree with the CNPE model bellow 4000 m 

distance from the source. After 4000 m the CNPE model shows consecutive patterns of what 

seem to be interference minima and maxima which deviate from the ISO 9613-2 and the 

Danish method. The Swedish method however seems to agree relatively well with the 

interference maxima given by the CNPE model.    
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Figure 33 - Illustration of the sound pressure le el attenuation for different prediction  ethods o er a water surface (σ=∞). 

The sound speed profile used in the CNPE model is the low level jet profile (Profile 4). The source height (hs) used in all four 

methods is 100 m and the receiver height 1.5 m. The calculated frequency is 63 Hz. 

 

Figure 33 depicts the output of the CNPE model calculated with the low level jet sound speed 

profile (Profile 4). The results of the CNPE fluctuate between high and low sound pressure 

levels which can probably be attributed to the interference of sound waves enhanced by 

multiple reflections. A large proportion of the interference maxima exceed the results of the 

Swedish method which is the most conservative out of the other methods.  
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Figure 34 - Illustration of the sound pressure le el attenuation for different prediction  ethods o er a water surface (σ=∞). 

The sound speed profile used in the CNPE model (Profile 2) is for a moderate downward refracting atmosphere. The source 

height (hs) used in all four methods is 100 m and the receiver height 1.5 m. The calculated frequency is 125 Hz. 

 

For a frequency of 125 Hz all methods seem to overestimate the results of the CNPE model 

until 4000 m as can be seen in Figure 34. The Swedish method with cylindrical propagation 

still gives the most conservative results but is close to the interference maxima estimated by 

the CNPE method. 
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Figure 35 - Illustration the sound pressure le el attenuation for different prediction  ethods o er a water surface (σ=∞). The 

sound speed profile used in the CNPE model is a low level jet profile (Profile 4). The source height (hs) used in all methods is 

100 m and the receiver height 1.5 m. The calculated frequency is 125 Hz. 

 

Figure 35 illustrates the results of the CNPE model for a low level jet sound speed profile for 

a frequency of 125 Hz this time. Compared to the national and international standards the 

results of the CNPE model seem to be closer to the output calculated with the Swedish 

method assuming cylindrical propagation.  

 

5.3.2 Noise propagation over water with shore 

Calculations in this section with the CNPE model have been made with a shore after a 

distance of 6000 m for a calculated frequency of 63 Hz and 4500 m for a frequency of 125 

Hz, by changing the ground impedance of the surface boundary. The sound speed profile is 

also changed to a land profile (see Figure 36) at 6000 m for 63 Hz and at 4500 m for 125 Hz.   
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Figure 36 - Logarithmic land sound speed Profile 5: b= 1, z0= 1. Wind speed at 10 m height is about 2.5 m/s. In addition 

Profile 2 for medium refraction is shown in the figure. 

  

Two types of ground impedance have been tested for the shoreline. A forest floor with a flow 

resistivity σ= 50 cgs rayls and a surface equi alent to hard grassland with σ= 500 cgs rayls 

(Johansson, 2003).  

 

The results of the CNPE have been compared with the algebraic methods. In addition, the 

Swedish method for prediction of noise on land is calculated and included in the comparison. 

The source height for all calculation is 100 m and the receiver height 1.5 m. 

 

CNPE with 

shore line after 

6000m 

Sound speed profile for 

CNPE 
Frequency 

Shore 

type 

ISO 9613-2       

& 

Swedish method 

(receiver on or 

near water and 

receiver on land) 

& 

Danish method 

(low frequency 

and nominal mid-

Profile 2, Profile 5 63 
Hard 

grassland 

Profile 2, Profile 5 63 
Forest 

surface 
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band frequency 

method) 

 Profile 2, Profile 5 125 
Hard 

grassland 

Table 5 - Overview of noise prediction methods compared with introduction of a shore 

 

 

 
Figure 37 - The sound pressure level attenuation for different prediction methods over a water surface with a shore 

incorporated after 6000 m. The sound speed profiles used in the CNPE model is for moderate refracting atmosphere (Profile 

2) and after the 6000 m the profile is changed to a land profile (profile 5). The ground impedance is assumed to be totally 

reflecting (infinite flow resistivity) until 6000 m, after that a shoreline has been introduced with a ground impedance 

corresponding to hard grassland (flow resisti ity σ=5   cgs rayls). Moreover the black dotted line shows the sound pressure 

level attenuation assuming a totally reflecting surface for the entire distance. The source height (hs) used in all methods is 100 

m and the receiver height 1.5 m. The calculated frequency is 63 Hz. 

 

In Figure 37 a shore has been introduced after 6000 m in the CNPE model. For this reason the 

ground impedance has been changed from infinite effective flow resistivity to 500 cgs rayls 

equivalent to hard grassland. The sound speed profile is also changed at 6000 m from a 

medium refracting atmosphere (profile 2) to a land logarithmic profile (profile 5).  

 

It is interesting to notice when comparing the two sets of CNPE results in Figure 37 that the 

calculations with a shoreline indicate lower sound pressure levels after 6000 m, but increase 

gradually and exceed the results for a constant reflecting surface after approximately 7500 m. 

The interference minimum observed close to 8000 m in the case of the constant reflecting 

surface seems to be cancelled out in the shoreline case. 
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The results in Figure 37 show that the Swedish method for noise propagation over water 

predicts higher sound pressure levels than the CNPE model, except at around 5000 m and 

close to 8000 m distance. The Danish method for low frequencies also estimates higher sound 

pressure levels than the CNPE model until around 4500 m distance.  

 

 
Figure 38 - The sound pressure level attenuation for different prediction methods over a water surface with a shore 

incorporated after 6000 m. The sound speed profiles used in the CNPE model is for moderate refracting atmosphere (Profile 

2) and after the 6000 m the profile is changed to a land profile (profile 5). The ground impedance is assumed to be totally 

reflecting (infinite flow resistivity) until 6000 m, after that a shoreline has been introduced with a ground impedance 

corresponding to a forest floor (flow resisti ity σ=50 cgs rayls). Moreover the black dotted line shows the sound pressure 

level attenuation assuming a totally reflecting surface for the entire distance. The source height (hs) used in all methods is 

100 m and the receiver height 1.5 m. The calculated frequency is 63 Hz. 

 

Similar to Figure 37, Figure 38 shows the CNPE output with and without a shoreline, together 

with the results of the algebraic methods. This time the ground impedance chosen is 

equivalent to a forest floor, which has a lower level of flow resistivity than hard grassland. 

Hence the sound attenuation by the ground increases.  
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Figure 39 - The sound pressure level attenuation for different prediction methods over a water surface with a shore 

incorporated after 4500 m. The sound speed profiles used in the CNPE model is for moderate refracting atmosphere (Profile 

2) and after the 4500 m the profile is changed to a land profile (profile 5). The ground impedance is assumed to be totally 

reflecting (infinite flow resistivity) until 4500 m, after that a shoreline has been introduced with a ground impedance 

corresponding to hard grassland (flow resisti ity σ=5   cgs rayls). Moreover the black dotted line shows the sound pressure 

level attenuation assuming a totally reflecting surface for the entire distance. The source height (hs) used in all methods is 100 

m and the receiver height 1.5 m. The calculated frequency is 125 Hz. 

 

Figure 39 displays the CNPE results with a shore that corresponds to hard grassland after 

4500 m for a frequency of 125 Hz. The calculations have been reduced to a total distance of 

6000 m in order to reduce the computing time of the CNPE method. In this case all the other 

methods seem to predict higher sound pressure level than the CNPE until around 4000 m 

(except for the Swedish methods at a distance close to 1000 m). The algebraic prediction 

method closest to the results of the CNPE, up to a distance of 4000 m, is the Swedish method 

for noise propagation on land. After 4000 m and until around 5500 m the sound pressure level 

according to the CNPE calculations, for both cases of constant and changing ground 

impedance, is increasing.  

 

5.3.3 Noise propagation with low level jet sound speed profiles from actual 

measurements 

In this section four different low level jet profiles have been included in the CNPE model 

based on wind and temperature profiles found in Smedman et al., (1993). The four cases are 
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named 182:1, 182:2, 184:1 and 185:2. These measurements were made by an aircraft in May 

1989 within low level jets over the Baltic Sea.  

 

The temperature profiles in the four cases show a positive temperature gradient. Moreover the 

profiles have a height of 1900 m which means they extend over the marine boundary layer. 

Therefore the influence of temperature and wind speed gradients in higher altitudes on sound 

propagation near ground can be studied. 

 

In order to incorporate the low level jet characteristics of the four cases in the CNPE model 

equation 3.1 (Section 3.3.1) was employed. For that purpose an average sound speed of c0= 

340 m/s and an average temperature T0=288.15 were used. Figure 40 shows the individual 

sound speed profiles for the four cases of low level jets together with the low level jet profile 

used in the calculations in Section 5.3.1. 

 

 

Figure 40 - The graph shows the sound speed profiles for four cases of measured data showing low level jets over water 

found in Smedman et. al, (1993) . The fifth low level jet profile (profile 4) was previously used in Johansson, (2003) and also 

used in the calculations in Section 5.3.1. 

 

In addition the results of the CNPE calculations are compared with the results of with the ISO 

9613-2, the Swedish method with cylindrical propagation, the Danish low frequency method 

and Danish method for regular frequencies over a water surface. Appendix B you can see the 

contour plots for the results of the CNPE model for the four different cases of low level jets.  
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5.3.3.1 - Case 182:1 

 

 
Figure 41 - Wind profile for case 182:1 

 
Figure 42 - Temperature profile for case 182:1 

 

 
Figure 43 - The graph shows the low level jet profile 182:1 calculated with the CNPE model over a reflecting sea surface for 

a frequency of 63 Hz. The Swedish (on or near water), the Danish (for low frequency and nominal mid-band frequency) and 

the ISO 9613-2 method are also calculated for an octave band frequency of 63Hz. The source height used for all calculations 

is 100 m and the receiver height was set to 1.5 m.  
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5.3.3.2 Case 182:2 

 

 
Figure 44 - Wind speed profile for case 182:2 

 
Figure 45 - Temperature profile for case 182:2 

 

 
Figure 46 - The graph shows the low level jet profile 182:2 calculated with the CNPE model over a reflecting sea surface for 

a frequency of 63 Hz. The Swedish (on or near water), the Danish (for low frequency and nominal mid-band frequency) and 

the ISO 9613-2 method are also calculated for an octave band frequency of 63Hz. The source height used for all calculations 

is 100 m and the receiver height was set to 1.5 m. 
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5.3.3.3 - Case 184:1 

 

 
Figure 47 - Wind speed profile for case 184:1 

 
Figure 48 - Temperature profile for case 184:1 

 

 
Figure 49 - The graph shows the low level jet profile 184:1 calculated with the CNPE model over a reflecting sea surface for 

a frequency of 63 Hz. The Swedish (on or near water), the Danish (for low frequency and nominal mid-band frequency) and 

the ISO 9613-2 method are also calculated for an octave band frequency of 63Hz. The source height used for all calculations 

is 100 m and the receiver height was set to 1.5 m. 
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5.3.3.4 - Case 185:2 

 

 
Figure 50 - Wind speed profile for case 185:2 

 
Figure 51 - Temperature profile for case 185:2 

 

 
Figure 52 - The graph shows the low level jet profile 185:2 calculated with the CNPE model over a reflecting sea surface for 

a frequency of 63 Hz. The Swedish (on or near water), the Danish (for low frequency and nominal mid-band frequency) and 

the ISO 9613-2 method are also calculated for an octave band frequency of 63Hz. The source height used for all calculations 

is 100 m and the receiver height was set to 1.5 m. 
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Chapter VI − Discussion 

The experiments with the CNPE model showed that the height of the source in particular is 

important with regard to the reflection of sound waves which is not addressed in the algebraic 

methods with exception of the ISO 9613-2 standard. Moreover the effect of multiple 

reflections is dependent on the height of the source and the receiver, the distance between 

them as well as the frequency of the sound wave. The ISO 9613-2 doesn’t see  to  e a le to 

account for the difference in source height when compared with the CNPE method. 

  

Furthermore, the calculations with the CNPE showed variations in the sound pressure level 

attenuation over distance, which can be attributed to constructive and deconstructive 

interference of sound waves. Constructive and deconstructive interference is dependent on 

relative amplitudes and phases of the direct and reflected waves. Thus the interference of 

sound waves may result in enhancement (constructive interference) or attenuation 

(deconstructive interference) of sound pressure levels (NPL, 2014). The experiments with the 

CNPE method for this research showed that the interference of sound waves becomes more 

complex under different levels of a downward refraction and ground acoustic impedance. On 

the other hand the interference of sound waves is only empirically accounted for in the ISO 

9613-2 or the Danish or the Swedish method. This makes the comparison of the algebraic 

methods and the CNPE model rather difficult.  

 

It is important to notice however that the CNPE results give indication only about the specific 

condition calculated and does not provide statistical mean values of sound pressure levels. In 

reality the atmosphere is a constantly changing medium in time. On the other side the 

algebraic prediction methods like the ISO 9613-2 give average values for conditions which 

are moderately favourable for sound propagation. 

 

Therefore the advantages and disadvantages of the Partial Differential method opposed to the 

algebraic methods must be made clear. The CNPE is able to calculate range dependent 

atmospheric conditions and ground properties. However it is mostly suited for low 

frequencies because frequencies can only be calculated one at the time and the computing 

time increases significantly for high frequencies. Moreover in order to adequately represent 

the situation being modelled the accuracy of the model depends on the input parameters 

(NPL, 2014). 



82 

 

 

The algebraic methods allow for a quick and easy estimation of noise levels, but certain 

assumptions and simplification make the methods less accurate. Besides, the ISO 9613-2, the 

Swedish and the Danish method are based on empirical data that was measured when the 

standard height of wind turbines was 30-40 m (Søndergaard et al., 2005). This does not 

represent the height of modern industrial sized wind turbines. In addition, the estimation of 

long range sound propagation over water increases the uncertainty of the methods due to the 

interference of sound waves resulting from downward refraction and the effect of multiple 

reflections among other causes.  

 

Table 6 gives an overview of the minimum and maximum calculated difference between the 

algebraic methods and the CNPE method’s results. The negative percentage indicates a higher 

predicted sound pressure level of the algebraic method compared to the CNPE method and a 

positive percentage implies the opposite.  

 

From Table 6 we can observe that the Swedish method for propagation on water (receiver 

near or on water) and the Danish method for calculation of low frequencies, give the most 

conservative results compared to the other methods. This is mainly due to the higher 

importance they attribute to ground reflection. It should be noted again that the indoor 

insulation parameter is not included in the calculation of the Danish method for low 

frequencies. Sound insulation indoors will undeniably lower sound pressure levels especially 

for lower frequencies and is an important parameter to be taken into account when calculating 

wind turbine noise. In addition, the Swedish method for propagation over water which 

assumes cylindrical propagation after 1000 m is less likely to underestimate sound pressure 

levels when comparing it with the results of the CNPE method. The Danish method for 

frequencies from 63-8000 Hz and the ISO 9613-2 give similar results, although the ISO 9613-

2 is slightly more conservative.  
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Minimum and 

maximum deviation 

of calculated sound 

pressure levels from 

CNPE results in %  

Swedish 

method 

propagation  

over water  

Danish 

method 

propagation 

over  water 

ISO 9613-2, 

G=0 

Danish 

method for 

low 

frequencies  

propagation 

over water 

Swedish 

method 

propagation 

over land 

Profile 1 - 63 Hz, 

Figure 31 

-19% 11% -11% 14% -12% 11% -14% 10% - - 

Profile 2 - 63 Hz, 

Figure 32 

-20% 8% -11% 14% -13% 12% -14% 10% - - 

Profile 4 - 63Hz, 

Figure 33 

-32% 17% -29% 30% -29% 27% -31% 26% - - 

                      

Profile 2 - 125Hz, 

Figure 34 

-27% 2% -19% 11% -20% 8% -21% 9% - - 

Profile 4 - 125Hz, 

Figure 35 

-13% 15% -8% 27% -8% 24% -10% 24% - - 

                      

Profile 2 - 63Hz 

grass, Figure 37 

-16% 9% -7% 14% -8% 12% -10% 10% -5% 17% 

Profile 2 - 63Hz 

forest, Figure 38 

-16% 9% -7% 14% -8% 12% -10% 10% -5% 17% 

Profile 2 - 125Hz 

grass Figure 39 

-24% 2% -18% 11% -19% 9% -20% 9% -16% 13% 

                      

LLJ - 182:1, Figure 

43 

-16% 15% -7% 17% -8% 14% -10% 13% - - 

LLJ - 182:2, Figure 

46 

-9% 15% -2% 19% -3% 17% -6% 15% - - 

LLJ - 184:1, Figure 

49 

-25 % 18% -16% 18% -18% 16% -19% 14% - - 

LLJ - 185:2, Figure 

52 

-12% 16% -3% 16% -5% 14% -7% 12% - - 

Table 6 - Minimum and maximum difference in sound pressure levels between the algebraic methods and the CNPE method 

given in percentages (Difference = CNPE method – Algebraic method) 
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Chapter VII − Conclusions 

Different noise prediction methods have been assessed in regard to long range propagation of 

noise from a single wind turbine over a water surface. The noise prediction algorithms of the 

ISO 9613-2, the Swedish method and the Danish method were evaluated and computed with 

the help of MS-Excel and the software Matlab. Furthermore a wide angle Crank Nicholson 

Parabolic Equation was used to investigate different meteorological conditions and 

phenomena. In addition, the CNPE method was compared to the national and international 

algebraic methods for noise prediction in order to assess their accuracy. Special focus was 

given to low frequency sounds and meteorological conditions with a strong downward 

refracting atmosphere, like the low level jet phenomenon. The main remarks and conclusions 

of the experiments are: 

 

 The CNPE method requires a high computational capacity at higher frequencies 

because of the size of grid space becoming very small at higher frequencies.  

 

 The boss model previously used by Johansson, L. (2003) in the CNPE method, which 

simulates the effect of the water waves on sound propagation, is restricted to 

frequencies bellow 50 Hz. Consequently the experiments in this research, which were 

conducted for frequencies above 50 Hz, were done without the influence of water 

waves.  

 

 The calculations with the CNPE method over a totally reflecting water surface 

indicated that the transition from spherical (6 dB per doubling of distance) to 

cylindrical spreading (3 dB reduction of doubling of distance) of sound is related to 

the height of the source and for an average height of 100 m does not occur before 

3000-4000 m distance for a receiver height of 1.5 m for frequencies 63 Hz to 125 Hz. 

In addition, for a source of 65 m the transition to cylindrical spreading seems to occur 

after 1000 - 2000 m. The Swedish method assuming a transition at 1000 m seems 

unrealistic. 

 

 Furthermore the ISO 9613-2, the Swedish and the Danish method seem not able to 

account for a difference in source height when compared to the results of the CNPE.  
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 However, the Swedish method for propagation over water assuming cylindrical 

propagation is less likely to underestimate sound pressure levels when compared to the 

CNPE results, than the other algebraic methods used in this research.  

 

 The effect of multiple reflections and the interference of sound waves are difficult to 

foresee as they are dependent on many factors, like for example the height of the 

source and the receiver, the distance between them, surface roughness, temperature 

and wind speed gradients as well as turbulence scattering.   

 

 The ISO 9613-2, the Danish and the Swedish methods for wind turbine noise 

prediction can only partially take into account refraction and the effect of multiple 

reflections.  

 

 In order to accurately predict sound levels for long range sound propagation over 

water many factors need to be taken into account including meteorological conditions.  

Phenomena like the marine low level jet will impact sound propagation over water. 

The occurrence of these phenomena needs to be studied in order to accurately predict 

sound immisions for offshore wind turbines. 

 

 The use of the Parabolic Equation method for prediction of noise sources although 

considered more accurate in comparison to the algebraic methods is still restricted 

mainly to academic research. In order to encourage its broader use in the wind 

industry further effort has to be put in research and development of modelling 

scattering due to turbulence, modelling of terrain, reduction of computing time, data 

collection describing meteorological conditions and user-friendly interfaces.  

 

 The Crank-Nicholson Parabolic Equation method can prove useful to the wind 

industry in order to address seasonal or meteorology dependant noise disturbance by 

wind farms, especially if low frequencies are involved. 
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Appendix A − Theory of wide angle Crank Nicholson PE 
 

The wide angle Crank Nicholson parabolic equation used in the calculations is based on West 

et al., (1992) and Salomons, (2001). 

 

Ground boundary layer 

The ground boundary condition is of second order using the normalised surface impedance, as 

recommended by Salomons, (2001): 

 

p0 = (3 - 2ik0 ∙ 
  

 
 )

-1
 ∙ (4p1 – p2) 

 

where    is the step size in the vertical direction and p0, p1, and p2 represent sound pressure in 

three consecutive calculation points.   

 

Upper boundary layer 

The upper boundary uses a similar boundary condition as the ground surface:  

 

pM+1 = (3 + 2ik0Δz)
-1 
∙ (4pM – pM-1) 

 

However instead of ground impedance a normalised impedance of air is used Z = 1. The 

normalised impedance serves to absorb the vertical travelling plane waves. Nonetheless other 

sound waves are reflected back. Therefore an absorbing layer is introduced which eliminates 

these reflections. The absorbing layer is 50 wave lengths deep as advised by Salomons, 

(2001).  

 

The relationship for the absorbing layer is described by following equation: 

 

ka = k(z) + iAi ∙ 
      

 

        
                 zt ≤ z ≤zM 

 

At is the constant that is dependent on frequency and has to be adjusted for different 

frequencies. 

 

Starting field 

The starting field corresponds to a point source located at the source height zs. 



91 

 

 

q(0,z) = q0 (z – zs) + Cq0 (z + zs) 

 

where: 

q(z) = √   (A0 + A2   
   ) 

  
   

  

 

A0 = 1.3717, A2 = -0.3701 and B = 3 are constants. C = (Z – 1) / (Z + 1) is the reflection 

coefficient and k0 is the vertical wave number which is an assumed to be constant (Salomons, 

2001).  

 

The wide angle Crank Nicholson parabolic equation method 

The wide angle parabolic equation is given by: 

 

[1 + 
 

 
] 
  

  
 = i  

 

 
φ 

 

For which:  

(1+ 
 

 
) ≡ [1 + 

 

    
] 

 

where                                                           E = aT + D 

 

a=
 

      
 

T is a sparse matrix: 

 

T= (

          
    

 
 
 

  
 

 
 
    

 
 
 
 

) 

 

Where s1 and s2 define the ground boundary condition: 

 

   
 

      
  

 

  and      
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A similar boundary condition is used at the upper part of the grid with Z=1. D is a diagonal 

matrix: 

 

D = diag (b1,b2,b3,…) 

 

where      
    

      
  

   
 is the variable that introduces refraction. Two matrices are created: 

 

M1 = 1 + E 
  

 
 + 

 

    
 and M2 = 1 - E 

  

 
 + 

 

    
 

 

Finally the finite difference form of the sound field is given by: 

 

M2 ∙ φ (r + Δr) = M ∙ φ (r) 

 

The CNPE will generate the sound pressure “en elope” ter  ‘φ’ for e ery point of the 

calculation grid. In order to acquire the sound pressure, ‘φ’ is di ided  y the square root of the 

distance from source to receiver (√   multiplied by the source strength (intensity) which in 

this case is equal to 1. The relative sound pressure level is calculated with: 

 

         
| |

|  |
 

 

where p0 is the sound pressure level one calculation step away from the source (Johansson, 

2003). 
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Appendix B – Contours of relative sound pressure levels for low level jet 

profiles cases: 182:1, 182:2, 184:1, 185:2 
 

Here the contour plots showing the results of the CNPE for the four different low level jet 

cases are given. The vertical bar on the right of each graph represents Decibels. 

 

 
Figure 53 - Relative sound pressure level for low level jet case 182:1 in Decibels [dB] 
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Figure 54 - Relative sound pressure level for low level jet case 182:2 in Decibels [dB] 

 
Figure 55 - Relative sound pressure level for low level jet case 184:1 in Decibels [dB] 
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Figure 56- Relative sound pressure level for low level jet case 185:2 in Decibels [dB] 
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Appendix C – Paper published in the proceedings of the the EWEA 

Conference 2014 
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