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ABSTRACT 

The recent goals from some countries to become renewable energy based and reduce carbon 

dioxide emissions have caused the wind industry to grow. Together, the size of the wind farms 

and the noise emission have grown, while the noise emission regulations have to be fulfilled. 

Numerical simulations based on engineering approaches are in many cases a fast alternative that 

may supplement actual sound measurements at the site on question. However, the sound 

propagation models have many assumptions and estimations, as different variants can affect the 

resulting sound propagation. The accuracy of the sound propagation models Nord2000, 

CONCAWE, and ISO 9613-2 are investigated in this research by comparing the predicted to the 

measured sound pressure levels from a wind farm in northern Sweden.  

Different parameters were investigated in each model, as wind speed and direction, roughness 

length, ground class, temperature gradient, and receiver height. The computational calculations 

were run on SoundPLAN software for a single point, the nearby dwelling. For the different 

parameters investigated, the settings were defined and inputted in the software, and the 

calculations were run. The equivalent sound pressure level results from the computational 

models were compared to the equivalent sound pressure level of the sound measurements filtered 

from background noise. 

The results indicate that the model ISO 9613-2 did not perform well for the specific site 

conditions at the wind farm. On the other hand, the CONCAWE and Nord2000 showed high 

accuracy, for downwind conditions at 8 m/s. For upwind conditions at 8 m/s, Nord2000 is more 

accurate, as the refraction of the sound rays are better calculated on this model. For the variants 

investigated on the Nord2000 model, the results that better approximate to the sound levels of the 

sound measurements are the roughness length 0.3, ground class D, and temperature gradient  

0.05 K/m. Thus, these settings would be recommended for calculations with Nord2000 for noise 

assessment in a permit process. 
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dB(A) Decibel A weighed 

dB Decibel 
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ENE East northeast 

EPA Environmental Protection Agency 

ESE East southeast 

f Frequency band 
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K/m Kelvin per meter 

kHz Kilo Hertz 
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m/s Meters per second 

N North 

NE Northeast 

NNE North northeast 

NNW North northwest 

NW Northwest 

S South 
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SPL Sound pressure level of the sound measurements 
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CHAPTER I. INTRODUCTION 

Many countries’ goals are to reduce their carbon dioxide emission and become renewable energy 

based. Wind turbines are considered a renewable and an environmentally friendly source of 

energy (Pedersen, 2007). However, the noise impact is an issue for the wind industry, as the 

wind turbines are getting more powerful and the wind farms are getting bigger, consequently 

producing more noise.  

Noise issues are considered as one of the most common concerns from the communities against 

wind power projects (Chourpouliadis, et al., 2012) (Abbasi, et al., 2013). Researchers indicate 

that 75% of the arguments against wind power projects are about noise emissions (Arezesa, et 

al., 2014). The aerodynamic noise produced by the wind turbines, especially the “swish” sound, 

is considered the most disturbing. Even in cases when the sound pressure level from the wind 

turbine is lower than the ones from road traffic, railway, or aircraft, the wind turbine noise is 

considered more annoying (Pedersen, 2007).  

There are two sources of noise in a wind turbine, the mechanical and the aerodynamic noise. The 

aerodynamic noise is produced by the air turbulence created by the air passing over the blades 

and blades rotation. The mechanical noise is produced by all the mechanical parts of the wind 

turbine, but mostly the gearbox and generator (Manwell, et al., 2009).   

Noise is, by definition, an unpleasant sound. For a sound to be considered a noise, the sound 

characteristics or the sound pressure level are not the relevant factors; it depends on whether the 

receiver considers it annoying or not. The perception of the sound by a person depends on the 

frequency of the sound, the propagation path, and the presence or absence of background sound 

(Pedersen, 2007).  Depending on the frequency of the sound and the propagation path, the sound 

can be absorbed or scattered, not reaching the receivers or reaching them with low sound 

pressure levels (Salomons, 2001). The background noise acts as masking on the sound from the 

wind turbines, thus the perception of the wind turbine’s noise by the receiver is lowered (Bolin, 

2006). In addition, the exposure of the receiver may interfere with the perception of the sound. 

Indoor exposure in buildings with acoustics and vibrations systems may result in low sound 

pressure levels (Hubbard & Shepherd, 1990). 
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1.1 Problem formulation 

A regulation for noise pressure level on residences has been created in order to control the noise 

impact from the wind farms. In Sweden, the total sound pressure level should not exceed 40 

dB(A) at 8 m/s wind speed and at 10 meters height. In areas where the level of ambient noise is 

low, the levels should not exceed 35 dB(A) (Naturvårdsverket, 2017).  

In the planning phase of a wind farm, it is indispensable to investigate the sound levels that the 

wind farm would inflict on the nearby dwellings, in order to not have future issues with the 

permission process. Noise prediction using sound propagation models is considered a faster and 

cheaper solution compared to noise measurements with microphones. In addition, it can be 

useful to determine the position and number of wind turbines that will be installed on a wind 

farm.  

Different computational sound propagation models have been created based on different 

regulations and purpose, in order to predict the noise propagation. However, there are many 

assumptions and estimations on the models, as the sound propagation is affected by different 

environmental factors, such as weather conditions, ground cover, and terrain. 

The accuracy of three sound propagation models, Nord2000, CONCAWE, and ISO 9613-2, are 

investigated in this research, by comparing the equivalent sound pressure level predicted by the 

models, with the equivalent sound pressure level of the sound measurements (SPL) from a wind 

farm in northern Sweden. The Swedish EPA sound propagation calculation was not implemented 

due to unavailability of this model in SoundPLAN software and time restrictions.  

The objective was to investigate different settings on the calculations, as the wind direction and 

speed, according to the methodology (Chapter IV), and compare with the equivalent sound 

pressure level of the sound measurements, for the same conditions. Based on the literature 

review (Chapter II) and on the wind farm description (Chapter III), the numerical results 

(Chapter V) are discussed (Chapter VI), and concluded (Chapter VII). 

The research question is: Are the models Nord2000, CONCAWE, and ISO 9613-2 accurate for 

outdoor noise propagation from a wind farm when compared to the sound pressure level of 

sound measurements?  
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CHAPTER II. LITERATURE REVIEW 

In the following sections, the fundamentals of acoustics, the physics of outdoor sound 

propagation, and the basics of the models investigated in this research are reviewed.  

 

2.1 Fundamentals  

Sound is defined as the pressure variation in a medium (solid, liquid, or gas) that propagates in 

all directions producing sensation to human ears; this traveling pressure fluctuation is called 

sound wave (Hau, 2006). The sound wave is a fraction of the velocity by the frequency of the 

sound. The frequency of the sound is the number of cycles per second; humans can hear 

frequencies between 20 Hz to 20 kHz (Manwell, et al., 2009). 

Sound power level is the total acoustic power emitted by the wind turbines. Sound pressure level 

is the sound levels measured usually with a microphone and converted into decibels, in a 

logarithmic scale (Earnest & Wizelius, 2011). Some sources directivity may cause the decrease 

of the sound pressure levels (Friman, 2011). 

The equivalent sound pressure level, in decibels (dB), is a method to describe, in a single value, 

the sound levels from a time period. It is commonly described in decibels A (dB(A)). The A-

weighting noise level is commonly used to sound levels perceived by the human ears; where the 

sound frequencies that the human ears are sensitive are weighted different than the other 

frequencies (Wizelius, 2007).   

 

2.2 Effects on sound propagation 

Some effects, such as the refraction, reflection, atmospheric turbulence, absorption, ground 

effect, and meteorological effect may interfere with the propagation of the sound waves, 

increasing or attenuating the sound levels (Salomons, 2001). Those effects are described on the 

paragraphs below. 
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The propagation of sound waves are represented by sound rays, which indicate the lines where 

the acoustic energy travels. The sound rays can be deflected downward or upward. This 

phenomenon is called refraction; it is dependent on the wind and temperature gradient (Larsson 

& Israelsson, 1991).  

The wind speed gradient is the variation of the wind speed with altitude. Differences in the 

temperature of the air in different layers can cause wind speed to change. On layers where the 

temperature of the air is high, the wind speed increases. Moreover, the ground surface roughness 

interferes with the wind speed, slowing it down. The higher the ground roughness, higher the 

wind speed gradient. In downwind conditions, when the wind blows from the noise source 

towards the receiver, the increase of the wind gradient will cause the sound rays to bend 

downwards (Figure 1, right), and the wind speed is added to the sound wave’s propagation 

speed. In upwind conditions, when the wind blows from the receiver towards the noise source, 

the sound rays are bent upwards (Figure 1, left), and regions of sound shadow may be created 

(Salomons, 2001) (Larsson & Israelsson, 1991).  

The temperature gradient is the variation of the air temperature with height over the ground 

surface. Under conditions where the air temperature decreases with increasing the height 

(negative temperature gradient), the sound rays are bent upward (Figure 1, left). The opposite, 

when the air temperature increases with increasing the height (positive temperature gradient), the 

sound rays are bent downward (Figure 1, right) and the sound might be heard over larger 

distances. (Hubbard & Shepherd, 1990).  At night it is usual to have a positive temperature 

gradient. The contrary, during daytime, the negative temperature gradient is usual (Salomons, 

2001).  

The wind speed gradient influences the refraction of the sounds rays more than the temperature 

gradient. Only in cases where the wind speed is low, will the temperature gradient influence the 

refraction of the sound rays. A combination of positive wind gradient and negative temperature 

gradient may create a straight sound ray (According to Larsson, as cited in Wondollek, 2009), 

depending on the magnitude of each effect. 

Atmospheric turbulence is a disturbance of the laminar flow of the air, forming eddies in the air. 

The mechanical turbulence is caused by the air flowing over rough surfaces or obstacles, forming 

small eddies on the air locally. In addition, thermal turbulence is caused by the changes in the 
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vertical temperature profile, changing the wind speed profile, forming eddies on the air (Hubbard 

& Shepherd, 1990). 

             

Figure 1: Direct and reflect ray in upward conditions (left) and downward conditions (right) 

Source: Salomons (2001), p. 43 

The absorption effect is the dissipation of acoustic energy into the atmosphere. Temperature, air 

pressure, and humidity interfere directly with the atmospheric absorption. The distance to the 

noise source is another relevant factor, as the absorption effect increases with the distance. This 

effect is considered low for low frequency sounds. However, it increases as a function of the 

frequency (Salomons, 2001). 

The sound rays are reflected off surfaces and the receiver may be affected by the direct and the 

reflected sound rays (Figure 1). The reflection of sound rays is dependent on the impedance of 

the surface. The impedance of a surface is the measure of the resistance of the surface against the 

air movement, the harder the surface (less porous, for example, water or concrete), the higher the 

acoustic impedance of the surface. On harder surfaces, the capacity to absorb the energy from the 

sound waves is low, thus most of the energy is reflected. Consequently, the sound waves can 

travel longer distances (Salomons, 2001).  

The ground effect is the influence of the ground characteristics, the grazing angle (difference in 

high from the emission to the immission), and the sound frequency, to cause the amplification or 

attenuation of the sound levels. In conditions where the grazing angle and the frequencies are 

low, perfect reflection, and no atmospheric turbulence, the sound level at the immission point 

will increase by 6 dB (Lamancusa, 2008). The sound rays in downward refraction are reflected 

on the ground and multiple reflections occur, the direct and the reflect rays interact with each 

other achieving the receiver with a higher sound pressure level (Salomons, 2001). 
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Meteorological effect has a significant effect on the sound propagation, attenuating or increasing 

the sound levels depending on the conditions (Larsson, 2000). It became significant at distances 

between 0.4 and 1 km from the source (Öhlund & Larsson, 2014). The accretion of ice on the 

blades does not affect the sound propagation, but the sound power level emitted, increasing the 

levels (Pérez, et al., 2016). 

 

2.3 Sound propagation models 

The sound propagation models investigated in this research are presented in this sections below. 

The Nord2000 model is presented in Section 2.3.1, the ISO 9613-2 model in Section 2.3.2, as 

well as the CONCAWE model in Section 2.3.3. Only the main characteristics of each model are 

described, but not the details of the mathematics behind. 

 

2.3.1 Nord2000 

Nord2000 model was developed by the Nordic countries to predict the outdoor noise propagation 

over the water and land surfaces. The model is based on the ray model theory and the theory of 

diffraction (Kragh, 2000). The model output is the equivalent sound pressure level, in 1/3 octave 

bends from 25 Hz to 10 kHz (Tarrero, et al., 2007). It is suitable for hilly terrains, as it considers 

the differences in topography (Doran, et al., 2016) and can be applied to non-refracting and 

refracting conditions (Hart, et al., 2016). 

The model can predict the sound propagation for short (less than one hour) or long terms and for 

homogeneous or inhomogeneous atmosphere conditions. The long-term calculation is based on 

the short-term predictions and the meteorological statistics. The model is considered accurate 

with deviations of ± 2 dB (Kragh, et al., 2002). 

 

2.3.1.1 Basic equations 

The sound pressure level is calculated for each frequency bend in decibels (dB). It is calculated 

according to the formula 1 (Doran, et al., 2016). 
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Sound pressure level = Lw + △Ld + △La + △Lt + △Ls + △Lr    (1) 

Where: 

Lw is the sound power level for the octave bend,  

△Ld is the propagation effect of spherical divergence,  

△La is the propagation effect of the atmospheric absorption,  

△Lt is the propagation effect of the terrain,  

△Ls is the propagation effect of the scattering zones,  

△Lr is the propagation effect of obstacles. 

It is assumed that those effects can be estimated independently from each other. The only 

exception is the terrain and the scattering zones that interact with each other. The different 

effects that interfere with the sound propagation are described in more detail in the paragraphs 

below (Doran, et al., 2016). 

The atmospheric absorption is calculated according to the ISO 9613-1 “Acoustics - Attenuation 

of sound during propagation outdoors - Part 1: Calculation of the absorption of sound by the 

atmosphere” (ISO, 1996), and by analytical methods for estimating the attenuation of the sound 

in different frequencies bend for 1/3 octave bends at the center frequency (Doran, et al., 2016).  

The difference between the sound pressure level in a ground surface that affects the sound 

propagation and the sound pressure level in the free-field is defined as the ground effect. The 

model for ground effect is based on geometrical ray theory. The sound rays reflected on the 

ground can interact with the ones that travel from the source to the receiver directly, resulting in 

a ground effect on the sound levels at the receiver (Doran, et al., 2016). 

In Nord2000 the ground surfaces are defined as eight different ground classes, from A to H 

(Table 1). The ground classes are classified according to the ground impedance. The ground 

impedance is directly connected to the resistivity flow of the ground surface. The harder the 

ground surface, the lower the flow resistivity (Doran, et al., 2016).  

 

 



8 
 

 

Table 1: Ground classes 

Ground class Definition 
A Very soft  
B Soft forest floor  
C Uncompacted, loose ground 
D Normal uncompacted ground 
E Compacted field and gravel 
F Compacted dense ground  
G Hard surface 
H Very hard and dense surface 

Source: (Delta, 2001) 

The screen effect is the effect that even when the receiver is behind a barrier, the sound can still 

achieve the receiver. It happens due to the wind and temperature variation that create turbulence 

and the sound energy is scattered into the sound shadow zones. This effect is based on the 

geometrical theory of diffraction (Doran, et al., 2016).  

For the terrain effect calculation, the terrain is classified as three different terrain profiles: the 

flat, the valley, and the hilly terrain model. The flat model is used when the terrain is classified 

as a flat terrain. The valley model is used in cases where the terrain is not flat and the screening 

effect is insignificant. Moreover, the model is used in cases where the screening effect is 

significant (Doran, et al., 2016). 

The temperature and wind profile has a significant interference with the sound speed profile. The 

temperature profile interferes with the wind profile and consequently the sound speed profile.  

The sound rays are bent downwards or upwards depending on the wind and temperature profile. 

The roughness length is used on the model to define the wind speed profile (Doran, et al., 2016). 

The classification of the roughness length varies according to the type of terrain cover (Panofsky 

& Dutton, 1984). 

Obstacles can reflect the sound and interfere with the propagation. This interference is calculated 

as an extra sound ray, created by the reflection, which impacts the receiver (Doran, et al., 2016).  
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The scattering zones are places where the sound rays are reflected as urban areas or vegetation. 

The influence of these zones, on the sound pressure level, depends on the density and reflection 

coefficient of the objects (Doran, et al., 2016). 

 

2.3.2 ISO 9613-2 

The ISO 9613-2 “Acoustics – Attenuation of sound during propagation outdoors – Part2: 

General method of calculation” (ISO, 1996) is a method to predict outdoor noise propagation. It 

can be applied for different sound sources and covers the major mechanics of sound attenuation.  

On the calculations, this model considers moderate temperature inversion over the ground, in 

downwind conditions, and wind speeds from 1 to 5 m/s at 3 to 11 meters height.  It can predict 

long-term sound pressure levels on an A-weighted scale and octave-bands. The physics of sound 

propagation accounted by the model are the atmospheric absorption, reflection, geometrical 

spreading, and sound barriers attenuation. Therefore, the geometry and characteristics of the 

ground are essentials for the calculations (ISO, 1996). According to Mylonas (2014), the 

reflection and refraction of the sound rays are calculated partially on this model. 

Some other researchers showed that ISO 9613-2 under-predict the sound levels (Evans & 

Cooper, 2012). For distances between 100 m and 1000 m and source height up to 30 m, the 

accuracy of the method can vary ±3 dB, and for distances greater than 1 km the accuracy of the 

method is not defined (Hart, et al., 2016). It is recommended to add 3 dB(A) on the sound 

pressure results in cases when the receiver is in a valley (Bass, et al., 1998).  

 

2.3.2.1 Basic equations 

The equivalent sound pressure level at the receiver, in downwind conditions, is calculated for 

each point source based on the formula 2 (ISO, 1996). 
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Leq (DW) = Lw + Dc - A                                                          (2)   

Where: 

Leq (DW) is the equivalent sound pressure level at the receiver, in downwind conditions, for 

octave-bands, 

Lw is the sound power level by the point source,  

Dc is the directivity correction that describes the deviation of the sound pressure level in a 

specific direction from the sound power level, 

A is the attenuation of the sound propagation. It is a sum of the attenuation due to the 

geometrical divergence, the atmospheric absorption, the ground effect, the barriers, and 

miscellaneous other effects (ISO, 1996). 

Geometrical divergence is the spherical spreading of the sound from a point sound source in a 

free field.  The attenuation due to geometrical divergence is dependent on the distance between 

the source and receiver, in meters (ISO, 1996). 

The sound attenuation due to atmospheric absorption (Aatm) is calculated based on the 

atmospheric absorption coefficient (α), according to the formula 3. The absorption coefficient is 

calculated according to the ISO 9613-1 “Acoustics - Attenuation of sound during propagation 

outdoors - Part 1: Calculation of the absorption of sound by the atmosphere”. It is dependent on 

the frequency bend, air pressure, temperature, and relative humidity (ISO, 1996). 

Aatm = αd/1000      (3) 

The ground effect is mainly the reflection of the sound rays that interact with the direct rays. For 

terrains approximately flat or with a constant slope, three different regions are defined for the 

ground attenuation: the source, the middle and the receiver region. The source and the receiver 

regions are determined as 30 times the source and the receiver height, respectively, and the 

middle region is in between both, the ground effect is calculated for each region separately (ISO, 

1996). Therefore, changing the receiver height the ground effect on the propagation of the sound 

change 



11 
 

 

Barrier attenuation is calculated for each octave-band based on variants as the wavelength and 

meteorological effects (ISO, 1996).  

For long periods the meteorological correction is applied, in this case, the long-term average 

sound power (Llt) level is calculated according to the formula 4 (ISO, 1996). 

Llt = Leq - Cmet      (4) 

Where:  

Leq is the equivalent sound pressure level at the receiver, 

Cmet is the meteorological correction (ISO, 1996).  

 

2.3.3 CONCAWE  

The CONCAWE model was created in 1981 to predict the sound levels from petroleum and 

petrochemical complexes (Doran, et al., 2016). It can be applied to distances up to 2 km and 

sources height up to 25 m (Evans & Cooper, 2012). It calculates for octave-band with 

frequencies from 63 Hz to 4 KHz the long-term equivalent sound levels. The model assumes 

spherical spreading for point sources. It is derived from the calculations the topography and the 

meteorological conditions (Doran, et al., 2016). The model takes into account the vertical wind 

speed gradient indirectly, thus the effect of bending upwards the sound rays in upwind conditions 

are not calculated (Hansen, et al., 2017).  

 

2.3.3.1 Basic equations 

The sound pressure level is calculated based on the formula 5 (Doran, et al., 2016).  

Lp = Lw + D - K1 - K2 – K3 – K4 – K5 – K6 – K7      (5) 

Where: 

Lw is the octave-band sound power level,  

D is the directivity index of source, 

K1 is the sound attenuation because of the geometric spreading, 
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K2 is the sound attenuation because of the atmospheric absorption, 

K3 is the sound attenuation because of the ground effect, 

K4 is the sound correction for source and receiver height, 

K5 is the sound attenuation because of the meteorological effect,  

K6 is the sound attenuation because of the barrier shielding, 

K7 is the sound attenuation because of the screening. 

The geometrical spreading is assumed as the spherical spreading for the point sources (Doran, et 

al., 2016).  

The atmospheric absorption attenuation calculated on the model is according to the American 

National Standard Methods, ANSI S1.26, for calculation of the absorption of sound by the 

atmosphere (American National Standards Institute, 1995).  

For the meteorological effects on sound attenuation, the distance, frequency, and meteorological 

category are taken into consideration (Doran, et al., 2016). 

For barrier shielding and the screening attenuation, the methods used in CONCAWE are 

respectively the Maekawa’s method (Maekawa, 1968) (Dejong & Stusnik, 1976) and Judd and 

Dryden (Judd & Dryden, 1975).  
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CHAPTER III. FIELD STUDY 

The wind farm layout, the wind turbine specifications, the site description and the sound 

measurements are described in the following sections. 

 

3.1 Site conditions 

The wind farm analyzed in this research is located in northern of Sweden, with 33 Siemens SWT 

3.0-113 wind turbines and a total capacity of 99 MW. The technical specifications of the wind 

turbines are in Table 2 and the layout of the wind farm in Figure 2. 

Table 2: Technical specifications of the wind turbine 

Model Siemens SWT- 3.0-113 
Type 3 bladed, horizontal axis 
Position Upwind 
Rated power 3 MW 
Power regulation Pitch regulation 
Rotor diameter 113 meters 
Swept area 10,000 m2 
Rotor speed range 6.5-14.7 rpm 
Cut-in wind speed 3-5 m/s 
Rated wind speed 12-13 m/s 
Cut-out wind speed 25.0 m/s 

Source: Siemens (2015) 

The local terrain of the wind farm is hilly, with mostly grown up forest, but also with areas of 

new vegetation. No reflecting surfaces around the wind farm were identified, except the ground 

surface. 

The closest dwelling is located in a valley southeast of the wind farm, 1.45 km away from the 

closest wind turbine. The different in height from the wind turbines to the dwelling is around 115 

meter, plus 115 meters height of the wind turbine hub, resulting in a total difference in height 

form the source to the receiver of around 330 meters. The terrain between the dwelling and the 

closest wind turbine is covered by forest. However, in the immediate proximity of the dwelling, 

the terrain is covered by lawn. 
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Figure 2: Layout of the wind farm 
Source: Adapted from Fredriksson (2015) 

 

3.2 Sound measurements  

Microphone measurements were performed in two locations. One were close to a wind turbine 

(emission or source) and the second at a near dwelling (immission or receiver). The sound 

measurements data were provided by Akustikkonsulten with permission by the wind farm owner. 

For a complete description of the measurements, see Fredriksson (2015).   

The measurements were performed during the period from 20th of March 2015 to 19th of August 

2015 and from 12th October 2015 to 26th October 2015. The emission sound measurements were 

accomplished according to the standard IEC 61400-11 (IEC, 2006). The microphone was placed 

on a hard reflective plate on the ground (Figure 3) for short-term measurements as well as on 2.5 
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meters height for long-term measurements. The distance to the wind turbine was equivalent to 

the turbine total height. The microphones were protected by a primary and secondary wind 

screen (Fredriksson, 2015). 

The immission sound measurements were performed according to the method described in 

Ljunggren (1998). The microphone was allocated on a hard reflective plate on the facade of the 

dwelling at approximately 1.5 meters height; the microphone was protected by a primary and 

secondary wind screen (Fredriksson, 2015).  

The measured emission and immission data were corrected, for each frequency band, from the 

effect of the windscreens and the facade and plate reflection. The effect of the windscreens, 

measured in a laboratory, is considered to be less than 1 dB for the façade, and for the plate, the 

correction is 6 dB. The results of the measurements can present some variations, due to some 

variants as the weather conditions. The uncertainties are estimated to be less than 1.5 dB 

(Fredriksson, 2015). 

 
Figure 3: Microphone 

Source: Fredriksson (2015)  
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CHAPTER IV. METHODS 

The aim of the used methodology was to acquire comparable data from the sound measurements 

to the calculations results. Thus the sound measurements were filtered to sort the sound 

measurements of the wind turbine and exclude mostly of the other sounds. In addition, run the 

computational models Nord2000, CONCAWE, and ISO 9613-2 for outdoor sound propagation. 

And finally, compare, for the same wind speed and direction, the equivalent sound pressure level 

of both, the sound measurements and the calculations results. The flowchart, in Figure 4, 

illustrates the methodology and the following sections describe it. 

 

Figure 4: Flowchart of the methodology used in this thesis 

 

4.1 Filtering the sound measurements data 

The sound measurements data are 10 minutes average equivalent sound pressure levels, 1/3 

octave-band levels, with mid bands frequencies from 6.3 Hz to 20 kHz, weighted in decibel A 

(dB(A)). In the analysis only the frequencies from 25 Hz to 4 kHz were considered. As this is a 

common practice, frequencies below 25 Hz are usually considered less of a problem for outdoors 
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sound propagation from wind turbines and it can be disturbed by noise sources. In addition, 

frequencies above 4 kHz are usually dominated by other sound sources. 

Three different criteria to filter the sound measurements and remove the ones that have the 

highest influence of background noise and have not, to the author’s knowledge, been used 

before. The first treatment was to remove the measurements with wind speed 0 m/s. It was 

assumed that measurements when the wind speed was 0 m/s is probable because the wind turbine 

is under maintenance and the sound measured are from the near wind turbines or background 

noise. The other two were based on the sound spectra of the emission and immission 

measurements.  

The second treatment of the data was to remove the measurement points where the sound 

pressure level (immission measurements) was higher than the sound power level (emission 

measurements), for the same frequency. In those cases, the sound measurements were considered 

to originate from background noise.  

The third treatment was based on the spectral resemblance analysis. The sound measurements 

from the emission and immission were treated in order to remove the dissimilar spectral content. 

The frequency bands were normalized for both emission and immission measurements, with the 

peak at 0dB, according to the formulas (6 -7). The difference between the sound spectra of 

emission and emission were calculated according to the formula 8, and the absolutely sum were 

calculated and divided by the number of frequency bands, according to formula 9. The sound 

measurements with Ldiff_total  less than 3 dB were used in the analyses. Two examples of high and 

low spectral resemblance are shown in Figure 5. The atmospheric attenuation, that acts 

attenuating the sound levels, especially for the higher frequencies, is neglected on this method. 

Lem_new(f) = Lem(f) - max (Lem(f))        (6) 

Lim_new(f) = Lim(f) - max (Lim(f))       (7) 

Ldiff(f) = Lem_new(f) - Lim_new(f)       (8) 

 Ldiff_total =  Sum (abs (Ldiff(f)))/N             (9) 

Where: 

f is the frequency band, 

Lem is the sound power level at the emission point, 

Lem_new is the new sound power level at the emission point, 
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Lim is the sound pressure level at the immission point, 

Lim_new is the new sound presure level at the immission point, 

Ldiff is the difference between the new sound power level for the emission point and the new 

sound pressure level for the immission point, 

Ldiff_total is the total sum of the sound pressure level differences, 

N is the number of frequencies bands. 

 

As no background noise measurements were provided, the filtration was done based on the 

sound spectra of the emission and immisson. Although it is considered to be sufficient for 

comparison against calculated sound pressure levels, the sound measurements data cannot be 

concluded to be purely from the wind turbines and no background is influencing the sound 

levels. 

 

Figure 5: Low spectral resemblance (left) and high spectral resemblance (right) 

 

4.2 Computation modelling 

The main purpose of this research was to investigate the accuracy of the sound propagation 

models Nord2000, ISO 9613-2, and CONCAWE, for outdoor sound propagation, by comparing 

the equivalent sound pressure values of the sound measurements with the equivalent sound 

pressure level of the calculations results according to the models. The propagation models were 

implemented by using the software SoundPLAN Version 8.0.  

Different parameters were investigated on the computational calculations, in order to compare 

with the sound measurements. For Nord2000 calculations, the wind speed and direction, 
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roughness length, ground class, and the temperature gradient were the parameters investigated. 

For CONCAWE calculations, the parameters investigated were wind speed and direction. 

Moreover, for the ISO 9613-2 calculation, the setting investigated was the receiver height. The 

details of the parameters investigated are in Table 3. For Nord2000 and CONCAWE 

calculations, the receiver height on all the calculations was 1.5 meters, as the standard for noise 

prediction from wind turbines. For all the calculations on Nord2000, the temperature was 15º and 

the humidity 70%. For the CONCAWE and ISO 9613-2 the ground on the calculation was 1, 

defined as soft ground. 

Table 3: Parameters investigated on the computational calculations 

Nord2000 
Wind speed 4, 6, 8, 10, 12, and 14 m/s. 
Wind direction N, NNE, ENE, E, ESE, SSE, S, SSW, WSW, W, WNW, NNW, 

Downwind (NW), and Upwind (SE). 
Roughness length 0.05, 0.3, 1, and 2. 
Ground class A, B, C, D, E, F, and G. 
Temperature gradient 0 and  0.05 K/m 

CONCAWE 
Wind speed 4, 6, 8, 10, 12, and 14 m/s. 
Wind direction Downwind (NW) and Upwind (SE). 

ISO 9613-2 
Receiver height 1.5 and 4 meters 

 

Fourteen different wind directions were considered in the calculations (Table 4). Downwind 

condition is when the wind is blowing from the source to the receiver and upwind the other way 

around. Crosswind is when the wind is blowing perpendicular to the source and receiver. For the 

investigated site, the downwind and upwind conditions are when the wind direction is, 

respectively, NW and SE. Additionally, the NE and SW are the crosswind directions.  

In the models, every wind turbine is considered as a point source located at the rotor center, and 

the sound power level emitted by the turbine is dependent on the wind speed. The sound power 

level inputted in SoundPLAN for the wind speeds 5, 6, and 7 m/s were according to Table 5 

(Fredriksson, 2015). For the wind speeds less than 5 m/s, Akustikkonsulten has provided the 

sound power level. For wind speeds higher than 7 m/s the sound power level was considered the 

same as for 7 m/s, according to Akustikkonsulten information.  
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Table 4: Cardinal and degree wind direction  

Cardinal direction Degree direction 
N 0º 

NNE 30º 
ENE 60º 

E 90º 
ESE 120º 
SSE 150º 

S 180º 
SSW 210º 
WSW 240º 

W 270º 
WNW 300º 
NNW 330º 
NW 315º 
SE 135º 

 

Table 5: Sound power level 

Wind speed (m/s) Sound power level (dB(A)) 
5 102 
6 105.3 
7 105.8 

Source: Fredriksson (2015) 

The calculations were performed for a single reception point. Based on the methodology from 

the sound propagation models, SoundPLAN calculates the propagation of the sound for every 

source and the output is the equivalent sound pressure levels for a single reception point. In this 

research, the single reception point is the closest dwelling to the wind farm.  

For the noise mapping calculations, many single reception points are calculated on SoundPLAN, 

and the areas with the same sound pressure level are identified. For Nord2000 maps, the wind 

speed was 8m/s at two wind directions, downwind and upwind, and the parameters on the 

calculations were: temperature gradient 0.05 K/m, roughness length 0.3, and ground class D. For 

CONCAWE maps, the wind speed was 8 m/s at two wind directions, downwind and upwind. In 

addition, for ISO 9613-2 maps the receiver heights were 1.5 and 4. The noise maps were not 

used to define the accuracy of the models. Instead, it was used to illustrate the difference on the 

sound propagation for different wind directions or receiver heights.  
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4.3 Comparing the data 

The equivalent sound pressure level results from the calculations of the Nord2000, CONCAWE, 

and ISO 9613-2 models, according to the methodology in Section 4.2, were compared with the 

equivalent sound pressure level from the sound measurements data, filtered according to the 

methodology in Section 4.1. The comparisons of the sound pressure levels were done for the 

same wind direction and speed for both, calculations results and sound measurements. 

On each comparison a different wind speed and direction were investigated. To be comparable to 

the results from the calculations, the sound measurements data were filtered for the same wind 

speed and direction of the calculations. To filter the sound measurements for the wanted wind 

speed, the wind speed deviation was ± 0.5 m/s for all the comparisons. To filter the sound 

measurements for the wanted wind direction, two different degree deviations were used, ±15 and 

±45 degrees, the degree direction is presented in Table 4. For the wind directions N, NNE, ENE, 

E, ESE, SSE, S, SSW, WSW, W, WNW, and NNW the degree deviation was ±15 degrees, and 

for the wind directions NW and SE it was ±45 degrees. The difference is because the 

calculations were focused on the downwind (NW) and upwind (SE) conditions, and the standard 

is to consider the deviation as ±45 degrees. However, the other twelve wind directions were 

investigated, to those; the 360 degrees were divided into twelve, resulting in a deviation of ±15 

degrees. 

After filtering the sound measurements from background noise (Section 4.1), and for the wind 

speed and direction wanted on the analysis, the sound pressure level of the sound measurements 

data were averaged and the deviation of the values calculated. The logarithmic averages were 

calculated on excel, according to the formula 10 provided by Akustikkonsulten. The deviations 

of the values were calculated according to excel formula of deviation. 

Log average = 10*LOG10 (SUM (10^ (Values/10)))-10*LOG10 (COUNT (Values))         (10) 

Where: 

Log10 is the logarithm with base 10, 

SUM is the sum of the values, 

Values are the values you want to average, 

COUNT is the count of the cells with values.  
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CHAPTER V. NUMERICAL RESULTS AND DISCUSSION 

The numerical results from the calculations on SoundPLAN and the results from the sound 

measurements are presented in the following sections. 

 

5.1 Sound measurements data 

The wind directions for the sound measurements are the directions of the hub from the closest 

wind turbine to the dwelling. Moreover, the wind speed was estimated based on the power output 

of the wind turbine and the power curve. Assuming a logarithmic wind speed profile and a flat 

terrain, the wind speed was extrapolated to the wind speed at 10 meter height above the ground 

(Fredriksson, 2015), as a standard for noise reports.  

According to the methodology described in Section 4.1, the sound measurements data were 

filtered. The measurements were removed when the spectral difference (Ldiff_tot) was higher than 

3 dB(A), the wind speed was 0 m/s, and the sound pressure level was higher than the sound 

power level at the same frequency. In total, 19,375 measurements had a spectral difference 

higher than 3 dB(A), corresponding to 80% of the measurements. 10,574 measurements were 

identified with the sound pressure level higher than the sound power level for the same 

frequency; it corresponds to 43% of the measurements. In addition, 2,918 measurements were at 

0 m/s wind speeds, corresponding to 12% of the measurements.  

From a total of 24,136 measurement points, 3,487 were used in the analyses, correspondent to 

14.4% of the measurements. The number of measurements, for the different wind directions and 

the percentage of the chosen measurements, are presented in Table 6. In the analysis of 12 

different wind directions, the hub direction deviation was ±15 degrees. However, in the analysis 

of 4 different wind directions, the hub direction deviation was ±45 degrees, as explained in 

Section 4.2.  

Figure 6 shows the equivalent sound levels for the dwelling and wind turbine in different wind 

speeds of all measurements, and the Figure 7 just the selected ones used in the analyses. The 

percentage of measurements selected and total, per sound pressure level is in Figure 8. 
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The wind rose for twelve different wind directions, for all the measurements, is presented in 

Figure 9 and for the selected measurements it is presented in Figure 10. The degree for each 

wind direction is presented in Table 4. 

 
Figure 6: Total sound levels as a function of hub wind speeds of all measurements 

 
Figure 7: Total sound levels as a function of hub wind speeds of selected measurements 

 
Figure 8: Percentage of all and the selected measurements per sound pressure level 
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Figure 9: Wind rose from all the measurements 

 

 
Figure 10: Wind rose from the selected measurements 

 



25 
 

 

Table 6: Number of measurement points for different wind directions 

 

 

 

The downwind direction (NW) has the highest number of measurements selected, 18% of the 

total measurements, compared to crosswind (NE, SW) and upwind (SE) (Table 6). Considering 

the twelve wind directions, the ones that have the highest percentage of selected measurements 

are W and WNW (Table 6), mostly under wind speed conditions of 6 and 8 m/s (Figure 10). For 

this research, the W and WNW directions are considered as purely downwind conditions. The 

downwind directions have the highest percentage of selected measurements, first because the 

prevalence of the wind is from those directions (Figure 9). Second, because the dwelling is at a 

lower altitude compared to the wind turbine, therefore the wind is blocked by the hill where the 

turbine is installed and the background noise induced by the wind is decreased.  

The measurements were removed when the wind speed was low, between 1 and 5 m/s, and the 

sound pressure levels were high, more than 60 dB(A) (Figure 6 and 7). Those measurements 

might show high levels of background noise, as for low wind speeds the sound pressure level 

should not be high. Moreover, the points where the wind speed is higher than 13.5 m/s were 

Wind direction ± 
15 degrees 

All 
measurements 

Selected 
measurements 

% of chosen 
measurements 

N 1657 147 8.9 
NNE 672 19 2.8 
ENE 581 26 4.5 

E 642 17 2.6 
ESE 1431 68 4.8 
SSE 1991 182 9.1 

S 1901 278 14.6 
SSW 1820 327 18.0 
WSW 1611 226 14.0 

W 3171 651 20.5 
WNW 5369 981 17.2 
NNW 3290 565 17.2 
Total 24136 3487 14.4 

Wind direction ± 
45 degrees 

All 
measurements 

Selected 
measurements 

% of chosen 
measurements 

NE 2269 97 4.3 
SE 4708 403 8.6 
SW 5749 914 15.9 
NW 11410 2073 18.2 

Total 24136 3487 14.4 
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removed, as the induced background noise was assumed to be high due to the high wind speed 

(Figure 6 and 7). 

The distribution of all the measurements increase gradually until 35 dB(A) and decreases after 

that, until around 52 dB(A). The majority of the selected measurements are between 30 to 43 

dB(A) (Figure 8), as with the results from (Öhlund & Larsson, 2014). Indicating that even 

applying a different method for filtering the data, the results are similar in terms of prevalence of 

the selected measurements for different sound pressure levels.  

In the following sections of this report some of the graphs present error bars of around ±1-3 

dB(A). Those error bars represent the standard deviation of the sound measurements results. 

Deviations of ±1-3 dB(A) are expected for outdoor sound measurements, as with the results from 

Fredriksson (2015) that used a different method to filter the measurements from background 

noise. Again, indicating that the methodology used in this research for filtering the data was 

satisfactory compared to other researches that used different methods to filter the sound 

measurements data.  

Although the filtration has been done according to chapter 4.1 one cannot conclude that the used 

measurement data is purely from the wind turbines and no background noise is influencing the 

sound levels. There is no measurement of the background noise. Thus the filtration was done 

based on the sound spectra of the emission and immission, which for the case of this study is 

believed to be sufficient for comparison against calculated sound pressure levels.  

 

5.2 Nord2000 

The calculations according to Nord2000 model were run on SoundPLAN software according to 

the methodology in Chapter 4. The results are presented in the following sections.  

 

5.2.1 Varying wind direction 

The sound pressure level of the sound measurements (SPL), for twelve different wind directions 

(±15 degrees), at 8 m/s wind speed (±0.5 m/s), and the equivalent sound pressure level predicted 

by Nord2000, are presented in Figure 11. However, the sound measurements results, for the wind 
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direct E, is for the wind speed 6.4 m/s, as there was no measurement at 8 m/s. The roughness 

length on the calculations was 0.3 m, the ground class was D for land and G for water surfaces, 

and the temperature gradient was 0.05 K/m.  

The deviation is the dispersion of the values in relation to the mean value. The error bars in 

Figure 11 are representing the deviation for those values. There was only one measurement point 

for the wind direction NNE. Thus, there is no deviation for that bar.  

 

Figure 11: Nord2000 calculations for different wind directions at 8 m/s and the sound 

measurements. 

The accuracy of the model for the twelve wind directions was difficult to be defined, as the 

deviation of the sound measurements was different for each wind directions. In general, the 

downwind directions were more accurate than the others. However, conclusions could not be 

made.  

According to the calculations from Nord2000, the highest sound pressure levels are for the 

downwind directions (W, WNW, and NNW) and the lowest levels are for the upwind directions 

(E, ESE, and SSE). For downwind directions, the difference between the sound pressure levels of 

the sound measurements and the results from the calculations are no more than 1.5 dB(A), with a 

deviation of ± 2 dB(A). However, for upwind directions this different is up to 4 dB(A) with a 

deviation of ± 3 dB(A). As the dwelling is situated in a valley, the hill is probably working as a 

windscreen for the downwind direction and less background noise is induced. Thus the results 

from the downwind directions are closer to the reality and the deviation is small. The opposite, 

for upwind direction, background noise might be causing the difference on the calculation and 

sound measurements, consequently with a high deviation (Figure 11).  
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For the crosswind directions (N, NNE, ENE, S, SSW, and WSW), there is a decrease on the 

sound pressure levels of the calculations, compared to the downwind directions (W, WNW, and 

NNW) (Figure 11).  The source directivity, especially the directivity of the trailing edge, may 

cause the decrease of sound pressure levels in the crosswind direction (Friman, 2011).  

 

5.2.2 Varying wind speed  

The wind speeds 4, 6, 8, 10, 12, and 14 m/s were calculated according to the Nord2000 model. 

The roughness length inputted in the calculations was 0.03 m, the temperature gradient was 0.05 

K/m, the wind directions were NW and SE, and the ground classes were D and G, for land and 

water surfaces respectively. The results of the calculations and the sound measurements results, 

for each wind speed and direction, are presented in Figure 12. For the wind direction SE, there 

are no measurement points with wind speed higher than 9.3 m/s, thus for the wind speeds 10, 12, 

and 14 m/s there are no comparison with the sound measurements.  

The deviation of the sound measurements are represented by the error bars (Figure 12). 

However, for the wind direction NW and wind speed 14 m/s, there is only one measurement 

point; therefore, there is no deviation. 

Figure 12: Nord2000 calculations for different wind speeds, wind direction NW (left) and SE 

(right), and the sound measurements. 

The calculations results from 8 m/s wind speed is the one that better approximates to the sound 

pressure level of the sound measurements, for both wind direction NW and SE (Figure 12). At 

8m/s wind speed, the wind turbines are at full production, and the noise produced in all wind 
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turbines on the wind farm might be homogeneous, as for wind speeds higher than 7m/s the sound 

power level of the turbines remains the same (Table 5).  

There is a difference of less than 9 dB(A) when comparing the calculations results of 6 m/s and 4 

m/s (Figure 12). This difference is, mainly, because of the different sound power level inputted 

in the software for the different wind speeds. The sound power level for wind speeds higher than 

6 m/s differs a maximum of 3.8 dB(A) (Table 5). However, the difference of sound power level 

from 4 m/s to 6 m/s is large, causing the difference in the calculations results. 

For wind speeds higher than 8 m/s, the calculations results for the NW direction slightly 

increase. However, for the SE wind direction, they decrease 1 dB(A) for every wind speed, from 

8 m/s to 14 m/s (Figure 12). This effect is due to the refraction of the sound rays. In upwind 

conditions, the sound rays are bent upwards, creating sound shadow regions and in downwind 

conditions the sound rays are bent downwards, and the wind speed might be added to the sound 

propagation (Salomons, 2001). 

For wind speeds lower or higher than 8 m/s the accuracy of the method were not determined. For 

wind speeds lower than 7 m/s the sound pressure levels of the sound measurements might not be 

representative. The wind speed considered for the measurements is the wind speed in one wind 

turbine; however, the wind speed is not homogeneous at the entire wind farm. The sound power 

level for wind speeds lower than 7 m/s is different depending on the wind speed (Table 5). Thus, 

in each turbine the sound power level might be different when the wind speeds is lower than 7 

m/s, resulting in different sound pressure level from the calculation results for the specific wind 

speed. On the other hand, for wind speeds higher than 7 m/s the sound power level is the same, 

independent on the wind speed (Section 4.2). Thus the sound power level at the different wind 

turbines at the wind farm might be the same, even if the wind speed is different at each one, but 

higher than 7 m/s. However, for wind speeds higher than 8m/s the background noise induced 

from the wind might be influencing on the sound pressure level of the measurements.  

 

5.2.3 Varying roughness lengths 

Four different roughness length were investigated (0.05, 0.3, 1 and 2 m), for six wind speeds (4, 

6, 8, 10, 12 and 14 m/s) and two wind directions (NW and SE). The ground classes for land and 
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water surfaces were D and G, respectively, and the temperature gradient was 0.05 K/m. The 

results of the Nord2000 calculations are presented in Figure 13. The results of the calculations 

are compared to the sound pressure levels of the sound measurements for 8 m/s wind speed and 

presented in Figure 14. The error bars in Figure 14, represent the deviation of the sound 

measurements values. 

 

Figure 13: Nord2000 calculations for different roughness length, wind speeds, and wind 

directions NW (left) and SE (right). 

 
Figure 14: Nord2000 calculations for different roughness length at 8 m/s, wind directions NW 

and SE, and the sound measurements. 

Comparing the results from the calculations at 8 m/s wind speed, the roughness length 0.3 is the 

closest to the sound pressure level of the sound measurements, for downwind conditions. 

However, for upwind conditions, the roughness length 1 is the closest one (Figure 14). The 

classification of the roughness length 0.3 is for the terrain type few trees or farmland, and the 

roughness length 1 is for center of large towns or forest (Panofsky & Dutton, 1984). The local 

35
36
37
38
39
40
41
42

0.05 0.3 1 2 SPL

dB
(A

) 

Roughness length (m) NW SE



31 
 

 

terrain between the receiver and the source is covered by forest and lawn, which might be the 

reason why the roughness length close to the reality was in between 1 and 0.3. As the roughness 

length 0.3 was the closest to the reality for downwind conditions, and it is the wind direction 

mostly significant in terms of noise impact on the receiver, the roughness length 0.3 was used as 

the standard for the other calculations.  

In Figure 13 (left) it is seen clear that for downwind conditions the sound rays are bent 

downwards and the equivalent sound pressure levels increase, increasing the wind speed. For 

upwind conditions (Figure 13 – right), increasing the wind speed the equivalent sound pressure 

levels decrease, due to the upward refraction of the sound rays (Salomons, 2001).  

There is a difference of between 8 and 9 dB(A) when comparing the calculations results for 6 

m/s and 4 m/s for both wind directions (Figure 13). This difference is mainly because of the 

different sound power level inputted in the software for the different wind speeds (Table 5).  

 

5.2.4 Varying ground class 

The ground classes for the land surfaces were changed in order to investigate the sound 

propagation. However, for water surfaces, the ground class was remained the same, as G. There 

are no water surfaces in between the source and receiver, so the ground class in the water 

surfaces is not going to interfere on the results. Ground class A means a high ground roughness, 

as a dense forest. At the same time, the ground class G means a low ground roughness, as for 

water or concrete. On the calculations the settings were:  roughness length 0.3 m, wind speed 8 

m/s, temperature gradient 0.05 K/m, and wind directions NW and SE. The results of the 

calculations compared to the sound measurements results are presented in Figure 15. The error 

bars in Figure 15 are the deviation of the sound measurements values.  
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Figure 15: Nord2000 calculations for different ground classes at 8 m/s wind speed, wind 

directions NW and SE, and the sound measurements. 

The calculations results from the ground class D presented a sound pressure level closer to the 

sound measurements (Figure 14). Thus, for the other calculations, the ground class D was used 

as the standard.  

For both wind directions, the equivalent sound pressure levels increase, changing the ground 

class from softer to harder surfaces (Figure 14). The increase on the sound pressure level is 

because the sound rays are reflected on harder the surface, consequently they travel longer 

distances (Salomons, 2001).  

 

5.2.5 Varying temperature gradient 

The temperature gradient investigated were 0.05 K/m and 0 K/m, for 8 m/s wind speed, NW and 

SE wind directions; roughness length 0.03 m, and ground class D (for land surfaces) and G (for 

water surfaces). The results of the calculations, compared to the sound measurements results, are 

presented in Figure 16. The deviations of the values are represented as the error bars in Figure 

16.  

The calculations results from the temperature gradient 0.05 K/m had a good accuracy for both 

wind directions, downwind and upwind (Figure 16). Thus, for the other calculations, the 

temperature gradient 0.05 K/m was used as the standard. 

The temperature gradient is the variation of the air temperature with height over the ground 

surface. The temperature gradient of 0.05 K/m indicates that the air temperature decrease with 
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height (negative temperature gradient) 0.05 kelvins per meter. However, the temperature gradient 

0 K/m means that there is no increase or decrease in the temperature with changing height. 

Under negative temperature gradient, the sound rays are bent upward (Hubbard & Shepherd, 

1990), if the wind speed gradient effect is not higher than the temperature gradient effect 

(According to Larsson, as cited in Wondollek, 2009).  

 
Figure 16: Nord2000 calculations for different temperature gradients at 8 m/s wind speed, wind 

directions NW and SE, and the sound measurements. 

 

5.3 CONCAWE  

The calculations according to CONCAWE model were run on SoundPLAN software according 

to the methodology in Chapter 4. The results are presented in the following section.  

 

5.3.1 Varying wind speed and direction 

The different wind speeds were calculated according to CONCAWE model for the wind 

directions NW and SE and compared to the sound pressure levels of the sound measurements 

(Figure 17). For the wind direction SE, there are no measurement points with wind speed higher 

than 9.3 m/s, thus for the wind speeds 10, 12, and 14 m/s there are no comparison with the sound 

measurements. 
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The deviations of the values are represented as the error bars on Figure 17. For the wind 

direction NW and wind speed 14 m/s there is only one measurement point, thus there is no 

standard deviation. 

Figure 17: CONCAWE calculations for different wind speeds for wind directions NW (left) and 

SE (right), and the sound measurements. 

Comparing the sound pressure levels of the sound measurements to the results of the 

calculations, the results that better approximates to the reality are: 8 m/s for downwind and 6 m/s 

for upwind (Figure 17). For upwind condition, the result for 6m/s wind speed was closer to the 

sound measurements probably because the model does not consider the upward refraction of the 

sound rays at upwind conditions (Hansen, et al., 2017). If the upward refraction was calculated 

by the model, the sound pressure level result for 8 m/s wind speed in upwind conditions would 

be lower, and closer to the sound pressure level of the sound measurements.  

Even with the sound pressure level result of 6 m/s in upwind conditions closer to the sound 

pressure level of the sound measurements, the accuracy of wind speeds higher or under 8 m/s 

could not be determined in this research. The reason was explained in the Section 6.2.2. 

For wind speeds higher than 8 m/s, the calculations results presented the same sound pressure 

levels (Figure 17). It is because the sound power level for wind speeds higher than 7 m/s is the 

same (Table 5) and the refraction of the sound rays are not calculated on the models (Hansen, et 

al., 2017). Thus the sound rays are not bent down or upwards giving different sound pressure 

level at the different wind speeds. 
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For both wind directions (NW and SE), the results for 4 m/s to 6 m/s has a significant difference 

in sound pressure levels (Figure 17). The difference is due to the sound power level inputted in 

the calculations (Table 5).  

 

5.4 ISO 9613-2  

The calculations according to ISO 9613-2 model were run on SoundPLAN software according to 

the methodology in Chapter 4. The results are presented in the following section.  

 

5.4.1 Varying the receiver height 

The calculations using the ISO 9613-2 were done for two different receiver height, 1.5 and 4 

meters. The results are presented in Figure 18. The error bar in Figure 18 is the deviation of the 

sound measurements values.  

 

Figure 18: ISO calculations for different receivers’ height and the sound measurements. 

ISO 9613-2 model presented to be insufficient to calculate the sound pressure levels when the 

topography between the nearest wind turbine and the receiver is concave at a distance of 1.45 

km.  

Varying the receiver height from 1.5 to 4 meters resulted in an increase of 2.5 dB(A) on the 

equivalent sound pressure level. However, it is 2.6 dB(A) lower than the sound pressure level of 

the sound measurements (Figure 18). The increase on the sound level changing the receiver 

height might be because of the ground effect. The sound rays are reflected on the ground and 
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direct and reflect rays interact with each other, increasing the sound levels at the receiver (ISO, 

1996).  

According to (Bass, et al., 1998), it is recommended to add 3 dB(A) on the sound pressure results 

if the receiver is in a valley. Adding 3 dB(A) to the result, would give a total sound less than the 

sound pressure level of the sound measurements but inside the deviation of the measurements.  

The accuracy of the method for distances up to 1 km is uncertain (Hart, et al., 2016) and at this 

research the distance from the source to the receiver is 1.45 km. Some other researchers showed 

that ISO 9613-2 under predict the sound levels (Evans & Cooper, 2012). It might be because the 

model does not calculate efficiently the reflection and refraction of the sound rays on the sound 

propagation (Mylonas, 2014).  

 

5.5 Models compared 

The calculations results from the models ISO 9613-2, CONCAWE, and Nord2000, compared to 

the sound pressure level of the sound measurements are presented in Figure 19. The error bar in 

Figure 19 represents the deviation of the sound measurements values. 

For ISO 9613-2 the receiver height is 4 meters. For CONCAWE, the wind direction and speed 

are respectively NW and 8 m/s. For the model Nord2000, the wind direction is NW, wind speed 

8 m/s, roughness length 0.03 m, ground class D (for land surfaces) and G (for water surfaces), 

and temperature gradient 0.05 K/m.  

 

Figure 19: ISO 9613-2, CONCAWE, and Nord2000 calculations and the sound measurements. 
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The results from CONCAWE and Nord2000 have a good agreement with the mean value of the 

sound pressure levels of the sound measurements for downwind conditions at 8 m/s wind speed. 

CONVAWE result slightly over estimate the sound pressure level, what might not be a problem 

for the permission process (Figure 19).  

The result from ISO 9613-2, for a receive height of 4 meters, is 2.6 dB(A) less than the mean 

value of the sound pressure level of the sound measurements. The model result indicates that, for 

the terrain and site conditions studied in this research, the model is not accurate (Figure 19).  

It should be noted that the CONCAWE and ISO 9613-2 were not developed to predict the noise 

from sources high as wind turbines. It is maybe one of the reasons to explain why Nord2000 

model presented the most accurate results for this research.  

 

5.6 Noise maps 

The noise maps for the three models were calculated in order to visualize the sound propagation 

of the models in different wind speeds or receiver height, but not to answer the research question.  

According to Nord2000 model, the noise maps were for the wind directions downwind 

(Appendix A, Figures 20) and upwind (Appendix A, Figures 21), at 8 m/s wind speed were. The 

settings were: ground class D, temperature gradient 0.05 K/m, roughness length 0.03 m.  

According to CONCAWE model, the noise maps were calculated for the wind directions 

downwind (Appendix B, Figures 22) and upwind (Appendix B, Figures 23), at 8 m/s wind speed. 

According to ISO 9613-2 model the noise maps were calculated for the receiver height 1.5 

meters (Appendix C, Figures 24) and 4 meters (Appendix C, Figures 25).  

The results from the noise maps show the areas, delimited by the lines, where the sound pressure 

levels are between a range. The maps were not used to investigate the accuracy of the models, 

but to illustrate the sound propagation under different conditions. 

For the three models, the area with the equivalent sound pressure level of 50 dB(A) does not 

change much, comparing the maps for both wind direction, downwind and upwind (Appendix A 

and B) and for different receiver heights (Appendix C). However, the greater is the distance to 

the source, the bigger is the difference between the maps for downwind and upwind (Appendix 
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A and B) and for different receiver heights (Appendix C), this is due to environmental effects on 

the sound propagation that acts absorbing or reflecting the sound waves, depending on the 

conditions. Over water surfaces, the propagation of the sound is higher; as the roughness of the 

surface is low and the sound rays are reflected achieving larger distances (Appendix A, B, and 

C).  

For CONCAWE and ISO 9613-2 model, the lines that delimitate the areas with the same range 

of sound pressure level, in some places, are straight. It indicates that the models do not precisely 

calculate the effects that influence on the sound propagation as the terrain elevation. 
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CHAPTER VI. CONCLUSION 

The general conclusions on the findings and the suggestions for future work are presented in the 

sections below. 

 

6.1 General conclusions 

In this research, the sound pressure level of both, the sound measurements and of the sound 

propagation calculations, were compared. The calculations were done according to the models 

Nord2000, CONCAWE, and ISO 9613-2 at SoundPLAN software. The comparisons have 

indicated that the models Nord2000 and CONCAWE are accurate depending on the settings 

inputted, and ISO 9613-2 performed insufficiently to predict the sound pressure levels for the 

conditions on site at the wind farm studied in this research.  

Nord2000 model presented good performance on the calculations of the sound propagation. 

Different settings were investigated on Nord2000, the sound pressure level results that better 

approximate to the sound pressure level of the sound measurements are for the settings: 

temperature gradient 0.05 K/m, ground class D, roughness length 0.3 m, and downwind and 

upwind at wind speed 8 m/s. Thus, these settings would be recommended in calculations with 

Nord2000 for noise assessment in a permit process.  

CONCAWE model has performed well for downwind conditions at 8 m/s wind speed. So, these 

settings would be recommended in calculations with CONCAWE for noise comparisons against 

noise limits in a permit process. For upwind conditions, the results from Nord2000 are more 

accurate. That is because Nord2000 better estimates the refraction of the sound rays in upwind 

conditions.  

For wind speeds higher or lower than 8 m/s the accuracy of the models Nord2000 and 

CONCAWE could not be defined in this research. For wind speeds lower than 7 m/s the sound 

power level is different depending on the wind speed. The wind speed from the sound 

measurements is from one turbine. However, the wind speed is not homogeneous in the entire 

wind farm; therefore the sound power level for each individual turbine might the different, 

resulting in a different sound pressure level at the receiver other than the one from the 
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calculations for the specific wind speed. For wind speeds higher than 8 m/s the sound pressure 

levels might be influenced by background noise, as after that wind speed the background noise 

induced by the wind increase.  

The model ISO 9613-2 did not show accurate results in this research. The long distances, 1.45 

km, and the concave depression between the receiver and the source may be causing the 

difference between the sound pressure levels from the calculations to the sound measurements.  

 

6.2 Limitations 

The meteorological effects on the sound propagation are significant (Larsson, 2000). According 

to Öhlund & Larsson (2014), the meteorological effects become significant at distances between 

0.4 and 1 km from the wind turbine, and the dwelling investigated in this research is 1.45 km 

from the wind farm. However, the closest measurement site with online meteorological data is 

approximately 43 km away from the wind farm. That distance was considered large, so the 

meteorological measurements cannot be considered highly accurate but rather indicative of the 

site. Therefore, the meteorological influence on sound propagation was not considered in the 

analysis.  

The wind farm is located in the Northern part of Sweden and the accretion of ice can cause the 

increase of sound levels (Pérez, et al., 2016). The wind turbines in the wind farm have de-icing 

system which probably would decrease this effect. According to the online meteorological data, 

13% of the time investigated in this research, some snow cover was identified. The influence of 

the accretion of ice on the blades on the sound levels was not investigated in this research. To 

avoid measurements with the effect of ice accretion on the blades, the data used are not from 

winter periods. 

The wind speed considered in this research is from the wind turbine closer to the dwelling. 

However, at each individual wind turbine, the wind speed might be different. The sound power 

level for wind speeds lower than 7 m/s is different depending on the wind speed (Table 5) Thus, 

the sound pressure level predicted for wind speeds lower than 7 m/s may differ slightly from the 

sound measurements.  
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Another uncertainty is that the wind direction considered in this research is the hub direction of 

the wind turbine closer to the dwelling. However, the hub direction of each individual wind 

turbine is different. In this way, the sound pressure level predicted for each wind direction may 

differ slightly from the sound measurements. 

 

6.3 Future work 

To the conclusions, recommendations for future research can be related. For the CONCAWE 

model, the refraction of the sound rays should be studied and the algorithm of the model changed 

in order to better estimate the sound propagation in upwind conditions.  

Investigations on the sound propagation for long distances and concave terrains between the 

source and the receiver should be done for ISO 9613-2 model. In addition, investigations and 

changes on the algorithm of the model should be done in order to better estimate the sound 

pressure level for long distances and different terrain elevations.   

The noise maps were not used to define the accuracy of the models, but to illustrate the sound 

propagation calculated by the models. It is recommended improvements on the algorithm of both 

CONCAWE and ISO 9613-2 as when compared to the noise maps from the Nord2000, they level 

of detail is smaller.   
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APPENDIX A. Nord2000 noise maps  

Figure 20: Nord2000 noise map for 8 m/s wind speed and NW wind direction 
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Figure 21: Nord2000 noise map for 8 m/s wind speed and SE wind direction 
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APPENDIX B. CONCAWE noise maps  

Figure 22: CONCAWE noise map for 8 m/s wind speed and NW wind direction 
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Figure 23: CONCAWE noise map for 8 m/s wind speed and SE wind direction 
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APPENDIX C. ISO 9613-2 noise maps  

Figure 24: ISO 9613-2 noise map for 1.5 meters receiver height 
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Figure 25: ISO 9613-2 noise map for 4 meters receiver height 
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