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SUMMARY 
 
This report gives the description of the HARMONOISE engineering method after validation and 
fine-tuning. The Harmonoise WP 3 technical report HAR32TR-030715-DGMR10 (D17) gives the 
first description of the Engineering method for road traffic and railway noise. This first 
calculation method was available about a year ago. Based on report HAR32TR-030715-
DGMR10 (D17) test software was built. This process was synchronous with the further 
development of the engineering method. The test software was used for validation purposes. 
Most of the engineering method validations are done in relation to the HARMONOISE reference 
method. It can be concluded that the method has been extensively validated through more 
than 15000 cases using this reference method. This reference method is based on scientific, 
theoretical techniques such as BEM and PE (Boundary Element Method. Meteo-BEM and 
Parabolic Equation). The complete HARMONOISE engineering method has been validated 
through a number of measurement sites also at larger distances up to 1200 m. The method 
has been fine-tuned for all the validation cases.  
 
The propagation part is related to the point-to-point test software version V2.007, 7 October 
2004. This version is used for the validation calculations for the WP 4 measurements. During 
and after these calculations there was the latest fine-tuning, which is the point-to-point test 
software version V2.008, 29 November 2004. These latest corrections are incorporated in this 
technical report. 
 
The HARMONOISE engineering method has been developed for the calculation of the 
equivalent continuous A-weighted sound pressure levels caused by road traffic and railway 
noise under variable meteorological conditions. It contains a description of both railway and 
road traffic sources as well as a description of the attenuation during propagation. 
The sound power output of individual, moving vehicles is combined into an equivalent sound 
power output for the total traffic flow, represented by a source line. Point-to-point propagation 
paths are obtained by segmentation of these source lines, resulting in mutually incoherent 
point sources with subsources at different heights. 
The propagation method describes the attenuation between each point source and an arbitrary 
receiver point. The total, short-term noise level at the receiver point is determined by 
summation of all contributions from all point sources. 
The computed short-term noise levels vary in time (e.g. by variations in traffic flow, 
meteorological propagation conditions). Long-term average noise levels such as LDEN and Lnight 
are obtained by combining of several representative short-term noise levels, weighted by their 
period of occurrence. 
 
The engineering method is a flexible calculation method in such a way that it can be used both 
for detailed computations in case of noise assessment and for noise mapping. Especially for 
noise mapping the method can be used with limited data input since default values are 
provided. 
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The source model for road traffic noise is described in this report. The source data given, can 
be used for default values for road traffic noise. Additional new data can be used later on and 
also data for other (quiet and also noisier) road surfaces should be collected. For railway noise 
only the structure of the database is given in this report. For this noise source at this moment 
there is no default value. (Validation has been done with specifically measured source data). 
 
The method calculates the short-term sound pressure level at certain receiver positions for 
different meteorological data. It requires wind speed, wind direction, temperature gradient and 
absolute temperature en humidity. This short-term sound pressure level at a certain receiver 
position is calculated by incoherent summation over a number of point-to-point contributions. 
The combination of all the short-term sound pressure levels at a certain receiver position with 
the duration of meteorological situations that occur during the day, evening en night period, 
gives the Lden. 
 
This report also describes the method for the source segmentation. The chosen method is a 
method of projection on the source only. Since it was decided that the viewing angle for each 
source segment is relatively small and we are working with Fresnel zones the possible errors 
are very small and acceptable. This is also a compromise with calculation time. 
 
Contributions from ground reflections and diffracting obstacles like barriers are determined by 
the use of Fresnel zones around the reflection points on terrain segments between source and 
receiver. This method has been extended to reflecting obstacles. The size of the zone depends 
on the wavelength of the sound. The model includes multiple screening by using the most 
efficient edges of each screen.  
 
A concluding summary of the main advantages of HARMONOISE engineering method:  
• Physical source model. The source model has different sources for different excitation 

techniques; 
• It includes the latest road and railway noise source separation techniques; 
• Modelling of different operating conditions (acceleration/deceleration, road surface, track 

corrections, wheel/track roughness); 
• It has been validated through 5 years of measurements in 3 countries across Europe; 
• Exists as engineering method supported by reference methods (not a point-to-point black 

box); 
• 1/3-octave model; 
• One propagation model for "all" sources: roads & railways; 
• Fresnel zones for more continuous modelling of reflections from ground and objects; 
• Full continuous model; no discontinuities due to geographic imperfections;  
• Includes meteorological effects such as wind direction, wind speed and temperature 

gradients; 
• Designed for noise mapping, impact assessments and detailed studies. 
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The HARMONOISE engineering method gives more accurate results than existing methods. The 
method is designed for noise mapping, impact assessments and detailed studies. All 
calculations can be done with the same calculation core. The accuracy and detail level of input 
data will determine the accuracy of all the calculated results. 
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1 INTRODUCTION 

The HARMONOISE engineering method has been developed for the calculation of the 
equivalent continuous A-weighted sound pressure levels caused by road traffic and railway 
noise under variable meteorological conditions. It contains a description of both railway and 
road traffic sources as well as a description of the attenuation during propagation. 
 
The sound power output of individual, moving vehicles is combined into an equivalent sound 
power output for the total traffic flow, represented by a source line. Point-to-point propagation 
paths are obtained by segmentation of these source lines, resulting in mutually incoherent 
point sources with subsources at different heights. 
The propagation method describes the attenuation between each point source and an arbitrary 
receiver point. The total, short-term noise level at the receiver point is determined by 
summation of all contributions from all point sources. 
The computed short-term noise levels vary in time (e.g. by variations in traffic flow, 
meteorological propagation conditions). Long-term average noise levels such as LDEN and Lnight 
are obtained by combining of several representative short-term noise levels, weighted by their 
period of occurrence. 
 
The engineering method has been validated by numerous measurements [REF 12] and the 
propagation part is related to the point-to-point test software version V2.007, 7 October 2004. 
This version of the test software is used for the validation calculations for the WP 4 
measurements. During and after these calculations there was the latest fine-tuning, which is 
the point-to-point test software version V2.008, 29 November 2004. These latest corrections 
are incorporated in this technical report. 
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2 SCOPE 

The accuracy of the method and the limitations to its use are described in a separate report 
[REF 12]. In this report, calculated noise levels and emission values are compared with 
measured noise levels in a number of test maps. The method applies to the following levels of 
accuracy: 

• 1 dB standard deviation for distances up to 100 m; 
• 2 dB standard deviation for distances up to 2000 m in flat surroundings / behind 1st 

row of buildings; 
• 5 dB standard deviation for distances up to 2000 m in hilly surroundings / behind 2nd 

row of buildings.  
These requirements correspond with a 95% confidence interval of +/-2 dB, +/-4 dB and +/-
10 dB respectively. The levels of accuracy apply to the shortest distance to a road or railway. 
 
The engineering model is valid for the frequency range from 25 Hz to 10 kHz. It provides a 
computation by 1/3-octave bands at frequencies according to ISO-R-266. 
 

2.1 Field of application 
The engineering model serves multiple purposes. It can be used both for noise mapping and 
noise assessment or even more detailed calculations. For noise maps, large areas are under 
survey, whereas for assessment of noise limits, only one or a few roads and a block of houses 
or a small area will be the subject of the calculations. The latter need more accuracy than a 
large noise map. A follow up of a noise map is a survey with action plans. This result needs 
again more accuracy. 
 
This raises the dilemma between accuracy and detail on the one hand and ease of use and 
simplicity on the other hand. It should be kept in mind that a model is just a model and will 
always be a simplified representation of the real world. The calculation must be as accurate as 
possible, but on the other hand it must be just as accurate as necessary because other factors 
(such as input parameters) might be much more inaccurate. 
 
For the engineering model, the most ambitious aim was to calculate the short time Leq of one 
hour. This immission level is based on, for example, the average traffic flow during an hour, 
which does not mean the actual flow at the specific hour. The same applies to other 
parameters, especially to the meteorological data. 
 
Three levels of application can be distinguished for the engineering model: 

• Detailed calculations 
• Assessment 
• Noise mapping 
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Highly 
detailed data Detailed data Restricted data;

Default values

Detailed
calculation Assessment Noise mapping

Punt Geen maatr. 2 m 3 m 4 m 
13 62 57 54 52 
14 61 55 53 52 
15 61 56 55 54 
16 60 56 55 54 
17 61 55 53 51 
18 61 54 52 50 
19 60 53 50 49 

 
 
The most accurate application is used for detailed calculations. These calculations can be used 
for very critical situations, for example where there are a lot of discussions on noise levels 
perhaps even up to court. It is essential that the input data for these calculations is as accurate 
as possible. This might require detailed, measured input data such as ground impedances. 
It has to be considered that for long-term average noise levels, annual and diurnal variations in 
the input data and the physical meaning and reality have to be taken into account. 
 
For the assessment of situations such as the construction of new roads and railway lines or the 
development of new dwellings, it is necessary to calculate with detailed data but also with 
some default values.  
Input data specific for the concerned project, such as traffic flow data and the geometry of the 
building plan, should be very detailed since such data are reasonably available. 
Input parameters such as the meteorology and ground impedances will not always be 
obtainable, so default values from a global classification should be sufficient. 
 
For noise mapping, it should be possible to use more general input for the necessary traffic 
data (standard vehicle distributions based on a road type classification) and the geometry 
should be less detailed in order to avoid time consuming calculations.  
 
For this purpose, generalization of the geometry of roads/railways and buildings (that can be 
grouped into scattering zones) is recommended. Of course, this requires a clear guideline for 
such data reduction. 
 
The accuracy of the noise calculations will depend on the accuracy of all input data. For 
calculations over large areas for noise mapping, the input data can be restricted to only the 
essential data. If no detailed data is available, default values should be provided. Due to the 
fact that the input information is limited the calculations are faster. 
If there is more precise data, you can use it. For variant calculations, micro scale maps, for the 
study of individual localised problems, and to check legal limits of building levels you need 
more precise input data. We have to realise that data acquisition is a difficult part and possibly 
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the most expensive one. However it will be necessary to take care of the multiple use of this 
data. Data may be shared between different levels of use and serve different purposes. 
 
The advantage of this approach is that only one engineering method has to be developed. 
There is no discrepancy between different models. For the development of more precise noise 
maps only the accuracy of input data is important. In the near future computation speed will 
increase so with a high detailed level of input data it will be possible to calculate in a limited 
time a large area. For the time being, precise input data can be generalised to rougher and 
only relevant data to speed up calculations. On the other hand, the user can use the principle 
from rough input data to more precise input data. 
 
For noise mapping purposes, a single meteorological condition with three global meteorological 
corrections for the daytime, evening and night gives sufficient accuracy. This single 
meteorological condition must be representative for sound propagation with a positive, vertical 
sound speed gradient. The global meteorological corrections for each of the three periods is 
determined by the relative occurrence of such meteorological condition, irrespective of the 
direction of propagation, by the source and receiver height and by the source-receiver 
distance. 
 
An enhancement of the computation of the noise levels is achieved by distinguishing the 
meteorological occurrence for each propagation path (wind direction) and combining sound 
propagation with a positive, vertical sound speed gradient with propagation in a homogeneous 
(neutral) atmosphere. This is obligatory for noise assessment. It may be assumed that 
meteorological conditions causing positive, vertical sound speed gradients and homogeneous 
conditions are complementary. 
 
For a more detailed calculation, the number of meteorological conditions can be extended to a 
maximum number of 19, depending on the actual meteorological occurrences. 
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2.2 Frequency range 
The engineering method is valid for the frequency range from 25 Hz to 10 kHz. It provides 1/3-
octave band results at the frequencies displayed in table 2.1. 
 
Based on these 1/3-octave band results, the A-weighted sound pressure level Leq,1h is 
computed by summation over all frequencies: 
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+=
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where Af,i denotes the A-weighting correction according to IEC 651, given by table 2.1. 
 
Table 2.1. Frequency range and A-weighting correction Af,i 

index 
(i) 

freq 
[Hz] 

Af,i 
[dB] 

index 
(i) 

freq 
[Hz] 

Af,i 
[dB] 

index 
(i) 

freq 
[Hz] 

Af,I 
[dB] 

1 25 -44.7 10 200 -10.9 19 1600 +1.0 
2 31.5 -39.4 11 250 -8.6 20 2000 +1.2 
3 40 -34.6 12 315 -6.6 21 2500 +1.3 
4 50 -30.2 13 400 -4.8 22 3150 +1.2 
5 63 -26.2 14 500 -3.2 23 4000 +1.0 
6 80 -22.5 15 630 -1.9 24 5000 +0.5 
7 100 -19.1 16 800 -0.8 25 6300 -0.1 
8 125 -16.1 17 1000 0.0 26 8000 -1.1 
9 160 -13.4 18 1250 +0.6 27 10000 -2.5 
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3 DEFINITIONS 

3.1 Conceptual definitions 
 
Source line / source line segment 
A source line is an approximate trajectory of a moving equivalent point source. For practical 
reasons, a source line can be approximated by a set of straight line segments (polyline), but it 
might as well be represented by a curve in space. 
A source line has finite length, and it is represented by a set of incoherent point sources as the 
polyline is divided into source line segments. The definition of the source line segments 
depends on the propagation path detection method.  

source line

source line segment
point source

propagation path angle of view

source line

source line segment
point source

propagation path angle of view

 
Fig. 1: Source line, source line segment, propagation path and angle of view 

 
Propagation sector / angle of view 
An angular sector drawn from the receiver to both ends of the source line segment. The angle 
between the lines from the receiver to both ends of the source line segment is called the angle 
of view of the propagation sector. 
Propagation sectors may include reflections from nearly vertical obstacles by using the image 
of either the source or the receiver through the reflecting plane in place of the true position. 
 
Homogeneous propagation sector 
A propagation sector is considered to be homogeneous if the excess propagation attenuation 
within the sector is slowly varying with the position along the source line and if the excess 
attenuation can be calculated in a single representative propagation plane within the sector.  
 
Point source 
Source line segments will be represented by a number of mutually incoherent point sources at 
different height from which the acoustical energy radiates. Point source strength is expressed 
by the free-field acoustic source power level Lw per 1/1 or 1/3 octave band. All relevant 
parameters that define source strength will be incorporated, including horizontal and vertical 
directivity. 
Point sources are situated at the intersections of each propagation path with each source line. 
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Vehicle model 
The acoustical description of a single, moving vehicle at a specific speed and with specific 
driving conditions. A single vehicle might be composed of several mutually incoherent 
subsources at different positions, the strength of which is defined in terms of their sound 
power level. 
 
Traffic model 
The acoustical description of a traffic flow, based on the sound power levels of single moving 
vehicles. In the traffic model, the specific sound power output is combined with statistical data, 
yielding an equivalent noise emission for each subsource. 
 
Receiver 
A single point in which the acoustical energy will be calculated. A distinction should be made 
between free-field receivers that have propagation paths in all directions (360°) and receivers 
that represent the incoming acoustical energy for a façade. The latter will have a total viewing 
angle of 180° and a bisector perpendicular to the façade. 
 
Propagation path / geometrical cross-section 
The propagation path is the geometrical cross-section that represents the transmission path 
along which the acoustical energy from a single point source is transmitted towards a single 
receiver point. The propagation path is the bisector of a propagation sector. 
Basically, it will be determined in a 2-dimensional way, in horizontal projection, starting from 
each receiver. However, the 2-dimensional cross-sections should be extended with a "2D½ 
geometrical analysis" in order to account for geometrical discontinuities in the vicinity of the 
propagation path. 
A distinction can be made between propagation paths without a reflection and paths which 
include single or multiple reflections. The attenuation will be calculated along each propagation 
path. 
The definition of the propagation path will be further dealt with in a specific technical report as 
a subtask of WP3. 

 

Ray path 
Each propagation path consists of a set of coherent ray paths. The shortest of these ray paths 
is called the “main ray path”; a ray path can be either direct (source in view of the receiver), 
reflected, diffracted or include any combination of these. 
Ray paths are determined in a 3-dimensional way, in order to cope with complex geometries 
such as fly-overs, underpasses and roofings. 
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Fig. 2: Examples of ray paths in complex geometries 

 
The two upper cases in Fig. 2 have additional ray paths compared with “regular” geometries. 
Advanced path detection methods are required in such cases. In the two lower cases it is more 
efficient to use algorithms for propagation through tunnels and for radiation from openings 
rather than generating numerous (higher order) reflection paths. 
 
Wind speed and air temperature gradients cause vertical refraction of the ray path. For 
accurate calculation of propagation effects such as barrier attenuation and ground reflections, 
the definition of the ray path must comply with defined meteorological conditions that are 
representative for the site. Therefore, a distinction will be made between e.g. downwind 
propagation (downward refraction), propagation under neutral conditions (straight propagation 
paths) and eventually, upwind propagation (upward refraction). Positive temperature gradients 
have similar effects as downwind conditions. 
 
Meteorological data 
Since the definition of the propagation path depends on meteorological conditions, data on 
temperature gradients, wind speed and directions in relation to source and receiver must be 
collected. Furthermore, meteorological conditions such as temperature, snow covering and 
precipitation influence the sound power output of the sources. Such input data should be not 
too difficult to obtain, therefore associated parameters might be used, e.g. cloud covering for 
vertical temperature gradients. 
Since momentary meteorological conditions, especially wind speed and direction, can vary 
rapidly, it is inevitable that a certain degree of classification is made. These meteorological 
classes must be defined such that variations within these classes have an acceptable effect on 
the predicted noise levels. At the same time, these meteorological classes must be realistic 
with regard to data collection and handling. 



HARMONOISE WP 3 Engineering Method  Technical Report 

Doc.number: HAR32TR-040922-DGMR20.doc Revision number: 00.20 
Author: DGMR Page 15 Date: 20-01-2005 

 

From each meteorological class, combined with possible variations in source strength, short 
term noise levels will be calculated. The yearly average noise indicators Lden and Lnight can then 
be determined by the combination of these short term noise levels with their occurrence.  
The meteorological classification will be subject to study in WP3, based on information from 
WP2.  
 
Noise indicators 
The long-term average noise indicator LDEN is defined by: 

( ) ( )
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where Leq, day, Leq, evening and Leq, night are the yearly average equivalent sound pressure levels in 
the day, evening and night period respectively. 
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3.2 List of symbols 
3.2.1 Indices 

AN aerodynamic noise 
hor horizontal 
i frequency index 
m vehicle category index 
n track type index 
E engine 
R receiver 
RN rolling noise 
S source 
T traction noise 
vert vertical 
 

3.2.2 Geometrical and acoustical symbols 
α noise emission coefficient 
αatm atmospheric attenuation coefficient 
αroad road gradient 
a acceleration 
Aatm attenuation due to atmospheric absorption 
Adiff attenuation due to diffraction by barriers 
Adiv attenuation due to geometrical divergence 
Aexcess excess attenuation 
Agr attenuation due to ground effects 
Arefl attenuation due to energy loss during reflections 
Ascat attenuation due to scattering zones 
β noise emission speed coefficient 
c sound speed 
Cdc correction for driving conditions 
Cdir source directivity correction 
Cregion regional correction for the vehicle fleet 
Csurf road surface correction (relative to the reference road surface and reference 

temperature) 
δ path length difference 
f frequency 
Fλ Fresnel coefficient 
θ angle of incidence (relative to the normal) / angle of diffraction 
h height relative to a ground segment 
heff effective height of a barrier 
λ wave length 
L source line segment length 
Lw sound power level 
N traffic flow 
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naxles number of axles for a heavy road vehicle 
Nf Fresnel number 
p sound pressure 
Q spherical reflection coefficient 
R point source-receiver distance by a straight line 
ρE energy reflection coefficient 
Rcur radius of curvature due to meteorological refraction 
Rhor horizontal projection of the point source-receiver distance 
σ flow resistivity 
S surface area 
Tatm air temperature 
Tatm,0 reference air temperature 
v representative vehicle speed 
vref reference vehicle speed 
w Fresnel-zone weight 
Z0 specific acoustic impedance 
z height relative to a horizontal reference plane 
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4 SOURCE DESCRIPTION 

4.1 General concept 
In order to define the noise emission of a source line, two models are distinguished: 
1. The vehicle model, describing the sound power of single moving vehicles; 
2. The traffic model, combining the noise emission of numerous single vehicles into the sound 

power per metre length of the source line. 
The vehicle model uses the vehicle speed as deterministic input data and yields the sound 
power output for a specific vehicle type. The traffic model gives a statistical description of 
sound power output of the total traffic flow. 
 

4.2 Road traffic sources 
4.2.1 Vehicle categorization 

For road vehicles, 5 main classes (index m) are distinguished as presented in Tabel 4.1. This 
method provides noise emission parameters for main categories 1 through 3. For the 
assessment of the noise emission of vehicles in main categories 4 and 5 or for distinction of 
any subcategories, explicit measurement of the sound power levels is required. A description of 
the measurement method is given by [REF 1]. 
 
Table 4.1. Description of vehicle categorization 

Main type m Example of vehicle types Notes 
Light vehicles 1a Cars (incl MPV:s up to 7 seats) 2 axles, max 4 wheels 

 1b Vans, SUV, pickup trucks, RV, car+trailer 
or car+caravan(1), MPVs with 8-9 seats 

2-4 axles*, max 2 wheels 
per axle 

 1c Electric vehicles  

 1d Hybrid vehicles  

Medium heavy  2a Buses 2 axles (6 wheels) 

vehicles 2b Light trucks and heavy vans 2 axles (6 wheels)(2) 

 2c Medium heavy trucks 2 axles (6 wheels)(2) 

 2d Trolley buses 2 axles (6 wheels)(2) 

 2e Low noise design 2 axles (6 wheels)(2) 

Heavy vehicles 3a Buses 3-4 axles 

 3b Heavy trucks 3 axles 

 3c Heavy trucks 4-5 axles 

 3d Heavy trucks ≥6 axles 

 3e Low noise design ≥3 axles 

Other heavy 4a Construction trucks (partly off-road use)  

vehicles 4b Agr. tractors, machines, dumper trucks, 
tanks 

 

Two-wheelers 5a Mopeds, scooters Include also 3-wheel  

 5b Motorcycles motorcycles 
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(1) 3-4 axles on car & trailer or car & caravan 
(2) Also 4-wheel trucks, if it is evident that they are >3.5 tons 
 

4.2.2 Source strength: main formula 
The source power output by a separate moving vehicle is defined in terms of three subsources 
at 0.01m; 0.30m and 0.75m above the road surface. It is given for each vehicle category (m) 
and each 1/3 octave band (i) by equations 3 through 11. 
 
at 0.01m (m = 1,2,3): 

imWTNimWRNimW LLL ,,1,,1,,1 ⊕=  (3) 

imregionimsurfidir
mref

m
imRNimRNimWRN CCC

v
vL ,,,,,1,

,
,,,,,,1 )8.0lg(10lg ++++⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+= βα  (4) 

mdcidir
mref

mrefm
imTimTimWTN CC

v
vv

L ,,1,
,

,
,,,,,,1 )2.0lg(10 +++⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
+= βα  (5) 

 
at 0.30m (m = 1): 

imWTNimWRNimW LLL ,,2,,2,,2 ⊕=  (6) 

imregionimsurfidir
mref

m
imRNimRNimWRN CCC

v
vL ,,,,,2,

,
,,,,,,2 )2.0lg(10lg ++++⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+= βα  (7) 

mdcidir
mref

mrefm
imTimTimWTN CC

v
vv

L ,,2,
,

,
,,,,,,2 )8.0lg(10 +++⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
+= βα  (8) 

 
at 0.75m (m = 2,3): 

imWTNimWRNimW LLL ,,3,,3,,3 ⊕=  (9) 

imregionimsurfidir
mref

m
imRNimRNimWRN CCC

v
vL ,,,,,3,

,
,,,,,,3 )2.0lg(10lg ++++⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+= βα

 

(10) 

mdcidir
mref

mrefm
imTimTimWTN CC

v
vv

L ,,3,
,

,
,,,,,,3 )8.0lg(10 +++⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
+= βα  (11) 
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where 
LWRN is the rolling noise sound power; 
LWTN is the traction noise sound power; 
αRN, βRN are rolling noise coefficients, given by table 4.2 [dB]; 
αT, βT are traction noise coefficients, given by table 4.3 [dB]; 
v is the vehicle speed [km/h]; 
vref is the reference vehicle speed [km/h]; 
Cdc is the correction for driving conditions [dB]; 
Cdir is the source directivity correction given in section 4.2.3 [dB]; 
Csurf is the road surface correction relative to a reference road surface [dB]; 
Cregion is the correction for deviations in the sound power output of the regional 

vehicle fleet [dB]. 
 
The reference vehicle speed vref is 70 km/h, for all vehicle categories. 
 
Table 4.2. Rolling noise coefficients 

 Category 1 Category 2 Category 3 
freq [Hz] αRN βRN αRN βRN αRN βRN 

25 69.9 33.0 76.5 33.0 80.5 33.0 
31.5 69.9 33.0 76.5 33.0 80.5 33.0 
40 69.9 33.0 76.5 33.0 80.5 33.0 
50 74.9 15.2 78.5 30.0 82.5 30.0 
63 74.9 15.2 79.5 30.0 83.5 30.0 
80 74.9 15.2 79.5 30.0 83.5 30.0 
100 77.3 41.0 82.5 41.0 86.5 41.0 
125 77.5 41.2 84.3 41.2 88.3 41.2 
160 78.1 42.3 84.7 42.3 88.7 42.3 
200 78.3 41.8 84.3 41.8 88.3 41.8 
250 78.9 38.6 87.4 38.6 91.4 38.6 
315 77.8 35.5 88.2 35.5 92.2 35.5 
400 78.5 31.7 92.0 31.7 96.0 31.7 
500 81.9 21.5 94.1 21.5 98.1 21.5 
630 84.1 21.2 93.8 21.2 97.8 21.2 
800 86.5 23.5 94.4 23.5 98.4 23.5 
1000 88.6 29.1 93.2 29.1 97.2 29.1 
1250 88.2 33.5 90.6 33.5 94.6 33.5 
1600 87.6 34.1 91.9 34.1 95.9 34.1 
2000 85.8 35.1 86.5 35.1 90.5 35.1 
2500 82.8 36.4 83.1 36.4 87.1 36.4 
3150 80.2 37.4 81.1 37.4 85.1 37.4 
4000 77.6 38.9 79.2 38.9 83.2 38.9 
5000 75.0 39.7 77.3 39.7 81.3 39.7 
6300 72.8 39.7 77.3 39.7 81.3 39.7 
8000 70.4 39.7 77.3 39.7 81.3 39.7 
10000 67.9 39.7 77.3 39.7 81.3 39.7 
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The noise emission coefficients αRN for medium heavy vehicles (category 2) apply to 2 axles 
and heavy vehicles (category 3) apply to 5 axles. For vehicles with a different number of axles, 
the rolling noise sound power is found by using: 

⎟
⎠
⎞

⎜
⎝
⎛+=

2
lg102,

axles
WRNWRN

n
LL  (12) 

 
Table 4.3. Traction noise coefficients 

 Category 1 Category 2 Category 3 
freq [Hz] αT βT αT βT αT βT 

25 90.0 0.0 94.0 0.0 97.7 0.0 
31.5 92.0 0.0 94.7 0.0 97.3 0.0 
40 89.0 0.0 95.5 0.0 98.2 0.0 
50 91.0 0.0 95.5 0.0 103.3 0.0 
63 92.4 0.0 98.5 0.0 109.5 0.0 
80 94.8 0.0 98.4 0.0 104.3 0.0 
100 90.8 0.0 94.0 0.0 99.8 0.0 
125 86.8 0.0 93.5 0.0 100.2 0.0 
160 86.2 0.0 92.2 0.0 98.9 0.0 
200 84.5 0.0 92.6 0.0 99.5 0.0 
250 84.5 9.4 93.7 11.7 100.7 11.7 
315 84.8 9.4 94.0 11.7 101.2 11.7 
400 83.5 9.4 94.3 11.7 100.6 11.7 
500 81.8 9.4 91.2 11.7 100.2 11.7 
630 81.4 9.4 89.4 11.7 97.4 11.7 
800 79.0 9.4 89.1 11.7 97.1 11.7 
1000 79.2 9.4 90.8 11.7 97.8 11.7 
1250 81.4 9.4 91.3 11.7 97.3 11.7 
1600 85.5 9.4 92.2 11.7 95.8 11.7 
2000 85.8 9.4 91.9 11.7 94.9 11.7 
2500 85.2 9.4 90.3 11.7 92.7 11.7 
3150 82.9 9.4 88.2 11.7 90.6 11.7 
4000 81.0 9.4 86.3 11.7 89.9 11.7 
5000 78.2 9.4 84.3 11.7 87.9 11.7 
6300 77.2 9.4 82.3 11.7 85.9 11.7 
8000 75.2 9.4 81.3 11.7 83.8 11.7 
10000 74.2 9.4 80.3 11.7 82.2 11.7 

 
The noise emission coefficients α and β apply to cruising vehicles on a dry reference road 
surface and at a reference road surface temperature. For deviations from these conditions, the 
corrections Cdc and Csurf are to be calculated. If specific data on the average sound power 
output of the local car fleet is available by measurement, this may be incorporated in terms of 
the regional correction Cregion. Such a correction should be endorsed by measurements that 
meet the requirements in [REF 1] 
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4.2.3 Horizontal and vertical directivity 
The directivity correction is composed of a horizontal and a vertical term. It is given by: 

ivertdirihordiridir CCC ,1,,,,,1, +=   at 0.01m (m = 1,2,3) 

ivertdiridir CC ,2,,,2, =    at 0.3m (m = 1) 

ivertdirihordiridir CCC ,3,,,,,3, +=   at 0.75m (m = 2,3) 

(13) 

 
where: 

0,, =ihordirC      for i = 1 to 18, 26 to 27 (14a) 

( ) )cos()sin(5.25.1,1,, Ψ+−= χihordirC  for i = 19 to 25 (14b) 

)cos()6.022.0425.1546.1( 23
3,, Ψ++−= χχχhordirC  (15) 

ϕπχ −=
2

 (16) 

 
where ϕ is the angle between the propagation path and the source segment in the horizontal 
plane in radians and Ψ is the vertical propagation angle (figure 3). 

 
Fig. 3: Geometry for the horizontal and vertical directivity functions 

 
The vertical directivity depends on frequency, source height and angle Ψ. It is given by 
equations 17a through 19c. 
at 0.01m: 

0,1,, =ivertdirC  for i = 1 to 9, 22 to 27 (17a) 

))(cos1(2 2
,1,, Ψ−−=ivertdirC  for i = 10 to 12 (17b) 

))(cos1(3 2
,1,, Ψ−−=ivertdirC  for i = 13 to 15 (17c) 

))(cos1(4 2
,1,, Ψ−−=ivertdirC  for i = 16 to 21 (17d) 
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at 0.30m: 

0,2,, =ivertdirC  for i = 1 to 3 (18a) 

( )Ψ−= sin2,2,, ivertdirC  for i = 4 to 6 (18b) 

( )Ψ−= sin4,2,, ivertdirC  for i = 7 to 9 (18c) 

))(cos1(5 2
,2,, Ψ−−=ivertdirC  for i = 10 to 15, 22 to 24 (18d) 

))(cos1(6 2
,2,, Ψ−−=ivertdirC  for i = 16 to 21 (18e) 

))cos(1(8,2,, Ψ−−=ivertdirC  for i = 25 to 27 (18f) 

 
at 0.75m: 

0,3,, =ivertdirC  for i = 1 to 9 (19a) 

))(cos1(2 2
,3,, Ψ−−=ivertdirC  for i = 10 to 12, 19 to 27 (19b) 

))(cos1(3 2
,3,, Ψ−−=ivertdirC  for i = 13 to 18 (19c) 

 
Note: 
In case of diffraction by barriers or other obstacles, it should be taken into consideration that 
the vertical angle of propagation may differ strongly from the unobstructed case.  

 

Fig. 4: Vertical angles of different ray paths in a diffraction case 

 
4.2.4 Road surface correction 

The noise emission parameters α,β apply to road vehicles on a reference surface. The following 
road surface types have been defined as reference road surfaces: 
• Stone Mastic Asphalt (SMA): SMA 11-13, SMA 14-16 
• Dense Asphalt Concrete (DAC): DAC 11-13, DAC 14-16 
The numbers refer to the max. chipping size. 11-13 means that it could be any max. chipping 
size between 11 and 13 mm 
 
For road surfaces other than a reference road surface at the reference temperature of 20 °C, 
the correction Csurf is to be applied. It is given by equation 20. 

( )0,
,

,,,,,, lg atmatm
mref

m
imsurfimsurfimsurf TTK

v
v

C −+⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+= βα  (20) 
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where: 

α, β are road surface coefficients [dB]; 
K is the temperature coefficient [dB/°C] 
Tatm is the air temperature [°C]; 
Tatm,0 is the reference air temperature (=20 °C); 

 
Road surface parameters α and β may be obtained from CPX measurement. Appendix A gives 
default values for some road surface types. 
 

4.2.5 Correction for driving conditions and road gradients 
No corrections are required for crossings without traffic lights. The calculations should be 
carried out like the case with an uninterrupted traffic flow. 
For accelerating and decelerating vehicles, the correction for the driving conditions per vehicle 
category (m) is given by:  

mmmdc aCC =,      for -2 ≤ a ≤ 2 m/s2 (21) 

 
where: 

a is the acceleration/deceleration [m/s2]; 
C is the acceleration/deceleration coefficient [dBs2/m], given by table 4.4. 

 
Table 4.4. Acceleration/deceleration coefficient in dBs2/m. 

Main type C 
Light vehicles (m=1) 4.4 
Medium heavy vehicles (m=2) 5.6 
Heavy vehicles (m=3) 5.6 
 
For medium heavy vehicles and heavy vehicles using their engine bakes on negative road 
gradients, the unsigned acceleration should be used. 
 
For roads on a gradient, the change in engine noise will be taken into account in terms of a 
modified acceleration. It is given by: 

)(sin10, roadhormm aa α+=  (22) 

 
where αroad is the road gradient in radians. The correction to the traction noise is then given by 
equation 22. 
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4.3 Railway sources 
The sound power output of railway sources is described by a database which contains source 
emission data on two levels: 

• a parametrical model based on physical parameters, distinguishing subsources: 
o rolling noise 
o traction noise 
o aerodynamic and auxiliary sources 

• sound power output for the whole vehicle based on a global description. 
 
The parametrical model consist of two parts: 

• A database file in MS-Access format; 
• A source model "engine" which consists of the laws to obtain the output from the 

database; 
The output of the emission data useful as input of the propagation calculation is: 

• The sound power level (in third octave bands) of equivalent moving point sources for 
five possible heights as illustrated in figure 5. 

• The associated directivity functions given in section 4.3.3 
 

z=0.5 m       rolling (wheel contribution), aerodynamic, traction

z=2 m          traction

z=3 m          traction

z=4 m          traction, aerodynamic

z=0 m          rolling (track contribution) 
z=0.5 m       rolling (wheel contribution), aerodynamic, traction

z=2 m          traction

z=3 m          traction

z=4 m          traction, aerodynamic

z=0 m          rolling (track contribution) 

z=2 m          traction

z=3 m          traction

z=4 m          traction, aerodynamic

z=0 m          rolling (track contribution) 
 

Fig. 5: Possible source heights for the railway source model 

 
The sources which can be considered to be representative of railway emission are the rolling 
noise, the traction noise and the aerodynamic noise. Corrections to rolling noise are also 
proposed to describe special cases: impact, bridges, squeal and braking noise. 
 
The following section gives a description of the source strength according to the detailed 
method. An escape is proposed to the user who has insufficient information to use the 
appropriate emission data for the partial sources and who can only get data provided by pass-
by measurements for a whole vehicle or a train. In that case, the values of the sound power 
levels are directly implemented in the engineering model. 
 

4.3.1 Track and vehicle categorization 
The database is organised around two main tables which define the use of the other tables. 
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• One table which specifies the track characteristics, which are useful for the calculation of 

the rolling noise and the possible additional sources due to impact noise or bridge noise 

• One table which specifies the vehicle characteristics. The vehicle categorization can be 

made according to the different partial sources that can describe it. We consider here 

vehicles concept which can be in practice vehicles or for some cases complete trains (like 

for EMUs, DMUs or High Speed Trains). We remind here that the database contents only 

examples for helping the understanding of the structure. The different countries are 

responsible of filling in the database following the practical methods proposed in 

HARMONOISE. An example of categorization is given hereafter in table 4.5. 

 
Table 4.5. Example of vehicle categorization according to the type of source involved at the 
five possible source heights. 
Vehicle 
type 

Source type 
at z=0 m 

Source type 
at z=0.5 m 

Source type 
at z=2 m 

Source type 
at z=3 m 

Source type 
at z=4 m 

Freight 
wagon 

Rolling (track) Rolling (wheel) ---- ---- ---- 

Passenger 
coach 

Rolling (track) Rolling (wheel) Traction (drive) ---- ---- 

Diesel 
locomotive 

Rolling (track) Rolling (wheel) Traction 
(drive+fan 
+compressor) 

---- Traction 
(exhaust) 

Electric 
locomotive 

Rolling (track) Rolling (wheel) Traction 
(drive+fan) 

Traction 
(compressor) 

---- 

DMU Rolling (track) Rolling (wheel) Traction 
(drive+fan 
+compressor) 

---- Traction 
(exhaust) 

EMU Rolling (track) Rolling (wheel) Traction 
(drive+fan) 

Traction 
(compressor) 

---- 

High speed 
train 

Rolling (track) Rolling (wheel) 
+ aero bogie 

---- ---- Aero panto 
+ traction (fan) 

 
The other tables contain the data and the parameters useful to calculate the sound power 
according to the formulae given in the following section. 
 

4.3.2 Source strength: main formula 
The source power output by a separate moving vehicle is defined in terms of five subsources at 
0.00m; 0.50m, 2m, 3m and 4m above the railhead. It is given for each vehicle category (m), 
track type (n) and each 1/3 octave band (i) by equations 23 through 33. Quantities defined in 
the wavelength domain (index j) are to be transformed to the frequency domain, using the 
relation λ = U/f. 
 
at 0.00m (rolling noise): 

( ) 1,,,,,,,,,,,1 lg10 dirinbridgeminHtrinmtotalrinmW CCNLLL ++++=  (23) 

jnmjnimpactrjmwheelrjnrailrjnmtotalr CFLLLL ,,,,,,,,,,,,,,, +⊕⊕=  (24) 
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at 0.50m (rolling noise, traction noise, aerodynamic noise): 

( )[ ] 2,,2,,2,,,2,,,2 lg10 dirimWANimWTNminmWRNinmW CLLNLL +⊕⊕+=  (25) 

imbrakeimsquealimHvehinmtotalrinmWRN CCLLL ,,,,,,,,,,,,,2 +++=  (26) 
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at 2m (traction noise): 
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(29) 

 
at 3m (traction noise): 
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(30) 

 
at 4m (traction noise, aerodynamic noise): 

5,,5,,5,,5 dirimWANimWTNimW CLLL +⊕=  (31) 
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where: 
LWRN is the rolling noise sound power level [dB]; 
LWTN is the traction noise sound power level [dB]; 
LWAN is the aerodynamic noise sound power level [dB]; 
LWANREF is the aerodynamic noise sound power level at the reference speed [dB]; 
LWdrive is the drive system sound power level [dB]; 
LWfan is the fan noise sound power level [dB]; 
LWcomp is the compressor sound power level [dB]; 
LWexhaust is the exhaust sound power level [dB]; 
Lr,total is the combined effective roughness frequency spectrum (wheel+rail+contact 

filter) at given speed [dB]; 
Lr,rail is the rail roughness [dB]; 
Lr,wheel is the wheel roughness [dB]; 
Lr,impact is the effective equivalent roughness due to impact [dB]; 
CF is the contact filter spectrum [dB]; 
LHtr is the transfer function from effective roughness to sound power for the track 

[dB]; 
LHveh is the transfer function from effective roughness to sound power for the vehicle 

[dB]; 
N is the number of axles per vehicle [-]; 
U is the vehicle speed [km/h]; 
Uref is the reference speed for which LWAN is given [km/h]; 
nfan is the fan rpm; 
nfanmax is the maximum fan rpm; 
ndrive is the drive rpm; 
ndrivemax is the maximum drive rpm; 
dcfan is the duty cycle for fans; 
dccomp is the duty cycle for compressors; 
Cdir is the source directivity correction given in section 4.3.3 [dB]; 
Cfan is the constant for rpm dependency of fan sound power; 
Csqueal is the correction for squeal noise [dB]; 
Cbrake is the correction for braking noise at given speed [dB]; 
Cdrive is a constant for rpm dependency of drive sound power [-]; 
α is the speed coefficient for aerodynamic noise. 

 
4.3.3 Directivity 

For railway sources, only a horizontal directivity in considered. Three types of directivity 
functions can be chosen: 

• A monopole directivity; 

• A dipole directivity; 

• A user-defined directivity, defined by 10° 
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The directivity function is given by: 

0=dirC      for monopole directivity (34) 

( )χ2cos2lg10=dirC    for dipole directivity (35) 

ϕπχ −=
2

 (36) 

 
where ϕ is the horizontal angle between the propagation path and the source segment in 
radians (figure 3). 
 
 

4.4 Integration of sources 
Based on the sound power output LW,m,i for a single moving vehicle (described in the sections 

4.2 and 4.3), the average vehicle speed mv  and the traffic flow, the total sound power output 

of each subsource (at different source heights) of a source line with unit length is defined by 
equation 37. 
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where 
v0 is the reference vehicle speed (1 km/h); 
veq,m is the equivalent vehicle speed for vehicle category m (km/h); 
Q0 is the reference traffic flow (1 h-1). 
Qm is the traffic flow for vehicle category m (h-1). 

 
The total sound power output of a source line with unit length is obtained by summation over 
the different vehicle categories, given by equation 38. 
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5 PROPAGATION PATHS: GENERAL CONCEPTS 

The short-term, equivalent sound pressure level Leq,1h,i at a certain receiver position is 
calculated by incoherent summation over a number of point-to-point contributions from N 
propagation paths. 

∑
=

=
N

n

L
iheq

niheqL
1

10/
,1

,,110lg10  (39) 

 
The definition of point-to-point propagation paths is described in [REF 3]. For convenience, 
some general concepts are presented here. 
 

5.1 Position of the sources 
The vertical position of the sources has been described in sections 4.2 and 4.3. The lateral 
position of road traffic and railway sources is flush with the nearest wheel side. This requires a 
horizontal directivity function as illustrated in figure 6. The horizontal directivity function for 
road traffic noise is given in section 4.2.3. 

 

Fig. 6: Lateral position and horizontal directivity of the sources (receiver along the source line) 

 
Receivers that are in line with the source segment require a different approach since both 
wheel sides contribute to these noise levels. This is illustrated in figure 7 below. If the receiver 
is between both (extended) source line segments of two wheel sides, the directivity of the 
sources is given by: 

)2lg(10)0(,, −== ϕhordirhordir CC  (40) 

 

Fig. 7: Horizontal directivity of the sources (receiver in between extended source segments) 

 
For convenience, the lateral position of the high railway sources (pantograph) is at the same 
lateral position as the other sources, i.e. at the railhead. 
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5.2 Source segmentation 
The starting point for the source segmentation is a maximum viewing angle for each source 
segment as a general calculation parameter. For noise mapping purposes, a reasonable value 
for this maximum viewing angle is 5 degrees. 
 
The relation between the viewing angle φ, propagation distance R and the ‘optical’ length of 
the source segment ℓperspective is given by equation 41: 

( )2/tan2 φReperspectiv =l  (41) 

φ

ℓsegment

ℓperspective

R
φ

ℓsegment

ℓperspective

R

 
 
For propagation paths perpendicular to a straight source line, ℓsegment equals ℓperspective. 
 
In the other extreme case, where the receiver is in line with a source line segment, the viewing 
angle equals zero. The source line segment length is then given by: 

( )2/tan2 maxmin φReperspectivsegment == ll  (42) 

 
where φmax is the general, maximum viewing angle and Rmin is the propagation distance from 
the nearest point on the source line. 
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The starting point of the second source segment coincides with the end point of the first 
source segment, until the end of the source line is reached. The source point is situated 
halfway each source line segment. 
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More generally, the segmentation starts at the nearest point on the source line, irrespective of 
the position of vertices, working its way in two directions towards the end points of the source 
line. 

starting pointstarting point

 
 

5.3 Propagation planes 
Starting from a 3-dimensional geometry, consisting of source lines, buildings, ground planes 
and other objects such as embankments and noise barriers, a vertical propagation plane is 
constructed through each point source and each receiver point. In such a propagation plane, 
the geometry is reduced to two dimensions, however “out-of-the-plane”-corrections are 
included for reflections against finite-sized objects. The 2-dimensional geometry in the 
propagation plane is described in terms of ground segments. 
 

5.4 Ray paths 
Within each vertical propagation plane, different ray paths are distinguished, which can be 
mutually coherent. Figure 8 shows four ray paths for a case with diffraction by a barrier. 

 
Fig. 8: Ray paths in a geometry with diffraction 

 

5.5 Ground segments 
Ground property and altitude variations are taken into account by representation of the terrain 
by ground segments. The total cross-section between the source and the receiver is formed by 
straight and homogeneous ground segments which have finite length (figure 9). 

 
Fig. 9: Example of segmented terrain 

 
An optional method for reducing the number of ground segments is provided by Appendix B. 
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5.6 Reflected propagation paths 
Contributions from reflections are taken into account by the introduction of image sources or 
image receivers. For the generation of these reflected propagation paths, the initial sources 
that have been the result of the source segmentation as described in section 5.2, will be the 
starting point. Subsequent reflections are to be taken into account up to a maximum reflection 
depth of 3 reflections. 
Tilted reflective planes may cause both vertically and horizontally reflected paths.  
 

5.7 Fresnel-weighting 
Contributions from different ground segments are combined by the use of Fresnel-zones 
around specular ray paths. The use is inspired by an approximate solution to predict sound 
propagation over flat terrain with varying surface types proposed by Hothersall and Harriott 
[hot1]. In this method the sound field at the receiver is assumed to be determined by the 
surface conditions in a region around the reflection point denoted the Fresnel-zone. 
The Fresnel ellipsoid is defined by the locus of the points P defined by Equation 43 where S is 
the source point, R is the receiver point, and Fλ is a fraction of the wavelength λ. The foci of 
the ellipsoid are placed at S and R.  

λλFSRRPSP =−+  (43) 

 
The Fresnel factor Fλ is equal to 1/16. 
When the sound field is reflected by a flat surface, the elliptically shaped Fresnel-zone is 
defined by the intersection between the plane and the Fresnel ellipsoid with foci at the image 
source point S' and the receiver R as shown in figure 10. 
 

R

S

S'

 
Fig. 10: Definition of Fresnel ellipsoid and Fresnel-zone 

 
In a two-dimensional propagation model, the Fresnel-zone becomes one-dimensional as shown 
in figure 11. 
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S

P1 P2

R

S’  
Fig. 11: One-dimensional Fresnel-zone (P1P2) in a two-dimensional propagation model 

 

Algorithms for the calculation of the size of the Fresnel-zone are given in Appendix C. 
The size of a sub-surface within the Fresnel-zone relative to the size of entire Fresnel-zone is 
used to determine the Fresnel-zone weight wi which expresses the relative importance of the 
sub-surface. The Fresnel-zone weight is calculated according to Equation 44 where Si is the 
area of the i'th sub-surface within the rectangular Fresnel-zone and SFz is the area of the entire 
Fresnel-zone as shown in figure 12. 
In a two-dimensional propagation model, Si and SFz are replaced by the lengths di and dFz. 
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Fig. 12: Top view of a Fresnel-zone 
 

5.8 Meteorological refraction 
Vertical wind speed and air temperature gradients result in vertical sound speed gradients. 
These induce atmospheric refraction. This effect is taken into account by replacing the straight 
rays for a homogeneous atmosphere by curved rays. Based on its radius of curvature, each ray 
is fully described in terms of a height difference ∆h relative to the straight ray. 

cur

RhorShor

R
RR

h
2

;;=∆  (45) 

 

∆h

Rhor,S Rhor,R
 

Fig. 13: Definition of curved rays 
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The radius of curvature Rcur, due to meteorological refraction, is given by: 

BAcur RRR
111

+=  (46) 
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where: 
A is the linear sound speed coefficient in 1/s, given by equation 49a and 49b;  
B is the logarithmic sound speed coefficient in m/s, given by equation 50  
D is the horizontal distance between the source and the receiver in m;  
c0 is the reference sound speed = 331.4 m/s.  
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where: 
u* is the friction velocity in m/s, given by table5.3; 
T* is the temperature scale in K given by table 5.4; 
L is the Monin-Obukhov length in m, 1/L given by table 5.5; 
Cvk is the Von Karman constant = 0.4; 
g is Newton’s gravity acceleration = 9.81 m/s2; 
cp is the the specific heat capacity of air at constant pressure, 1005 J/kg K; 
Tref is the reference temperature = 273 K. 

 
The meteorological parameters u*, T* and the inverse of the Monin-Obukhov length, 1/L 
depend on the classification of the wind speed component in the direction of propagation and 
the atmospheric stability, given by tables 5.1 and 5.2 . 
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Table 5.1. Wind speed classification. 

wind speed component at 10 m above 
ground 

wind speed 
class 

0 to 1 m/s W1 
1 to 3 m/s W2 
3 to 6 m/s W3 
6 to 10 m/s W4 
> 10 m/s W5 

 
Table 5.2. Classification of atmospheric stability. 

time of day cloud cover stability class 
day 0/8 to 2/8 S1 
day 3/8 to 5/8 S2 
day 6/8 to 8/8 S3 

night 5/8 to 8/8 S4 
night 0/8 to 4/8 S5 

 
Table 5.3. Friction velocity, by wind speed class 

wind speed class u* in m/s 
W1 0.00 
W2 0.13 
W3 0.30 
W4 0.53 
W5 0.87 

 
Table 5.4. Temperature scale T*, by wind speed class and stability class 

 S1 S2 S3 S4 S5 
W1 -0.4 -0.2 0.0 +0.2 +0.4 
W2 -0.2 -0.1 0.0 +0.1 +0.2 
W3 -0.1 -0.05 0.0 +0.05 +0.1 
W4 -0.05 0.0 0.0 0.0 +0.05 
W5 0.0 0.0 0.0 0.0 0.0 

 
Table 5.5. inverse of the Monin-Obukhov length 1/L, by wind speed class and stability class 

 S1 S2 S3 S4 S5 
W1 -0.08 -0.05 0.0 +0.04 +0.06 
W2 -0.05 -0.02 0.0 +0.02 +0.04 
W3 -0.02 -0.01 0.0 +0.01 +0.02 
W4 -0.01 0.0 0.0 0.0 +0.01 
W5 0.0 0.0 0.0 0.0 0.0 
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6 PROPAGATION: POINT-TO-POINT ATTENUATION 

6.1 Main formula 
The short-term, equivalent sound pressure level Leq,1h,i,n caused by a source segment n 
(represented by a point source with source power output LW) is calculated by: 

iscatirefliexcessiatmdiviWniheq AAAAALL ,,,,,,,1 −−−−−=  (51) 

 
where 

( )segmentiWiW LL llg10' ,, +=  (52) 

L'W,i is the sound power level of a unit length source segment, given by equation 38 
in section 4.4 [dB]; 

ℓsegment is the source segment length [m]; 
Adiv is the attenuation due to geometrical spreading (section 6.2) [dB]; 
Aatm,i is the attenuation due to atmospheric absorption (section 6.3) [dB]; 
Aexcess,i is the excess attenuation due to ground reflections and diffraction effects 

(section 6.4) [dB]; 
Arefl,i is the attenuation due to energy loss during reflection (section 0) [dB]; 
Ascat,i is the attenuation due to scattering zones (section 6.6) [dB]. 

 

6.2 Geometrical divergence 
The geometrical divergence accounts for spherical spreading of the emitted acoustical energy 
from a point source in the free field. It does not depend on frequency and is given by: 
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where 
R is the distance from the source to the receiver [m]; 
R0 is the reference distance (1m). 
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6.3 Atmospheric absorption 
The attenuation due to atmospheric absorption Aatm is given by: 

6.1
,,, )00122622.00053255.1( RRA iatmiatmiatm αα −=  (54) 

where 
αatm,i is the atmospheric attenuation coefficient in dB/m, given by [REF 4] for pure 

tones. 
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where 

T is the atmospheric temperature [K]; 
T0 is the reference temperature (= 293.15 K); 
hr is the relative humidity [%]; 
pa is the atmospheric pressure [kPa]; 
pr is the reference atmospheric pressure (= 101.325 kPa). 
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6.4 Excess attenuation 
In order to compute the total excess attenuation between a source segment and the receiver, 
a convex hull is to be constructed, starting from the source, over all ground segments towards 
the receiver. An example is given by figure 14. 

 
Fig. 14: Convex hull S-P2-P5-P6-R between source and receiver points 

 
After the convex hull has been constructed, the following steps are to be undertaken: 

• Determine the insertion loss of all diffracting edges on the convex hull according to 
section 6.4.2; 

• Calculate the ground effect between each set of two points on the convex hull. 
The total excess attenuation between a source segment and the receiver is given by: 
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Where Adiff represents the attenuation due to diffraction for K points belonging to the convex 
hull and Agr is the attenuation due to ground reflections for K+1 terrain sections in between 
two consecutive points on the convex hull. 
The computation of Agr is described in section 6.4.1, whereas the computation of Adiff is 
described in sections 6.4.2 and 6.4.3. 
 
The method distinguishes three types of ground segments: 

• concave ground segments; 
• convex ground segments; 
• ground segments that form a part of the convex hull. 

 
For concave ground segments, the source and receiver are both above its extension to infinite 
length and the computation of Fresnel weights is straightforward as described in section 5.7. 
 
A ground segment is considered convex if one of the source or the receiver (or either one of 
them replaced by the nearest diffracting edge on the convex hull) is below the extended 
segment. The Fresnel weight for convex ground segments is determined by a modified 
geometry, described in Appendix D. 
 
A ground segment forms a part of the convex hull if both the source and the receiver and all of 
the (eventual) diffraction points are below its extension (the ground segment between P5 and 
P6 in fig 13). The attenuation by diffraction is computed as described in section 6.4.3. The 
ground attenuation for such segments is given in section 6.4.5. 
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6.4.1 Flat ground model 
When sound propagates close to the ground, the direct sound interacts with the sound 
reflected from the ground. A simple approach to model this interaction when the terrain is flat 
with a homogeneous surface characterized by its specific acoustic impedance Z (section 6.4.6), 
is to represent the sound field by geometrical rays as shown in figure 15. 
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θ

 
Fig. 15: Direct ray and ray reflected by the ground within a single propagation path 

 
The ground attenuation is calculated according to equations 63 through 67 where R and R' are 
the path lengths of the direct and reflected ray, k is the wave number. Q is the spherical 
reflection coefficient as a function of the ground impedance Z, the reflection angle θ, and the 
distance R', according to Chien and Soroka [REF 5]. The calculation of Q is described in section 
6.4.7. Path lengths R and R’ are given by: 

( )22
RShor hhRR −+=  (61) 

( )22' RShor hhRR ++=  (62) 

 
Over flat terrain, the total ground attenuation Agr is determined logarithmic weighting of the 
ground effects for the different ground segments N. For propagation over a terrain that can be 
described as a valley, linear Fresnel weighting is applied. Equation 63 gives a transition 
between both models based on the sum of the Fresnel weights. 
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and Ccoh denotes the coherence loss factor given in section 6.3. 
 

6.4.2 Diffraction model 
For the insertion loss caused by a screening object, the solution of Deygout is applied. It is 
based on the Fresnel number Nf, given by equation 68: 
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−+
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2
 (68) 

 
where 

heff is the effective height of the barrier; 
RS is the path length between the source and the top edge of the barrier; 
RR is the path length between the top edge of the barrier and the receiver; 
λ is the acoustic wavelength. 

In Equation 68 sign(heff) is the signum function (sign = 1 for heff > 0, sign = 0 for heff = 0, sign 
= -1 for heff < 0). 
 
An illustration of the geometrical quantities is given in figure 16. 
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Fig. 16: Definition of quantities for diffraction over a sharp edge barrier 

 
The attenuation due to diffraction by a barrier is given by: 

0=diffA  for Nf ≤ -0.25 (69a) 

fdiff NA −−= 126  for -0.25 ≤ Nf < 0 (74b) 

fdiff NA 126 +=  for 0 ≤ Nf < 0.25 (74c) 

fdiff NA 88 +=  for 0.25 ≤ Nf < 1 (74d) 

fdiff NA lg1016 +=  for Nf ≥ 1 (74e) 
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6.4.3 Multiple diffraction 
The solution for multiple diffractions is obtained by following the following procedure: 

1. Determine the edge for which Nf has the maximum value in the absence of all other 
diffracting edges (most diffracting edge); 

2. Determine the insertion loss Adiff (Equation 69) of this barrier alone using the true 
source and receiver position; 

3. Depending on the position of the second barrier with respect to the first one, 
determine the insertion loss of the second barrier using the edge of the most 
diffracting barrier as the equivalent source or receiver position and sum the calculated 
insertion losses; 

4. Repeat the previous step until all points on the convex hull have been found. 
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Fig. 17: Double diffraction 

 
6.4.4 Transition model 

If the ground profile between two points on the convex hull contains one or more convex 
segments, a transition is made between the flat ground model described in section 6.4.1 and 
the diffraction model. The diffracting point is the end point of a segment for which the 
(negative) path difference is closest to zero.  

grtransTdiftransTgr AAA ,, )1( χχ −+=  (70) 

RgrSgrdifdiftrans AAAA ,,, ++=  (71) 

)1()1( 2133 χχχχχ −−+=T  (72) 

 
where Atrans,ground denotes the ground effect between two points on the convex hull according to 
equation 70, Adiff denotes the diffraction effect described in section 6.4.2 and Agr,S and Agr,R are 
the ground attenuation on either side of the (secondary) diffracting point. 
 
The transition parameter χ1 is based on the path difference δdiff and δspec. The path difference 
δdiff is defined as the difference between the path through the diffracting point and the direct 
path. The path difference δspec is defined as the difference between the specularly reflected 
path and the direct path. This is illustrated in figure 18. 
In the case that no specular reflection can be found, δspec = 0 and in the case that more than 
one specular reflection occurs, the value of δspec closest to zero should be taken. 
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Fig. 18: Definition of path differences 

 
Transition parameter χ1 is given by: 
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41 λ
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The transition parameters χ2 is given by equations 75 through 77. In equation 77, the specular 
path differences of all segments (between the two points on the convex hull) are weighted, 
irrespective of the fact that the specular reflection point is on the segment or not. 
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Transition parameter χ3 is given by: 
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δ
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 (78) 

 
where λ is the sound wavelength in metres. 
 

6.4.5 Thick barriers 
In the case of a thick barrier, the convex hull coincides with one of the ground segments 
between two diffracting edges (P4 and P5 in figure 14). The ground effect for such a segment 
is computed as a transition between the logarithmically weighted ground effect Agr,LOG 
(equation 66) and the ground effect for a surface wave Agr,surf:  
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surfgrSWLOGgrSWgr AAA ,,)1( αα +−=  (79) 

with: 

( )63.06 ,, −+= LOGgrsurfgr AA  (80) 

( )[ ]0/; hhhMAX
SW

RSe−=α  (81) 

Zf
ch π2

0 =  (82) 

where hS and hR are the source and receiver height relative to the ground segment, c is the 
speed of sound, f is the sound frequency and |Z| is the magnitude of the segment’s ground 
impedance. 
 

6.4.6 Ground impedance 
The acoustic impedance Z of the ground can either be determined by direct measurement or 
by use of an impedance model. For non-porous ground surfaces, the acoustic impedance is 
given by the one-parameter model of Delany and Bazley [REF 6]: 

73.075.0

9.1108.91
−−

⎟
⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
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⎛+=

σσ
fjfZ  (83) 

 
where f is the 1/3 octave band centre frequency in Hz and σ is the effective flow resistivity in 
kNsm-4. 
For convenience, default values for the effective flow resistivity σ are presented in table 6.1, 
based on a global description of the ground surface properties. 
 
Table 6.1. Flow resistivity σ characterized by ground impedance classes 

Description 
Representative flow 
resistivity σ (kNsm-4) 

Very soft (snow or moss-like) 12.5 

Soft forest floor (short, dense heather-like or thick moss) 31.5 

Uncompacted, loose ground (turf, grass, loose soil) 80 

Normal uncompacted ground (forest floors, pasture field) 200 

Compacted field and gravel (compacted lawns, park area) 500 

Compacted dense ground (gravel road, parking lot) 2000 

Hard surface (dense asphalt, concrete, water) 200000 

 
The impedance of a porous layer is determined by use of the impedance model by Hamet et al. 
[REF 7]. It is given by equations 84 through 89. 
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d is the layer thickness of the porous layer [m]; 
q2 is the structure constant [-]; 
Ω is the layer porosity [-]; 
σ is the flow resistivity of the layer [kNsm-4]; 
ρ is the density of air [kgm-3]; 
c is the adiabatic sound speed [ms-1]; 
f is the 1/3 octave band centre frequency y [Hz]; 
Npr is the Prandtl number = 0.71 [-]; 
γ is the specific-heat ratio = 1.4 [-]. 

 
The density of air ρ and the adiabatic sound speed c are subject to atmospheric changes. By 
default, ρ = 1.225 kgm-3 and c =340.5 ms-1. 
For porous asphalt, the material parameters are given in the table below. 
 
Table 6.2. Material parameters for porous asphalt 

d [m] q2 [-] Ω [-] σ [kNsm-4] 
0.04 5 0.2 5 

 
6.4.7 Spherical reflection coefficient 

The spherical reflection coefficient Q is a function of the path length R' of the reflected ray, the 
reflection angle θ (equal to π/2 - ψG where ψG is the grazing angle), the wave number k and 
the normalised impedance Z. Q is calculated by equation 90 where ℜp(θ) is the plane wave 
reflection coefficient calculated according to equation 91. The function E(ρZ) is calculated by 
equations 92 and 93 where erfc(z) is the complementary error function extended to complex 
arguments. 
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The complex function w(ρZ) = exp(-ρZ

2)erfc(-jρZ) in equation 92 can be determined by an 
approximate method as described in equation 94, which distinguishes three different domains 
for the real and imaginary parts x and y of ρZ = x + jy). 

x > 6 ∨ y > 6: 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−
+

−
=

724745.2
05176536.0

2752551.0
5124242.0

22
ZZ

ZZ jw
ρρ

ρρ  
(94a) 

(3.9 < x < 6 ∧ y < 6) ∨ (x < 6 ∧ 3 < y < 6): 
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x < 3.9 ∧ y < 3: 
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6.4.8 Coherence loss 
The overall coherence factor Ccoh denotes the loss of incoherency due to frequency band 
integration and due to turbulence.  
 

turbfbacoh CCC =  (104) 

 
The coherence factor due to frequency band averaging Cfba is given by: 

( )[ ]
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RRkC fba −
−

=
'115.0

'115.0sin
    for 0.115 k (R' - R) < π (105A) 

0=fbaC       for 0.115 k (R' - R) ≥ π (105B) 

 
where k is the wave number and R' and R are defined according to equations 61 and 62. 
 
The coherence factor due to turbulence Cturb is given by: 
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where 
k is the wave number = 2 π f / c [m-1]; 
R is the distance from the source to the receiver [m]; 
Fk is Kolmogorov’s structure parameter [m2/3s-1] 
hS is the source height [m]; 
hR is the receiver height [m]. 

 
Typical values for the Kolmogorov structure parameter are between 10-7 and 10-5. 
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6.5 Energy loss during reflection 
The efficiency of the reflection is quantified by the reflection effect Arefl,i calculated by equation 
108. The first term in the equation is a correction for the effective energy reflection coefficient 
ρE and the second term is a correction for the size of the reflecting surface. Srefl,i is the area of 
the surface within a Fresnel-zone in the plane of reflection and SFz,i is the total area of the 
Fresnel-zone, which is determined by the intersection between the plane of reflection and the 
Fresnel ellipsoid around the sound ray from the image source to the receiver as shown in 
figure 10. The size of the Fresnel-zone is calculated based on a fraction Fλ = 1/8. 
Any difference in directivity between the direct and reflected sound path is assumed to be 
incorporated in LW in sections 4.2 and 4.3. 
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Table 6.3 shows numeric examples for the broad-band energy reflection coefficient ρE. 
 
Table 6.3. Examples for the broad-band energy reflection coefficient 

Characteristics of reflecting surface ρE 

Plane and acoustically hard surface (concrete, stone, brick wall, metal 
sheets) 

1.0 

Non-absorbent building facades with windows and small irregularities, 
dense wooden panels 

0.8 

Factory walls with 50 % of the surface consisting of openings, 
installations or pipes 

0.4 

 
For a reflecting surface with a frequency dependent energy reflection coefficient, ρE,i is 
calculated by equation 109 where αi is the frequency dependent absorption coefficient. 

αρ −= 1E  (109) 

 
If the surface is hard or almost hard with a rough texture of random nature, the reflection 
coefficient is estimated by equation 110 where k is the wave number, σ is the rms-value of the 
random (Gaussian) irregularities in the texture and θ is the angle of incidence (relative to the 
normal of the surface). σ can approximately be estimated by 0.3 times the peak to peak 
surface irregularities. 

( )( )2cos2exp θσρ kE −=  (110) 

 
Irregularly shaped obstacles are to be divided into a number of sub-surfaces, each of which 
fulfils the requirement of being a plane surface, and the overall effect is obtained by a simple 
incoherent summation of the contributions from all surfaces. 
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6.6 Attenuation by scattering from trees 
The attenuation as a result from propagation through (dense) forests is a function of the mean 
trunk diameter d, the total length of the sound path through the scattering zones Rsc and the 
average height of the trees hsc. The length of Rsc is determined from the intersection of all 
scattering zones within the propagation path and the convex hull from the source to the 
receiver over all segments as illustrated below. 
 

RSC,1 RSC,2

Screen 2
Screen 1

R
S

 
Fig. 19: Scattering zone path length Rsc 

It is given by: 
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where the frequency weighting function ki(d) is given by table 6.4 and Ae(hsc, Rsc) is given by 
table 6.5. The level correction Ae is to be determined by cubic interpolation from the scattering 
length Rsc and the average scattering height hsc. If Rsc < 3.125 m, the effect of the scattering 
zone will be ignored. 
 
Table 6.4. kf(d) as a function of wave number k and trunk diameter d in metres. 

k d/2 ≤ 0.7 1.0 1.5 3.0 5.0 10 ≥ 20 

ki 0.00 0.05 0.20 0.70 0.82 0.95 1.00 

 
Table 6.5. Level correction Ae as a function of Rsc and hsc 

Rsc [m] hsc = 2.5 m hsc ≥ 25 m 
≤ 3.125 0.0 0.0 

6.25 6.5 6.5 
12.5 13.0 12.8 
18.75 17.7 16.4 

25 21.1 19.9 
37.5 26.4 24.8 
50 31.0 28.5 
75 39.0 35.1 

100 47.5 41.6 
150 64.5 54.4 
≥ 250 99.2 81.4 
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7 CONCLUSION 

The engineering method is q flexible calculation method in such a way that it can be used both 
for detailed computations in case of noise assessment and for noise mapping. Esspecially for 
noise mapping the method can be used with limited data input since default values are 
provided. 
 
The source model for road traffic noise is described in this report. The source data given, can 
be used for default values for road traffic noise. Future new available data can be used and 
also data for other (quiet and also noisier) road surfaces should be collected. For railway noise 
only the structure of the database is given in this report. For this noise source at this moment 
there is no default value. (Validation has been done with specifically measured source data). 
 
The method calculates the short-term sound pressure level at certain receiver positions for 
different meteorological data. It requires wind speed, wind direction, temperature gradient and 
absolute temperature en humidity. This short-term sound pressure level at a certain receiver 
position is calculated by incoherent summation over a number of point-to-point contributions. 
The combination of all the short-term sound pressure level at a certain receiver position, with 
the duration of meteorological situations that occur during the day, evening en night period, 
gives the Lden. 
 
This report also describes the method for the source segmentation. The chosen method is a 
method of projection on the source only. Since it was decided that the viewing angle for each 
source segment is relatively small and we are working with Fresnel zones the possible errors 
are very small and acceptable. This is also a compromise with calculation time. 
 
Contributions from ground reflections and diffracting obstacles like barriers are determined by 
the use of Fresnel zones around the reflection points on terrain segments between source and 
receiver. This method has been extended to reflecting obstacles. The size of the zone depends 
on the wavelength of the sound. The model includes multiple screening by using the most 
efficient edges of each screen.  
 
Generally it can be concluded that the Harmonoise Point to Pont method has been extensively 
validated on more than 15000 cases through the reference method which is based on 
scientific, theoretical techniques such as BEM and PE (Boundary Element Method. Meteo-BEM 
and Parabolic Equation). The complete HARMONOISE Engineering method has been validated 
to a number of measurement sites also at larger distances up to 1200 m. The method has 
been fine-tuned for all the validation cases.  
 
A concluding summary of the main advantages of HARMONOISE engineering method:  
• Physical source model. The source model has different sources for different excitation 

techniques; 
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• It includes the latest road and railway noise source separation techniques; 
• Modelling of different operating conditions (accerlation/deceleration, road surface, track 

corrections, wheel/track roughness); 
• It has been validated through 5 years of measurements in 3 countries across Europe; 
• Exists as engineering method supported by reference methods (not a point-to-point black 

box); 
• 1/3-octave model; 
• One propagation model for "all" sources: roads & railways; 
• Fresnel zones for more continuous modelling of reflections from ground and objects; 
• Full continuous model; no discontinuities due to geographic imperfections;  
• Includes meteorological effects as wind direction, wind speed and temperature gradients; 
• Designed for noise mapping, impact assessments and detailed studies. 
 
The HARMONOISE engineering method gives more accurate results than existing methods. The 
method is designed for noise mapping, impact assessments and detailed studies. All 
calculations can be done with the same calculation core. The accuracy and detail level of input 
data will determine the accuracy of all the calculated results. 
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8 RECOMMENDATION FOR FURTHER WORK 

Further work on the propagation model has already started in the Imagine project, adding 
industrial & aircraft noise source models. Especially for industrial noise, lateral diffraction 
around vertical edges is relevant. Also data collection for the new source models is carried out. 
 
For the propagation model there is a recommendation to carry out further research on the 
roughness (unevenness) of the surface. Terrain surface properties are characterized by the 
impedance and roughness of the surface. It will be necessary to study the effect of surface 
roughness more closely in the future. 
 
The effect of wind on the sound speed profile has been discussed extensively in the technical 
meetings of WP 3. The solution is that we should introduce a displacement height for the 
sound speed profile. This displacement height must be dependent on the number and height of 
the buildings in a propagation cross section. A remark to this is that in urban situations the 
propagation distances are relatively short. Long propagation distances are related to highways 
and railway lines around an urban area. For these situations the existing method possibly over-
estimates the ray curvature. On the other hand, RESWING effects may lead to underestimation 
of the sound speed gradient and hence the ray curvature. These principles have not been 
investigated. 
 
The use of the method in the future and more validation of the method shall be done by all 
kind of different end users. These experiences and these validations may lead to adjustments 
of the method. It is recommended to establish a working group for maintenance of the source 
models, the source segmentation, the point to point method, the meteorological module. Errors 
and bugs can be corrected, versions will be reported and the software is public. It is recom-
mended that no part of the engineering method is a “black-box”. It is essential that every part 
of the engineering method can be checked by using the original formulas and algorithms. 
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APPENDIX A: ROAD SURFACE CORRECTIONS 

In addition to the road surfaces of the reference cluster the following road surface corrections 
Csurf,m,i, to be used in equations 4, 7 and 10, are available: 
 
Table A.1. Road surface corrections for light vehicles (m=1) 
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speed range 50-90 50-90 60-90 50-90 40-90 50-90 -- -- -- 

50 Hz  0.7  -3.3  0.8  0.0  

63 Hz  0.2  -3.1  -1.3  0.0  

80 Hz  3.6  -0.5  -0.4  0.0  

100 Hz 0.8 -1.0 -0.3 0.5 0.7 1.6 1.9 0.0 -5.4 

125 Hz 1.3 -1.8 -0.8 0.0 -0.1 1.7 7.8 0.0 -1.1 

160 Hz 1.3 -0.1 0.0 1.2 0.3 2.0 9.8 0.0 0.4 

200 Hz 0.9 -0.9 0.7 0.7 -0.1 2.4 8.6 0.0 0.8 

250 Hz 1.3 -0.7 2.2 1.7 0.6 2.8 9.1 0.0 2.3 

315 Hz 2.5 -1.1 2.7 1.9 0.7 3.7 9.0 0.0 1.0 

400 Hz 2.8 -0.5 3.4 2.2 0.9 4.3 8.4 0.0 -1.2 

500 Hz 3.1 -1.5 3.0 2.8 1.7 5.0 11.3 2.2 0.9 

630 Hz 2.8 -2.4 2.1 2.9 2.0 4.8 10.7 2.8 -0.9 

800 Hz -0.4 -3.0 2.0 2.9 0.2 4.4 9.2 4.2 0.1 

1000 Hz -3.0 -4.6 0.5 2.2 -1.9 4.1 7.8 5.3 1.5 

1250 Hz -4.2 -5.8 -0.1 1.7 -3.5 2.3 4.7 3.4 1.4 

1600 Hz -4.3 -6.5 1.0 0.7 -2.9 0.2 1.5 0.1 0.2 

2000 Hz -5.1 -7.9 1.7 -0.3 -3.0 -1.4 1.2 -1.4 -0.9 

2500 Hz -5.9 -7.8 1.4 -0.9 -2.5 -1.9 0.2 -2.8 -2.1 

3150 Hz -5.3 -7.2 0.1 -0.9 -2.5 -1.6 -0.2 -3.3 -2.6 

4000 Hz -3.7 -6.3 -0.5 -0.2 -1.8 -0.5 0.2 -4.1 -2.2 

5000 Hz -2.5 -5.6 -0.5 -0.5 -1.7 -0.3 0.1 -5.0 -1.7 

6300 Hz -2.1 -5.5 -1.3 -0.3 -6.0 -0.3 -0.6 -6.5 -2.7 

8000 Hz -1.0 -4.8 -1.8 -0.4 -6.0 0.0 -0.4 -6.9 -2.5 

10000 Hz -0.1 -4.3 -1.6 0.4 -4.8 0.3 -0.9 -8.5 -3.0 
1 PAC:  Porous Asphalt Concrete 
2 SMA:  Stone Mastic Asphalt 
3,5 see Fig. A.1 
4 HRA 20:  hot rolled asphalt with 20 mm chippings rolled into the surface 
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Table A.2. Road surface corrections for medium heavy and heavy vehicles (m=2,3) 
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speed range 50-90 50-90 60-90 50-90 40-90 50-90 -- -- 

50 Hz  -1.8    -2.4  0.0 
63 Hz  -3.4    -3.0  0.0 
80 Hz  -1.5    -1.8  0.0 

100 Hz -0.2 -0.3 2.0 -0.4 0.9 0.9 4.5 0.0 
125 Hz -0.1 -1.5 2.8 0.4 1.6 1.1 6.7 0.0 
160 Hz 0.3 -0.4 2.8 0.8 0.6 1.5 8.5 0.0 
200 Hz 1.5 -0.5 3.5 1.6 1.7 2.1 3.7 0.0 
250 Hz 2.0 -1.2 2.6 1.0 2.6 0.9 1.1 0.0 
315 Hz 1.4 -1.1 1.9 0.3 1.1 1.1 1.2 0.0 
400 Hz -0.1 -3.3 3.2 1.1 1.3 2.0 5.9 0.0 
500 Hz 0.0 -4.0 2.7 1.5 1.2 2.8 9.8 0.4 
630 Hz -4.4 -8.9 2.0 -0.4 -1.5 0.6 9.7 2.1 
800 Hz -5.9 -9.4 1.7 -0.5 -2.2 -0.9 6.5 2.2 

1000 Hz -5.9 -7.4 0.4 -1.4 -2.3 -2.1 3.1 1.4 
1250 Hz -5.1 -6.1 1.2 -1.4 -1.4 -2.1 1.7 1.1 
1600 Hz -3.1 -5.0 1.6 -0.3 0.3 -0.9 0.5 -0.5 
2000 Hz -2.0 -4.7 1.7 -0.3 1.0 -1.0 0.3 -1.7 
2500 Hz -5.1 -5.9 -0.1 -2.2 -0.9 -3.1 1.0 -1.4 
3150 Hz -4.9 -5.7 -1.1 -2.5 -1.1 -2.9 0.3 -2.3 
4000 Hz -1.7 -3.8 0.5 -0.7 1.7 -0.5 -0.9 -3.9 
5000 Hz -1.5 -3.6 0.1 -1.5 1.8 -1.0 0.2 -3.7 
6300 Hz -1.8 -4.0 0.2 -1.3 2.5 -0.6 -0.4 -5.2 
8000 Hz 0.2 -2.7 0.6 -0.2 3.1 0.3 1.1 -5.3 

10000 Hz 1.0 -2.9 0.5 -0.2 3.9 0.4 0.3 -7.4 
1 PAC:  Porous Asphalt Concrete 
2 SMA:  Stone Mastic Asphalt 
3 see Fig. A.1 
4 HRA 20:  hot rolled asphalt with 20 mm chippings rolled into the surface 

  

Fig. A.1 Example of block paving (left) and paving stones (right)
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APPENDIX B: METHOD FOR OPTIMIZATION OF TERRAIN SEGMENTS 
(OPTIONAL) 

Ground property and altitude variations are taken into account by representation of the terrain 
by ground segments. The total cross-section between the source and the receiver is formed by 
straight and homogeneous ground segments which have finite length (Fig. B.1). 

 

Fig. B.1 Example of segmented terrain 

For the purpose of optimization, the number of ground segments may be reduced by grouping, 
based on "the maximum deviation principle". The ground point P having the maximum 
perpendicular distance rmax to the line between the first and the last ground point P1 and P2 will 
become a new ground point in the segmented terrain. The principle is illustrated in Fig. B.2. 

PP1

rmax

P2

P  
Fig. B.2: "Maximum deviation principle" used to determine a new ground point 

 
Ground points between the source and the receiver are added successively to the segmented 
terrain until both of the following requirements are fulfilled: 
• The maximum deviation rmax fulfils Eq. B.1 
• The length of a segment dsegm fulfils Eq. B.2 
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APPENDIX C:  CALCULATION OF THE SIZE OF FRESNEL-ZONES 

The point P on the Fresnel ellipsoid is defined by Eq. (C.1) where Fλ is the fraction of the 
wavelength λ. 

λλFSRPRSP =−+  (C.1) 

The point O in Figure C.1 is the intersection between the source-receiver line SR and the 
Fresnel-zone plane, and rS = |SO| and rR = |RO|  

S

P

d

0 RrS rR

 

Fig. C.1 Geometrical definitions 

The distance d = ⏐OP⏐ = f(rS, rR, θ) is calculated as shown below in Eqs. (C.2) through (C.7). 

RS rrr +=  (C.2) 

λλFrl +=  (C.3) 

( )( )22 cos4 θ−= rlA  (C.4) 

( ) ( ) θ−+−θ= cos4cos4 222 lrrrrrB RSSR  (C.5) 

( ) ( )2222224 2 RSRS rrlrrlC −−++−=  (C.6) 

A
ACBBd

2
42 −+−

=  (C.7) 

If θ = π/2, cos θ becomes 0 and the calculation of d can be simplified to Eq. (C.8). 

( )
2

222222

424 l

l RSRS rrrrd −
+

+
−=  (C.8) 

If θ = π/2 and rS = rR the calculation of d can be further simplified to Eq. (C.9). 

( )
r

FF
d

24

2 λλ λλ +=  (C.9) 

When source and receiver position relative to the reflecting ground surface are described by 
the source and receiver heights hS and hR and the horizontal distance d as shown in Figure C.2, 
the size of the Fresnel-zone is calculated as shown in the following. S’ is the image source, R is 
the receiver and O is the reflection point. 

 

θ



HARMONOISE WP 3 Engineering method  Technical Report 

Doc.number: HAR32TR-040922-DGMR20.doc Revision number: 00.20 
Author: DGMR Page C-2 Date: 20-01-2005 

 

hS

P1 ΨG

rR

rS

a1

a2

S’

R

hR

d

O

 

Fig. C.2 Geometrical definitions 
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G arctanψ  (C.10) 

( ) 22 dhhr RSSR ++=  (C.11) 

SR
RS

S
S r

hh
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+

=  (C.12) 

SR
RS

R
R r

hh
hr
+

=  (C.13) 

The size of the Fresnel-zone along the propagation path is 2121 aaPP +=  where a1 and a2 

are calculated by Eqs. (C.14) and (C.15). 

( )GRS rrfOPa ψπ −== ,,11  (C.14) 

( )GRS rrfOPa ψ,,22 ==  (C.15) 

The size of the Fresnel-zone perpendicular to the propagation path is 2b where b is calculated 
by Eqs. (C.16) and (C.17). In this case the simple solution in Eq. (C.9) can be used to calculate 
b0. 

⎟
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APPENDIX D: CALCULATION OF FRESNEL ZONE WEIGHT 

Fresnel weights are calculated in local coordinate systems attached to each segment. In the 
calculation procedures these coordinates are referred to as d (distance along the segment) and 
h (height relative to the segment). 
 
The figure below shows the elementary geometry used in determination of the Fresnel weights 
in two dimensions. On input we are given: 

• P1 (x1,y1) : start point of the line segment 
• P2 (x2,y2) : end point of the line segment 
• S (xS,yS) : position of the source ; 
• R (xR,yR) : position of the receiver. 

 
 
 
 
 
First we make a transform to a local coordinate system attached to the segment P1-P2. For this 
the local origin will coincide with P1; the d-axis coincides with de segment and a normalized 
vector D(xd,yd) in this direction is given by: 

( )
12

12

d
xxxd

−
=  (D.1) 

( )
12

12

d
yy

yd
−

=  (D.2) 

( ) ( )2
12

2
1212 yyxxd −+−=  (D.3) 

 
The second normalized vector H (xh,yh) is chosen perpendicular to the first one: 

dh yx −=  (D.4) 

dh xy =  (D.5) 

 
In this new coordinate system, the segment is now given by P1 (0,0) and P2 (d12,0) ; the source 
and receiver are given by S (dS,hS) and R (dR,hR) with: 

dSdSS yyyxxxd )()( 11 −+−=  (D.6) 

hShSS yyyxxxh )()( 11 −+−=  (D.7) 

dRdRR yyyxxxd )()( 11 −+−=  (D.8) 

hRhRR yyyxxxh )()( 11 −+−=  (D.9) 

 
All calculations can now be carried out in (d,h) coordinates. 
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Calculation of Fresnel weights for convex segments 
A globally concave terrain may contain convex segments. In local coordinates, convex 
segments are identified by: hS < 0 or hR < 0. Note that it is not possible to have both hS < 0 
and hR < 0 because this would imply that the segment is part of the convex hull.  

 

Fig. D.1 Geometrical definitions 

In the case 0<Rh , the Fresnel weight of such segments is determined by (see fig D.1) : 

- Replace R by R’, the circular projection of R on the extended segment [P1, P2]. 
- Construct the Fresnel ellipse using S and R’ instead of R. 
- Calculate the Frensel weight w’ of the segment [P1, P2] as usual. 
- Determine w by : 

 
2

2

2

)',,(
),,(

'
RPSp
RPSp

ww
dif

dif=  

 
Where pdif (S,P2,R) and pdif (S,P2,R’) are calculated as if P2 were a diffracting edge.   
 
The case hS < 0 is handled in a similar way.  
 
If a convex segment occurs in between the source (or the receiver) and a diffracting edge or in 
between two diffracting edges, these edges will be used as equivalent source and/or receiver 
positions.  
 
General rule :  

“S” is the point on the convex hull left of and closest to P1 ; 
“R” is the point on the convex hull right of and closest to P2. 
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1 INTRODUCTION 

In [REF 1], a number of cases have been described where the performance and accuracy of 
both of the reference model and the engineering model should be tested. This memo gives a 
numerical description of 15 geometries that apply to these cases, and presents the results for 
different meteorological conditions. 
 

2 CALCULATIONS 

All computations have been carried out in line with the Harmonoise Engineering method 
described in [REF 2], using Predictor™ Type 7810 test software version X4.11. The propagation 
part is related to the Harmonoise point-to-point test software version V2.008, 29 November 
2004.  
Though the computations have been carried out by 1/3 octave bands, all results in this report 
are presented by 1/1-octave bands and after A-weighting correction according to IEC 651. 
 
 

3 DESCRIPTION OF THE CASES 

All items are defined in 3-dimensional ordinates, where the Z-ordinate is relative to a flat 
ground plane at Z=0. 
 
Ground properties 
Since all cases apply to an urban situation, the ground can be regarded as rigid (σ=20.000 
kRayls) for the whole geometry. 
 
Receivers 
Two receiver types occur: a free-field receiver, subject to reflections from any building and a 
facade receiver (incident noise level), for which reflections from its facade are discarded. The 
number of the corresponding building is given in the field “Facade”. All receivers are located at 
4m above the ground. 
 
Roads 
Each geometry contains a double source line, consisting of three subsources at Z=0.01 m, 0.3 
m and 0.75 m. The sound power level per metre length at the three different source heights is 
given by table 1 (for each source line). It corresponds with a traffic flow of 3000 light vehicles, 
100 medium heavy vehicles and 50 heavy vehicles per hour, all cruising at 50 km/h of a 
reference road surface (DAC 0/11 - SMA 0/11) with an ambient temperature of 15 °C. 
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Table 1: (linear) sound power level per metre source length 

 hs = 0.01 m hs = 0.30 m hs = 0.75 m 

25 Hz 69.0 72.62 71.1 

32 Hz 70.2 74.42 71.4 

40 Hz 70.5 74.32 72.2 

50 Hz 71.6 74.34 74.5 

63 Hz 79.0 83.42 79.7 

80 Hz 78.8 84.02 76.9 

100 Hz 73.6 78.33 72.5 

125 Hz 71.0 73.63 72.5 

160 Hz 70.4 73.69 71.2 

200 Hz 71.0 71.83 74.5 

250 Hz 69.9 70.58 73.3 

315 Hz 70.2 70.59 73.7 

400 Hz 70.1 70.57 71.3 

500 Hz 72.3 67.51 68.7 

630 Hz 73.5 68.34 68.3 

800 Hz 74.2 68.30 66.3 

1000 Hz 74.3 68.79 66.6 

1250 Hz 73.1 69.10 66.3 

1600 Hz 72.6 69.28 66.4 

2000 Hz 70.9 68.73 66.1 

2500 Hz 68.9 67.32 64.6 

3150 Hz 66.2 65.99 62.8 

4000 Hz 63.6 63.90 61.3 

5000 Hz 61.1 61.96 59.0 

6300 Hz 59.5 60.84 57.8 

8000 Hz 57.3 58.80 55.2 

10000 Hz 55.3 56.74 54.1 
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Buildings 
All buildings have a rectangular lay-out and their shape is defined by flat roof surfaces. Facades 
are perfectly vertical and have an energy reflection coefficient, specified in the field “Fact_refl”. 
 
Meteorology 
Sufficient meteorological variation will be achieved by combination of wind speed class W3, 
stability class S4 and wind direction class D6 according to [REF 3] (Southwest). 
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4 RESULTS 

4.1 Case 01: Free field 

 
 

 Receiver neutral inversion W3-S1 (SW) 
map 01 001 68.5 69.3 68.4 

 
In the following sections, the results of test maps 02 through 15 are compared graphically with 
the results of map 01 (except maps 09 and 10, since the position of receiver 001 has 
changed). 
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4.2 Case 02: Reflections 

 
 

 Receiver neutral inversion W3-S1 (SW) 
map 02 001 68.7 69.5 68.5 
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 Receiver neutral inversion W3-S1 (SW) 
map 03 001 69.2 69.8 68.9 
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 Receiver neutral inversion W3-S1 (SW) 
map 04 001 68.7 69.5 68.5 
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 Receiver neutral inversion W3-S1 (SW) 
map 05 001 69.6 69.6 68.8 
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4.3 Case 03: Reflective plane behind the receiver 

 
 

 Receiver neutral inversion W3-S1 (SW) 
map 06 001 70.5 71.2 70.4 
 002 68.1 68.9 67.9 
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 Receiver neutral inversion W3-S1 (SW) 
map 07 001 70.7 69.7 68.9 
 002 68.1 68.9 67.9 
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4.4 Case 04: Towards street canyons 

 
 

 Receiver neutral inversion W3-S1 (SW) 
map 08 001 71.9 71.6 70.9 
 002 69.5 69.3 68.5 
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 Receiver neutral inversion W3-S1 (SW) 
map 09 001 78.8 76.5 76.3 
 002 76.0 74.9 74.5 
map 10 001 78.8 76.5 76.3 
 002 76.0 74.9 74.5 
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4.5 Case 05: Screening by building blocks 

 
 

 Receiver neutral inversion W3-S1 (SW) 
map 11 001 40.7 55.9 43.0 
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 Receiver neutral inversion W3-S1 (SW) 
map 12 001 30.7 50.9 31.8 
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 Receiver neutral inversion W3-S1 (SW) 
map 13 001 62.9 65.0 62.7 
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 Receiver neutral inversion W3-S1 (SW) 
map 14 001 49.4 54.3 49.7 
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 Receiver neutral inversion W3-S1 (SW) 
map 15 001 56.7 57.5 56.4 
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5 REFERENCES 

REF 1 HAR70TR031126AEA01 “Mapping in urban situations”,  
REF 2 HAR32TR-040922-DGMR10 “Harmonoise WP 3 Engineering method for road traffic 

and railway noise after validation and fine-tuning”. 
REF 3 HAR25MO-031121-DLR01 “A unified meteorological classification”. 



Case 1: Free field

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75
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Case 2: Reflecting objects

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1470.00 1030.00 8.00 1470.00 1060.00 8.00 1445.00 1060.00 8.00 1445.00 1030.00 8.00 0.80
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Case 2: Reflecting objects

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1470.00 80.00 8.00 1470.00 110.00 8.00 1445.00 110.00 8.00 1445.00 80.00 8.00 0.80
2 1470.00 130.00 8.00 1470.00 160.00 8.00 1445.00 160.00 8.00 1445.00 130.00 8.00 0.80
3 1470.00 180.00 8.00 1470.00 210.00 8.00 1445.00 210.00 8.00 1445.00 180.00 8.00 0.80
4 1470.00 230.00 8.00 1470.00 260.00 8.00 1445.00 260.00 8.00 1445.00 230.00 8.00 0.80
5 1470.00 280.00 8.00 1470.00 310.00 8.00 1445.00 310.00 8.00 1445.00 280.00 8.00 0.80
6 1470.00 330.00 8.00 1470.00 360.00 8.00 1445.00 360.00 8.00 1445.00 330.00 8.00 0.80
7 1470.00 380.00 8.00 1470.00 410.00 8.00 1445.00 410.00 8.00 1445.00 380.00 8.00 0.80
8 1470.00 430.00 8.00 1470.00 460.00 8.00 1445.00 460.00 8.00 1445.00 430.00 8.00 0.80
9 1470.00 480.00 8.00 1470.00 510.00 8.00 1445.00 510.00 8.00 1445.00 480.00 8.00 0.80

10 1470.00 530.00 8.00 1470.00 560.00 8.00 1445.00 560.00 8.00 1445.00 530.00 8.00 0.80
11 1470.00 580.00 8.00 1470.00 610.00 8.00 1445.00 610.00 8.00 1445.00 580.00 8.00 0.80
12 1470.00 630.00 8.00 1470.00 660.00 8.00 1445.00 660.00 8.00 1445.00 630.00 8.00 0.80
13 1470.00 680.00 8.00 1470.00 710.00 8.00 1445.00 710.00 8.00 1445.00 680.00 8.00 0.80
14 1470.00 730.00 8.00 1470.00 760.00 8.00 1445.00 760.00 8.00 1445.00 730.00 8.00 0.80
15 1470.00 780.00 8.00 1470.00 810.00 8.00 1445.00 810.00 8.00 1445.00 780.00 8.00 0.80
16 1470.00 830.00 8.00 1470.00 860.00 8.00 1445.00 860.00 8.00 1445.00 830.00 8.00 0.80
17 1470.00 880.00 8.00 1470.00 910.00 8.00 1445.00 910.00 8.00 1445.00 880.00 8.00 0.80
18 1470.00 930.00 8.00 1470.00 960.00 8.00 1445.00 960.00 8.00 1445.00 930.00 8.00 0.80
19 1470.00 980.00 8.00 1470.00 1010.00 8.00 1445.00 1010.00 8.00 1445.00 980.00 8.00 0.80
20 1470.00 1030.00 8.00 1470.00 1060.00 8.00 1445.00 1060.00 8.00 1445.00 1030.00 8.00 0.80
21 1470.00 1080.00 8.00 1470.00 1110.00 8.00 1445.00 1110.00 8.00 1445.00 1080.00 8.00 0.80
22 1470.00 1130.00 8.00 1470.00 1160.00 8.00 1445.00 1160.00 8.00 1445.00 1130.00 8.00 0.80
23 1470.00 1180.00 8.00 1470.00 1210.00 8.00 1445.00 1210.00 8.00 1445.00 1180.00 8.00 0.80
24 1470.00 1230.00 8.00 1470.00 1260.00 8.00 1445.00 1260.00 8.00 1445.00 1230.00 8.00 0.80
25 1470.00 1280.00 8.00 1470.00 1310.00 8.00 1445.00 1310.00 8.00 1445.00 1280.00 8.00 0.80
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Case 2: Reflecting objects

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
26 1470.00 1330.00 8.00 1470.00 1360.00 8.00 1445.00 1360.00 8.00 1445.00 1330.00 8.00 0.80
27 1470.00 1380.00 8.00 1470.00 1410.00 8.00 1445.00 1410.00 8.00 1445.00 1380.00 8.00 0.80
28 1470.00 1430.00 8.00 1470.00 1460.00 8.00 1445.00 1460.00 8.00 1445.00 1430.00 8.00 0.80
29 1470.00 1480.00 8.00 1470.00 1510.00 8.00 1445.00 1510.00 8.00 1445.00 1480.00 8.00 0.80
30 1470.00 1530.00 8.00 1470.00 1560.00 8.00 1445.00 1560.00 8.00 1445.00 1530.00 8.00 0.80
31 1470.00 1580.00 8.00 1470.00 1610.00 8.00 1445.00 1610.00 8.00 1445.00 1580.00 8.00 0.80
32 1470.00 1630.00 8.00 1470.00 1660.00 8.00 1445.00 1660.00 8.00 1445.00 1630.00 8.00 0.80
33 1470.00 1680.00 8.00 1470.00 1710.00 8.00 1445.00 1710.00 8.00 1445.00 1680.00 8.00 0.80
34 1470.00 1730.00 8.00 1470.00 1760.00 8.00 1445.00 1760.00 8.00 1445.00 1730.00 8.00 0.80
35 1470.00 1780.00 8.00 1470.00 1810.00 8.00 1445.00 1810.00 8.00 1445.00 1780.00 8.00 0.80
36 1470.00 1830.00 8.00 1470.00 1860.00 8.00 1445.00 1860.00 8.00 1445.00 1830.00 8.00 0.80
37 1470.00 1880.00 8.00 1470.00 1910.00 8.00 1445.00 1910.00 8.00 1445.00 1880.00 8.00 0.80
38 1470.00 1930.00 8.00 1470.00 1960.00 8.00 1445.00 1960.00 8.00 1445.00 1930.00 8.00 0.80
39 1470.00 1980.00 8.00 1470.00 2010.00 8.00 1445.00 2010.00 8.00 1445.00 1980.00 8.00 0.80
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Case 2: Reflecting objects

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1470.00 1030.00 50.00 1470.00 1060.00 50.00 1445.00 1060.00 50.00 1445.00 1030.00 50.00 0.80
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Case 2: Reflecting objects

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1470.00 0.00 50.00 1470.00 2000.00 50.00 1445.00 2000.00 50.00 1445.00 0.00 50.00 0.80
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Case 3: Reflective plane behind the receiver

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --
2 1554.90 1000.00 4.00 facade 1

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1580.00 985.00 8.00 1580.00 1015.00 8.00 1555.00 1015.00 8.00 1555.00 985.00 8.00 0.80
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Case 3: Reflective plane behind the receiver

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --
2 1554.90 1000.00 4.00 facade 1

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1580.00 0.00 50.00 1580.00 2000.00 50.00 1555.00 2000.00 50.00 1555.00 0.00 50.00 0.80
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Case 4: Towards street canyons

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --
2 1554.90 1000.00 4.00 facade 2

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1470.00 0.00 50.00 1470.00 2000.00 50.00 1445.00 2000.00 50.00 1445.00 0.00 50.00 0.80
2 1580.00 985.00 8.00 1580.00 1015.00 8.00 1555.00 1015.00 8.00 1555.00 985.00 8.00 0.80
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Case 4: Towards street canyons

Receivers
Id X1 Y1 Z1 Type Facade
1 1510.00 1000.00 4.00 free field --
2 1514.90 1000.00 4.00 facade 1

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1540.00 0.00 15.00 1540.00 2000.00 15.00 1515.00 2000.00 15.00 1515.00 0.00 15.00 0.80
2 1485.00 0.00 15.00 1485.00 2000.00 15.00 1460.00 2000.00 15.00 1460.00 0.00 15.00 0.80
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Case 4: Towards street canyons

Receivers
Id X1 Y1 Z1 Type Facade
1 1510.00 1000.00 4.00 free field --
2 1514.90 1000.00 4.00 facade 1

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1540.00 0.00 15.00 1540.00 2000.00 15.00 1515.00 2000.00 15.00 1515.00 0.00 15.00 0.80
2 1485.00 0.00 15.00 1485.00 2000.00 15.00 1460.00 2000.00 15.00 1460.00 0.00 15.00 0.80
3 1430.00 0.00 15.00 1430.00 2000.00 15.00 1405.00 2000.00 15.00 1405.00 0.00 15.00 0.80
4 1595.00 0.00 15.00 1595.00 2000.00 15.00 1570.00 2000.00 15.00 1570.00 0.00 15.00 0.80
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Case 5: Screening by building blocks

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1540.00 0.00 8.00 1540.00 2000.00 8.00 1515.00 2000.00 8.00 1515.00 0.00 8.00 0.80
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Case 5: Screening by building blocks

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1540.00 0.00 15.00 1540.00 2000.00 15.00 1515.00 2000.00 15.00 1515.00 0.00 15.00 0.80
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Case 5: Screening by building blocks

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1540.00 985.00 15.00 1540.00 1015.00 15.00 1515.00 1015.00 15.00 1515.00 985.00 15.00 0.80
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Case 5: Screening by building blocks

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1540.00 985.00 15.00 1540.00 1015.00 15.00 1515.00 1015.00 15.00 1515.00 985.00 15.00 0.80
2 1540.00 685.00 15.00 1540.00 715.00 15.00 1515.00 715.00 15.00 1515.00 685.00 15.00 0.80
3 1540.00 735.00 8.00 1540.00 765.00 8.00 1515.00 765.00 8.00 1515.00 735.00 8.00 0.80
4 1540.00 785.00 15.00 1540.00 815.00 15.00 1515.00 815.00 15.00 1515.00 785.00 15.00 0.80
5 1540.00 835.00 8.00 1540.00 865.00 8.00 1515.00 865.00 8.00 1515.00 835.00 8.00 0.80
6 1540.00 885.00 15.00 1540.00 915.00 15.00 1515.00 915.00 15.00 1515.00 885.00 15.00 0.80
7 1540.00 935.00 8.00 1540.00 965.00 8.00 1515.00 965.00 8.00 1515.00 935.00 8.00 0.80
8 1540.00 1035.00 8.00 1540.00 1065.00 8.00 1515.00 1065.00 8.00 1515.00 1035.00 8.00 0.80
9 1540.00 1085.00 15.00 1540.00 1115.00 15.00 1515.00 1115.00 15.00 1515.00 1085.00 15.00 0.80

10 1540.00 1135.00 8.00 1540.00 1165.00 8.00 1515.00 1165.00 8.00 1515.00 1135.00 8.00 0.80
11 1540.00 1185.00 15.00 1540.00 1215.00 15.00 1515.00 1215.00 15.00 1515.00 1185.00 15.00 0.80
12 1540.00 1235.00 8.00 1540.00 1265.00 8.00 1515.00 1265.00 8.00 1515.00 1235.00 8.00 0.80
13 1540.00 1285.00 15.00 1540.00 1315.00 15.00 1515.00 1315.00 15.00 1515.00 1285.00 15.00 0.80
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Case 5: Screening by building blocks

Receivers
Id X1 Y1 Z1 Type Facade
1 1550.00 1000.00 4.00 free field --

Roads
Id X1 Y1 Z1 X2 Y2 Z2
1 1495.00 0.00 0.01 1495.00 2000.00 0.01
2 1495.00 0.00 0.30 1495.00 2000.00 0.30
3 1495.00 0.00 0.75 1495.00 2000.00 0.75
4 1505.00 0.00 0.01 1505.00 2000.00 0.01
5 1505.00 0.00 0.30 1505.00 2000.00 0.30
6 1505.00 0.00 0.75 1505.00 2000.00 0.75

Buildings
Id X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3 X4 Y4 Z4 Fact_refl
1 1540.00 985.00 8.00 1540.00 1015.00 8.00 1515.00 1015.00 8.00 1515.00 985.00 8.00 0.80
2 1600.00 1035.00 25.00 1600.00 1065.00 25.00 1515.00 1065.00 25.00 1515.00 1035.00 25.00 0.80
3 1600.00 935.00 25.00 1600.00 965.00 25.00 1515.00 965.00 25.00 1515.00 935.00 25.00 0.80
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