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Preface 

This prediction method has been developed within the frame of a Nordic project, Nord 
2000. It would not have been possible without the generous support from authorities and 
research councils throughout the Nordic countries. The main financial support has come 
from the Nordic Council of Ministers but additional support, both to the main project and 
to related projects, has come from the following organizations: 

• Miljøstyrelsen, Denmark 

• Danish Road Directorate 

• Danish National Railways 

• Ministry of the Environment, Finland 

• The Finnish Road Administration 

• The Norwegian Road Administration 

• Norwegian State Pollution Authority 

• The Swedish Rail Administration 

• The Swedish Road Administration 

• The National Board of Health and Welfare, Sweden 

• The Swedish Transport & Communications Research Board 

• Nordtest 

The prediction method was developed by a joint Nordic project group consisting of Jør-
gen Kragh and Birger Plovsing, DELTA Danish Electronics, Light & Acoustics, Den-
mark, Svein Storeheier, Sintef Telecom and Informatics, Norway, and Hans Jonasson, 
Mikael Ögren and Xuetao Zhang, SP Swedish National Testing and Research Institute. 
Juhani Parmanen, VTT Building Technology, Finland has been an observer. 

The support of the above organisations and individuals is gratefully acknowledged. 

Valuable contributions have furthermore been received from Jens Forssén, Dept. of Ap-
plied Acoustics, Chalmers University of Technology, Sweden concerning the effect of 
atmospheric turbulence and from Susana Quirós-Alpera, Departamento de Física, E.T.S. 
de Arquitectura de Valladolid, Spain who has been doing calculations by the Boundary 
Element Method used to validate the propagation model. 

In 2005-2006, the prediction method has been revised with financial support from Nordic 
Road Administrations mentioned above. The present report is replacing the earlier version 
of the report AV 1849/00. The revision has been carried out by a joint Nordic project 
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group consisting of Jørgen Kragh and Birger Plovsing, DELTA (Denmark), Svein Store-
heier and Gunnar Taraldsen, SINTEF (Norway), Hans Jonasson, SP (Sweden), and Ari 
Saarinen, VTT (Finland). 

The changes in the Nord2000 method which have taken place since 2001 have been sum-
marized in the report AV 1307/06: “Changes in the Nord2000 method since year 2001”. 

Validation of the model has been described in the report AV 1117/06: “Nord2000. Valida-
tion of the Propagation Model”. 
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Summary 

The present report contains a full description of the new Nordic comprehensive model for 
sound propagating outdoors in an atmosphere without significant refraction. The model is 
based on geometrical ray theory and theory of diffraction and calculations are carried out 
in one-third octave bands. The model is applicable for any non-flat terrain approximated 
by a segmented terrain shape (a number of straight line segments) with or without screens. 
The effect of scattering by objects such as housing areas or forests can be included in the 
model using a statistical approach. In the model ground surface properties is characterised 
by its impedance and roughness (unevenness) and may vary along the propagation path. 
The model may also include the effect of reflection from obstacles. 

The model has in approximate manner been extended to include propagation in moder-
ately refracting atmospheres which is described in a companion report AV 1851/00: 
“Nord2000. Comprehensive Outdoor Sound Propagation Model. Part 2: Propagation in an 
Atmosphere with Refraction”. 

The comprehensive sound propagation model will be used in new Nordic prediction mod-
els for various types of sources. 

During the elaboration of the model a number of subtasks has been carried out and re-
ported in a number of background reports. 
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1. Introduction 
The present report contains a detailed description of the new Nordic comprehensive 
model for sound propagating outdoors in an atmosphere without significant refraction. 
The model is based on geometrical ray theory and theory of diffraction and calculations 
are carried out in one-third octave bands. The model is applicable for any non-flat terrain 
approximated by a segmented shape (a number of straight line segments) with or without 
screens. The effect of scattering by objects such as housing areas or forests can be in-
cluded in the model. In the model ground surface properties is characterised by its imped-
ance and roughness (unevenness) and may vary along the propagation path. The model 
may also include the effect of reflection from obstacles. The model has in approximate 
manner been extended to include propagation in moderately refracting atmospheres which 
has been described in a companion report [20]. 

The elaborated comprehensive model will be used in new Nordic prediction models for 
various types of sources. A general overview of the work with the Nordic prediction mod-
els can be found in [12]. 

The elaboration of the comprehensive model has been carried out since 1996 and subtasks 
within the project have along the way been reported in a number of background reports. 
Contrary to the present report these reports contain a discussion of the solutions and com-
parison of prediction results with measurements or with results obtained by other predic-
tion models. The background reports are: 

• [31] describes the chosen basic geometrical ray theory model and the diffraction 
model and contains an evaluation of the chosen diffraction model in comparison with 
other theoretical models. 

• [16] describes a method elaborated for predicting propagation over flat terrain with 
varying ground surface properties. The method is based on a Fresnel-zone approach. 

• [17] describes a method elaborated for predicting propagation over non-flat valley-
shaped terrain. The method is similarly based on a Fresnel-zone approach. 

• [18] describes a method elaborated for predicting propagation over non-flat terrain 
with one screen. The report also contains a first proposal for a comprehensive model 
which introduces incoherent effects and combine available models for different kind 
of terrain.  

• [19] describes a method elaborated for predicting propagation over non-flat terrain 
with more than one screen.  
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• [32] describes a method for calculating the effect of scattering from turbulence in the 
shadow zone of a screen. 

• [33] describes a method for including finite length of screens. 

• [25] describes methods for including the effect of terrain roughness. 

• [26] and [27] describe a statistical method for prediction of the effect of scattering ob-
ject along the propagation path. The method is used for propagation through housing 
areas and forests. 

• [28] contains acoustical classification of ground surface types. 

• [29] and [30] describe methods to include reflections from obstacles 

The comprehensive model outlined in the present report may reflect changes that have 
taken place in the principles since the background reports have been published. 

In the development of the comprehensive model two of the main demands have been  

• to avoid discontinuities whenever possible 

• and to organise the model so that is not sensitive to terrain segmentation in the sense 
that the model produces the same result for two different segmented terrains which 
virtually are the same. 

In some parts of the model, it has not been possible to find solutions with a physical foun-
dation. In such cases a logical solution has been chosen with respect to these two de-
mands. 
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2. Basic Components 

2.1 Point Source 

The propagation model predicts the sound pressure level at the receiver in one-third oc-
tave bands from 25 Hz to 10 kHz. The propagation model is valid for a point source and 
predictions are based on the sound power level of the source in one-third octave bands. 
The sound pressure level LR at the receiver is for each frequency band predicted according 
to Eq. (1). 

rstadWR LLLLLLL ∆+∆+∆+∆+∆+=  (1)

where 

LW is the sound power level within the considered frequency band, 

∆Ld is the propagation effect of spherical divergence of the sound energy, 

∆La is the propagation effect of air absorption,  

∆Lt is the propagation effect of the terrain (ground and barriers), 

∆Ls is the propagation effect of scattering zones, 

∆Lr is the propagation effect of obstacle dimensions and surface properties when calcu-
lating a contribution from sound reflected by an obstacle. 

The propagation effects mentioned above are assumed to be independent and can there-
fore be predicted separately. The only exception is the effect of the terrain ∆Lt and the 
effect of scattering zones ∆Ls which may interact to some extent as a decrease in coher-
ence introduced by the latter effect may affect the prediction of the former effect. 

The propagation effects in Eq. (1) are determined on basis of propagation parameters 
measured along the propagation path from the source to the receiver. The propagation 
path is in this connection the projection of the source-receiver line onto the horizontal 
plane. Normally the propagation path is a straight line between the source and the re-
ceiver. However, when sound is diffracted around the vertical edge of a screen with a fi-
nite length (see Section 4.6) or reflected by an obstacle (see Section 6) the propagation 
path will be a broken line.  

If a real source cannot be approximated by a single point source, the real source (denoted 
the extended source in the following) has to be approximated by a number of incoherent 
point sources. Eq. (1) is used for each point source and LR for each point source are added 
incoherently. 
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If the point source is not omnidirectional but has a directivity pattern, LW is determined as 
the sound power level of the equivalent monopole which produce the same sound pressure 
level in the direction of the propagation path as the directivity dependent source. LW 
should therefore be interpreted as the combination of the sound power level and the direc-
tivity correction. 

∆Ld which is independent of the frequency is calculated by Eq. (2). R is the distance be-
tween source and receiver. 

( )24log10 RLd π−=∆  (2)

The remaining effects in Eq. (1) which all depend on the frequency will be described in 
the following sections of this report. 

2.2 Moving Source 

The propagation model outlined in the present report is basically developed for calculat-
ing the sound pressure level at the receiver from a stationary extended source. In case of 
moving sources the straight forward approach when using the model will be to approxi-
mate the movement by a number of extended source points on the source track. A suitable 
incremental distance or time spacing between points must be chosen to ensure that the 
point is representative to the propagation condition of any point on the small track seg-
ment where the source point is placed in the middle. By this approach often called simula-
tion, it is possible to calculate the sound pressure level time history and from that deter-
mine different noise metrics such as the sound exposure level LAE or the maximum level 
LAmax from a pass-by. 

In a simulation approach it is only considered necessary to include the third dimension 
when determining the contribution from reflecting obstacles. Due to averaging from the 
movement the effect of diffraction around vertical edges of a finite screen (see Section 
4.6) can be ignored and for the same reason only the mix of surface properties determined 
along the propagation path has to be considered (see Section 4.4.1.2). 

However, the use of simulation with small space increments between source positions is 
very costly from a time consumption point of view. Therefore, for the calculation of time 
integrated noise levels larger track segments can be allowed in case of a simple propaga-
tion environment. Each segment is represented by one equivalent extended source placed 
at the acoustic mean point of the segment. The mean point is determined by the line from 
the source dividing the angle of view of the track segment under consideration into two 
equally large angles as shown in Figure 1. 
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P1

P4

P3P2

R  
Figure 1 
Line source segments. 

The definition of track segments has to follow certain requirements: 

1. The track segment must have a limited size compared to the shortest distance from the 
receiver to the track. 

2. The point on the track where the normal to the track goes through the receiver (closest 
point) must always be used as a segment end point to ensure that the mean point rep-
resents average propagation within the segment. 

3. The terrain cross-section between any point on the track segment and the receiver 
with respect to terrain shape and surface properties must only show small deviations 
from the cross-section between the equivalent source and the receiver when scaled to 
the same the propagation distance. 

4. Source emission properties and source speed are only allowed to vary insignificantly 
within a track segment. 

Rules for subdividing the track of a moving source into track segments can be found in 
the prediction methods [10] and [11]. 

As in the case of simulation the effect of diffraction around vertical edges of a finite 
screen is again ignored in the calculation of the propagation effect but due to rule no. 3 
vertical edges of finite screens will normally lead to subdividing of track segments. 

Rule no. 3 also states that only moderate changes in surface properties may take place 
compared to the surface properties for the propagation line between the equivalent source 
and the receiver. However, as some variation is allowed the mix of surface properties 
should not be determined along the propagation line alone as prescribed for simulation but 
within an area on each side of the propagation line (the cross-hatched area shown in 
Figure 1). The area is determined by the angle of view and lines parallel to the track seg-
ment through terrain profile segment end points (see Section 4.1). 
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3. Effect of Air Absorption 
The propagation effect of air absorption is calculated on the basis of ISO 9613-1 [7]. It 
predicts pure-tone attenuation from 50 Hz to 10,000 Hz. 

However, pure-tone attenuation coefficients cannot always be applied accurately to de-
termine the attenuation of broadband sound analysed by one-third octave band filters. The 
band attenuation depends on the finite width and shape of the bandpass filters and the 
strong frequency-dependent characteristics of atmospheric attenuation.  

A method for taking into account these effects is described in [8]. The method is founded 
on theoretical considerations but adjusted empirically. According to the method the one-
third octave band attenuation is determined from the pure-tone attenuation A0 over the 
propagation path at the exact centre frequency as shown in Eq. (3). 

( ) 6.1
00 00122622.00053255.1 AALa −−=∆  (3)

According to Eq. (3) the band attenuation will be reduced compared to the attenuation at 
the centre frequency and the reduction is increasing with increasing centre frequency at-
tenuation as shown in Figure 2. 

 

0

5

10

15

20

0 10 20 30 40 50 60 70 80 90 100

Absorption at Centre Frequency (dB)

D
iff

er
en

ce
 (d

B
)

 
Figure 2 
Difference between the absorption at the centre frequency of the one-third octave band 
and the band absorption as a function of the absorption at the centre frequency. 
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The figure shows that there is no significant difference (within 0.1 dB) if the attenuation 
due to air absorption is less than 10 dB. At 20 dB the difference becomes significant (0.6 
dB) and at high attenuation substantial differences are found.  

In the comprehensive model the effect of air absorption is predicted by Eq. (3). The at-
tenuation A0 at the centre frequency is determined according to ISO 9613-1 for the propa-
gation distance R between source and receiver. 
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4. Effect of Terrain and Screens 
When sound propagates over a terrain surface the sound pressure level at the receiver is 
highly affected by reflections from the terrain surface. When the receiver is in a shadow 
zone behind a barrier sound is diffracted into the shadow zone and the sound pressure 
level at the receiver is affected by the diffraction of the barrier combined with reflections 
from the terrain surface.  

When taking into account the effect of a barrier it is in principle not necessary to distin-
guish between man-made structures such as screens or embankments and natural barriers 
which are a part of the terrain surface. However, for practical reasons it is recommend in 
an implementation of the comprehensive model to distinguish between “natural” screens 
and “artificial” screens added to the terrain by man. One reason is that man-made screens 
have a well-defined finite length which terrain screens have not. Another reason is that it 
is appropriate in the procedure for determining the equivalent flat terrain (see Section 
4.4.4.1) to disregard screens. Finally, in the future terrain information will probably be 
obtained from digital elevation data or other kind of topographical maps but such data will 
have a resolution that is too small for defining screening and reflecting obstacles with a 
sufficient accuracy. 

The model for including the effect of terrain and screens is basically a two-dimensional 
model where the terrain shape used in the calculations is determined by a vertical cross 
section along the propagation path from source to receiver. However, in a few cases the 
third dimension has to be taken into account without this making the model truly three-
dimensional. These cases concern screen with finite length and reflecting obstacles as 
well as surface areas for determining ground surface properties. 

In the prediction model it is assumed that the 2D terrain profile can be approximated by a 
number of straight line segments also denoted a broken line. The method for approximat-
ing a terrain by a broken line is described in Section 4.1. It is assumed that each line seg-
ment is characterised by its surface impedance and roughness as described in Section 4.3. 
Screens are also approximated by broken lines. 

The method for predicting the combined coherent effect of terrain and screens is de-
scribed in Section 4.4. In this description of the model it is assumed that only the two 
most efficient edges are taken into account (may be two screens with one edge each or 
one screen with two edges). In principle the method outlined below can be extended to 
any number of screens and diffracting edges but the complexity of the implementation 
would increase substantially and most likely without a resulting significant gain in accu-
racy. The method described in Section 4.4, as well as other parts of the comprehensive 
prediction model, is largely based on the concept of Fresnel-zones. Fresnel-zones are de-
scribed in details in Section 4.2. 
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Effects of frequency bandwidth, fluctuating atmospheric refraction, turbulence, surface 
roughness and scattering zones will reduce the coherence between rays, especially at high 
frequencies. The introduction of incoherent effects in the comprehensive model is de-
scribed in Section 4.5. 

4.1 Simplification of Terrain 

Before outlining the principles for simplifying the terrain shape it will be practical to in-
troduce a few definitions. 

The terrain baseline is defined as the line between the ground point PS vertically below the 
source and the ground point PR vertically below the receiver as shown in Figure 3. The 
source ground point SG is the ground point outside the ground shape from PS to PR which 
is closest to source S. Correspondingly, the receiver ground point RG is the ground point 
outside PS to PR which is closest to receiver R. If the terrain is flat the baseline will be 
identical to the ground surface and SG and RG will be identical to PS and PR, respectively. 
If the ground surface has a circular convex shape SG and RG will also be identical to PS 
and PR. 

 

hS hR

RGSG

PS

PR

S
R

 
Figure 3 
Definition of terrain base line PSPR and source and receiver ground points SG and RG. 

In the method for predicting the ground effect of non-flat terrain the terrain has to be ap-
proximated by a broken line as shown in Figure 4 for three categories of non-flat terrain. 
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S
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c)  
Figure 4 
Examples of segmented terrain: a) virtually flat terrain, b) valley-shaped terrain, c) hill-
shaped terrain. 

A method has been developed [17] for approximating any real terrain shapes possibly de-
fined on basis of digital elevation data by such segmented terrain. When using the 
method, artificial screens should be ignored. 

The method is based on “the maximum deviation principle” in which the ground point P hav-
ing 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  

Figure 5. 

PP1

rmax

P2

P  
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Figure 5 
“Maximum deviation principle” used to determine a new ground point. 

In the first step the ground point P between P1 (equal to the source ground point SG) and 
P2 (equal to the receiver ground point RG) is determined according to the maximum devia-
tion principle. If rmax is below a specified limit the terrain is defined as being flat but if 
not, P will become a new ground point in the simplified terrain shape which now consists 
of two straight segments P1P and PP2. 

In the next step the process is repeated for the two ground shapes P1 to P and P to P2. rmax 
is determined for each of these two shapes and the point corresponding to the largest 
value of rmax will become the next ground point in the simplified shape which now con-
sists of three segments. 

This process may be repeated to any degree of perfection but each time a new point is 
added, an existing segment is replaced by two new segments. As the calculation time of 
the comprehensive propagation model will increase strongly with the number of segments 
this should only be repeated until deviations between the real and the segmented terrain 
are within acceptable limits. It is recommended that additional extra ground points are 
added to the segmented terrain until the following requirements are fulfilled: 

• The maximum deviation rmax fulfils Eq. (4) 
• The length of a segment dsegm fulfils Eq. (5) 
• The maximum number of segments is 10 
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Note: The outlined procedure for approximating a real terrain by a segmented terrain 
shall only be considered a proposal. If a more efficient procedure can be developed, such 
a method should be used instead. The values given in the 3 requirements are the result of 
best judgement taking into account the impact on calculation time. Use of the method may 
therefore reveal a need for adjusting the requirements and it is possible that the maximum 
number of segments has to be increased. 
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Artificial screens are also approximated by straight line segments but in this case the 
number and size of the segments can be determined by the user. However, if a screen con-
tains more than two diffracting edges (corresponding to more than three segments) the 
screen must be simplified to include the two most efficient diffracting edges, only. The 
determination of which edges are the most efficient depends on the given source and re-
ceiver position but whenever possible, it must be recommended to let the user simplify the 
screen as much as possible (to ensure reliability and to reduce computation time). Figure 6 
shows the principle for determining the two most efficient edges. 

 

P1

P4

P3

P2

S R

 

Figure 6 
Determination of the two most significant edges of a multi-edge screen. 

In the first step the path length difference |SP| + |RP| - |SR| is calculated for each of the 
edges P1 to P4. The most efficient edge corresponds to the largest path length difference 
(when the edges are above the line-of-sight). In Figure 6 P3 has been found to be the most 
efficient edge. In the next step the path length difference is calculated for the remaining 
edges but in this case the receiver is replaced by P3 on the source side of P3 while the 
source is replaced by P3 on the receiver side of P3. The second most efficient edge corre-
sponds to the largest path length difference calculated this way. As an example, for the 
edge P2 which has been found to be the second most efficient edge in Figure 6 the path 
length difference is equal to |SP2| + |P3P2| - |SP3| (but in this case multiplied by –1 because 
P2 is below the line SP3). When the two most efficient edges have been determined the 
screen shape given by the solid line in Figure 6 will be replaced by the simplified shape 
shown by the dot-and-dash line. When the diffracting edges are below the line-of-sight or 
when more screens are involved the principle becomes a little more complicated than de-
scribed above. However, in Section 4.4.4.3 where the transition between different models 
are dealt with, the principle for simplifying screen shapes is further described for these 
complicated cases. 

After the simplification of the screens the segmented terrain and screens are combined as 
shown in Figure 7. The segmented terrain is shown by a solid line and two screens are 
shown by dashed lines (one double edge and one single edge screen). 
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Figure 7 
Combination of segmented terrain and screens. 

4.2 Fresnel-Zones 

The concept of Fresnel-zones is widely used within the comprehensive propagation 
model. The use is inspired by an approximate solution to predict sound propagation over 
flat terrain with varying surface types proposed by Hothersall and Harriott [6]. In this 
method the sound field at the receiver is assumed to be determined by the surface condi-
tions 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 Eq. (6) 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 =−+  (6)

When the sound field is reflected by a plane 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 8. 
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R
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Figure 8 
Definition of Fresnel ellipsoid and Fresnel-zone. 

For practical purposes this elliptical shape is very inconvenient to work with when calcu-
lating sub-areas within the Fresnel-zone. Instead it has been chosen to use the circum-
scribed rectangle. The size of the rectangular Fresnel-zone is defined by the size of the 
elliptic Fresnel-zone in the direction of propagation and perpendicular to this direction. 
The area of the rectangle is 4/π (= 1.27) times the area of the ellipse which is a small dif-
ference taking into account the overall uncertainty in the Fresnel-zone method including 
the selection of the correct value of F. In principle the Fresnel-zone includes terrain out-
side the section from source ground point SG to receiver ground point RG. However, as the 
size of the Fresnel-zone behind the source and receiver will only be a fraction of the 
wavelength, it is permissible to truncate the Fresnel-zone at the source and receiver, un-
less the horisontal propagation distance becomes comparable with this fraction of the 
wavelength. Such a truncation will be an advantage in a “point-to-point” computer im-
plementation where the user has to specify the terrain profile manually. 

In a two-dimensional propagation model the Fresnel-zone becomes one-dimensional as 
shown in Figure 9. 
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S

P1 P2

R

S’  

Figure 9 
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 A. 

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 impor-
tance of the sub-surface. The Fresnel-zone weight is calculated according to Eq. (7) 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 10. In a two-dimensional propagation model 
Si and SFz are replaced by the lengths di and dFz. 

Fz

i
i S

Sw =  (7)

RS S i

S Fz

 

Figure 10 
Top view of a Fresnel-zone. 

In the present work it has been found that a fraction Fλ equal to 1/16 of the wavelength 
will provide the best fit when using the Fresnel-zone interpolation method in case of non-
flat terrain as described in Section 4. However, when determining the efficiency of a scat-
tering zone with a finite size (see Section 5) or the efficiency of a vertical reflecting ob-
stacle (see Section 6) a F-value of 1/8 is considered appropriate. In the model for flat ter-
rain with varying surface properties described in Section 4.4.1.2 a value of ¼ is used. The 
reason for selecting this value is mainly that the model follows the recommendation in [6] 
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of a value between ½ and ¼ and has been completed before the work with the non-flat 
terrain model was carried out. As modified weights were introduced for low source and 
receiver to improve the accuracy of the model it would require a time consuming reanaly-
sis to change the model to use a value of 1/16. Furthermore, a preliminary study for a few 
geometries indicates that it is doubtful whether the use of 1/16 will improve the accuracy. 

4.3 Classification of Ground Surfaces 

In the comprehensive model, the ground surface properties are defined by the normalised 
acoustic impedance Z and by a roughness parameter σr. Each straight terrain segment in 
the model determined according to the procedure described in Section 4.1 is assigned a 
value of Z (or mix of values) and of σr. The roughness parameter σr is used to quantify the 
unevenness of the terrain segment and is the standard deviation of the random height 
variations within the segment. 

In the comprehensive model, the ground is generally characterised by the ground flow 
resistivity and ground impedance is calculated using the Delany and Bazley one-
parameter impedance model [3]. The determination of the impedance according to this 
model is described in Appendix B. However, impedances determined by other models or 
means can also be used in the comprehensive model. The ground impedance is used for 
calculation of the spherical wave reflection coefficient Q for coherent propagation de-
scribed in Section 4.4.1 and the reflection coefficient ℜ for incoherent propagation de-
scribed in Section 4.5.2. 

For use in the final prediction model a classification has been made which include a num-
ber of ground types representing typical surfaces. The classification which is based on the 
Nordtest flow resistivity classes ([15], [28], [34]) is shown in Table 1. 
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Impedance 
class 

Representative 
flow resistivity 
σ (kNsm-4) 

Range of Nord-
test flow resis-
tivity classes 

Description 

A 12.5 10, 16 Very soft (snow or moss-like) 

B 31.5 25, 40 Soft forest floor (short, dense 
heather-like or thick moss) 

C 80 63, 100 Uncompacted, loose ground (turf, 
grass, loose soil) 

D 200 160, 250 Normal uncompacted ground (for-
est floors, pasture field) 

E 500 400, 630 Compacted field and gravel (com-
pacted lawns, park area) 

F 2000 2000 Compacted dense ground (gravel 
road, parking lot, ISO 10844) 

G 20000 - Hard surfaces (most normal asphalt, 
concrete) 

H 200000 - Very hard and dense surfaces 
(dense asphalt, concrete, water) 

Table 1 
Classification of ground impedance types. 

The roughness parameter σr is a quantification of terrain unevenness characterised by ran-
dom height variations. The variations are in general smaller than the height variation lead-
ing to segmentation of the terrain as described in Section 4.1. The effect of terrain rough-
ness can be interpreted as a transformation from coherent propagation into incoherent 
propagation and is therefore taken into account in the model for incoherent effects de-
scribed in Section 4.5. 

For use in the final prediction model a classification has been made which include four 
roughness classes. The classification is shown in Table 2. 

Note: No outdoor propagation measurements over uneven terrain have been found which 
can be used for validation. Therefore, the accuracy of the predictions is still an open 
question and it is possible that better agreement with measurements could be obtained by 
scaling the parameter σr. 
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Roughness class Representative σr Range of heights 

N: Nil 0 ±0.25 m 

S: Small 0.25 m ±0.5 m 

M: Medium 0.5 m ±1 m 

L: Large 1 m ±2 m 

Table 2 
Classification of ground roughness types. 

In the comprehensive model allowance has been made for another kind of roughness 
which is denoted small scale roughness in [25]. Small scale roughness is characterised by 
relatively small irregularities (compared to the wavelength) and leads to a modification of 
the acoustic impedance in the low frequency range. The model for small scale roughness 
is described in Appendix C. As small scale roughness model is causing modification of 
the impedance, the modified impedance can be used directly in the comprehensive model. 
Consequently it has not been necessary to make small scale roughness an integrated part 
of the comprehensive model as it has been necessary with the roughness described by the 
parameter σr. 

4.4 Coherent Model 

The coherent model for predicting the effect of ground and screens is divided into three 
basic propagation models: 

1) The flat terrain model which includes all cases with insignificant deviations from a 
flat terrain. 

2) The valley model which includes all non-flat cases with insignificant screening effect. 

3) The hill model which includes all cases with significant screening effect. The hill 
model consists of sub-models for one or two screens with single edges and one screen 
with two diffracting edges. 

Each of the models are described below in Section 4.4.1 through 4.4.3 and the principles 
for combining the three models are described in Section 4.4.4. 

4.4.1 Flat Terrain 
If the surface of the flat terrain is homogeneous, the calculation is made according to the 
basic geometrical ray theory model described in Section 4.4.1.1. If the surface properties 



 

 

AV 1849/00 
Page 28 of 127 

DELTA 
Acoustics & Electronics 

vary with respect to impedance or surface roughness the method described in Section 
4.4.1.2 is used instead. The calculation is in both cases based on the three geometrical pa-
rameters hS, hR and d which are the source and receiver heights and the source-receiver 
distance along the terrain surface, respectively, as shown in Figure 11. 

If the terrain is uneven but considered flat according to the principle described in Section 
4.4.4.1, the geometrical parameters are measured relative to the equivalent flat terrain in-
stead. The determination of the equivalent flat terrain is also described in Section 4.4.4.1. 

4.4.1.1 Homogeneous Surface 

When sound propagates close to the ground, the direct sound interacts with the sound re-
flected 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, is to 
represent the sound field by geometrical rays [1] as shown in Figure 11. 

 

R

S

R1

R2

ΨG
ΨG

hS

hR

d  

Figure 11 
Propagation over flat ground. 

The acoustic pressure at the receiver is calculated according to Eq. (8), where R1 and R2 
are the path lengths of the direct and reflected ray, k is the wave number, and Q is the 
spherical wave reflection coefficient. Q is a function of the ground impedance Z, the graz-
ing angle ψG, and the distance R2. The calculation of Q is described in Appendix D (from 
[2]). The first term in Eq. (8) is the sound pressure of the direct field (equal to the free-
field sound pressure) and the second term is the sound pressure of the reflected field. 
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where 

( )22
1 RS hhdR −+=  (9)

( )22
2 RS hhdR ++=  (10)

The ground effect ∆Lflat is determined the sound pressure p at the receiver relative to the 
free-field sound pressure p0 as shown in Eq. (11). 

( )12
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1

0

1log20log20 RRjk
flat eQ

R
R

p
pL −+==∆  (11)

If the terrain surface include roughness this is taken into account as an incoherent effect as 
described in Section 4.5. 

4.4.1.2 Varying Surface Properties 

If the terrain is flat with varying surface properties (impedance and roughness) the ground 
effect is predicted by a modified Fresnel-zone model developed in [16]. The original 
Fresnel-zone model has been found to work well at low frequencies but poorer at high 
frequencies in case of small source and receiver heights. In the modified Freznel-zone 
model special weighting has been introduced in the high frequency range to improve the 
accuracy of the model. This is particularly important in cases where low sources are 
placed over an acoustically hard surface and the propagation takes place over porous 
ground leading to an impedance discontinuity (e.g. road traffic noise). 

As already mentioned in Section 4.2 a F-value of ¼ is used when calculating the size of 
the Fresnel-zone which is a deviation from other parts of the comprehensive model. The 
main reason for selecting this value is that a value between ½ and ¼ has been recom-
mended in [6] and the model has been completed before the work with the non-flat terrain 
model was carried out. As modified weights were introduced for low source and receiver 
to improve the accuracy of the model it would require a time consuming reanalysis to 
change the model to use another value. Furthermore, preliminary calculations indicate that 
it is doubtful whether the use of another F-value would improve the accuracy. 

In the modified high frequency Fresnel-zone model the Fresnel-zone is divided into a 
source and receiver region as shown in Figure 12. The two regions are separated by a line 
perpendicular to the source-receiver line through the ground reflection point O. The area 
Si,j within the entire Fresnel-zone (with area SFz), the area Si,j,S within the source region 
(with area SFz,S) and the area Si,j,R within the receiver region (with area SFz,R) is determined 
for each combination of impedance (i) and surface roughness (j). 
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Figure 12 
Fresnel-zone definitions for flat terrain and varying surface properties. Top view. 

In the low frequency range the Fresnel-zone weight wi,j,L is calculated by Eq. (12) in 
agreement with the original Fresnel-zone model described in Section 4.2. 
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In the high frequency range a modified Fresnel-zone weight wi,j,H is calculated according 
to Eqs. (13) through (18). ψG in Eq. (17) is the grazing angle of the reflected ray. 
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The low frequency weight wi,j,L is used below a frequency fL and the high frequency 
weight wi,j,H above a frequency fH. In the frequency range fL to fH a transition is used. The 
modified weight w’i,j, is calculated according to Eq. (19). 
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fL and fH are determined on basis of the difference in phase ∆α between the direct and the 
reflected wave. ∆α is determined for the surface type with smallest flow resistivity by Eq. 
(20). k, R1 and R2 are as defined in Section 4.4.1.1 and ℜp is the plane-wave reflection 
coefficient. To calculate ∆α accurately the spherical wave reflection coefficient Q should 
have been used instead of ℜp. However, the determination of the frequency corresponding 
to a specified value of ∆α by Eq. (20) can only be solved by iteration. As the calculation 
of Q is very time consuming compared to calculation of ℜp, it is desirable to use ℜp and 
this approach has been found sufficiently accurate. 

( ) ( )pArgRRk ℜ+−=∆ 12α  (20)

fH is determined as the smallest frequency where ∆α = ∆αH = π and fL is determined as 
the smallest frequency where ∆α = ∆αL. ∆αL is calculated by Eq. (21) where hmin is de-
termined by Eq. (22) and ψG is the angle of incidence of the reflected ray as defined in 
Section 4.4.1.1. However, if fL calculated this way becomes larger than 0.8fH a value of 
0.8fH is used instead. 
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Eventually the ground effect is determined for propagation over a terrain with varying 
ground surface properties using the Fresnel-zone interpolation principle shown in Eq. (23) 
or (24). In these equations w’i,j, is the modified weight, ∆Li,j is the ground effect and pi,j/p0 
is the sound pressure relative to the free-field pressure calculated for each surface type 
using the model for a homogeneous surface in Section 4.4.1.1. 
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If the terrain is uneven but considered flat according to the principle described in Section 
4.4.4.1, the area of each impedance and roughness type is determined by their projection 
onto the equivalent flat terrain surface. 

Note: As the model for flat terrain and varying surface properties appear as an encapsu-
lated unit in the comprehensive model with a smooth transition to other parts of the model 
it would have been possible to use a more accurate numerical model or maybe a table 
look-up method to further improve the accuracy. However, the modified Fresnel-zone 
model has in the present work been found sufficiently accurate for engineering purposes 
and has been preferred due its simplicity. 

4.4.2 Valley-Shaped Terrain 
The prediction model for a valley-shaped terrain has been developed in [17]. An example 
of a valley-shaped terrain approximated by straight segments is shown in Figure 13. The 
local source and receiver heights hS and hR are defined as the smallest distance from the 
source or receiver to the terrain (the perpendicular distance). 
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Figure 13 
Valley-shaped segmented terrain. 
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In the valley-model it is necessary to distinguish between three types of the terrain seg-
ments with different procedures for calculating the ground effect. These are: 

• Concave segments 
• Convex segments 
• Transition segments 

The type of segment is determined on basis of the source and receiver heights h’S and h’R 
measured relative to the extended segment. If the source or receiver is below the segment 
this is indicated by a negative value. Figure 14 shows examples of the three types of seg-
ments from Figure 13 and how the heights h’S and h’R are determined for each type of 
segment. 
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Figure 14 
Determination of source and receiver heights h’S and h’R for a) a concave segment, b) a 
convex segment and c) a transition segment. 

To determine the type of segment the relative source height hS,rel is calculated according to 
Eq. (25) and the relative receiver height hR,rel according to Eq. (26). The heights h”S and 
h”R are the minimum allowable heights for a concave segment. h”S is determined by Eq. 
(27) as the minimum of the local source height hS and the height hS,Fz. The latter of these 
heights corresponds to the height of the source when the source side segment end point is 
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at the Freznel-zone boundary. In the same way h”R is determined by Eq. (28) as the mini-
mum of the local receiver height hR and the height hR,Fz. hS,Fz and hR,Fz are calculated as 
shown in Appendix E. 
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On basis of hS,rel and hR,rel three types of segments can be defined: 

Concave segment: 11 ,, =∧= relRrelS hh  (29)

Convex segment: 00 ,, =∨= relRrelS hh  (30)

Transition segment: 1h01h0 rel,Rrel,S <<∨<<  (31)

According to the definition given in Eqs. (29) to (31) a terrain segment will be a convex 
segment if the source or receiver is at or below the extended segment. The segment will 
be a concave segment if the source or receiver height is greater than or equal to the local 
source and receiver heights or if the segment end point is at or outside the Fresnel-zone 
boundary at the side where the source or receiver height is smaller than the local height. 
Otherwise the segment is a transition segment. The change-over from a concave segment 
to a transition segment may depend on hS,Fz and hR,Fz and may therefore depend on the 
frequency. 

The over-all ground effect of a valley-shaped terrain is calculated according to Eq. (32) 
using the Fresnel-zone interpolation principle. The ground effect ∆Li and the Fresnel-zone 
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weight wi have to be determined for each segment (No. i). The procedure for calculating 
pi/p0 (or ∆Li) and wi depends on the type of segment as described in the following. 
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If the ground effect calculated by Eq. (32) is less than zero and the sum of weights Σwi is 
larger than one, the ground effect is modified by Eqs. (33) and (34). The reason for the 
modification is that if the lowest interference dip in the ground effect spectrum coincides 
for a number of segments the total attenuation will be unrealistic large compared to what 
is found in measurements. If the ∆Lvalley,0 is less -20 dB and Σwi is larger 1 the described 
principle produces the weighted average of ∆Li instead of the weigted sum (the weights wi 
are normalized to Σwi = 1). For ∆Lvalley,0 between 0 and -20 dB a gradual transion takes 
place between the two principles. 
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Concave Segment 

In case of a concave segment the ground effect contribution ∆Li is calculated using the 
method for flat terrain described in Section 4.4.1.1 Eq. (11) with source and receiver 
heights h’S and h’R and propagation distance d’ as defined in Figure 14a). The Fresnel-
zone weight wi is calculated using the method described in Section 4.2, Eq. (7) and the 
same geometrical parameters. 

If there is more than one impedance or roughness type within the common area of the 
straight segment and the Fresnel-zone as shown in Figure 15, the ground effect ∆Li,m and 
Fresnel-zone weight wi,m is calculated for each m’th impedance or roughness type combi-
nation and combined according to Eq. (35) or (36) for each i’th straight segment before 
being inserted into Eq. (32). 
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Figure 15 
Top view of a Fresnel-zone for a straight segment. 
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Convex Segment 

In case of a convex segment either the source or the receiver will be at or below the ex-
tended line segment. In this case neither the ground effect model in Section 4.4.1.1 nor the 
Fresnel-zone concept in Section 4.2 will be applicable. Instead the ground reflection effect 
of a convex segment is predicted using the model for a finite-impedance wedge normally 
used to determine the screening effect of a wedge described in Section 4.4.3.1. Also the 
Fresnel-zone concept has lost its meaning when the source or the receiver is below the 
extended segment. Instead, the Fresnel-zone weight is determined by a simple principle 
based on the length of the convex segment. 

The ground effect of a finite impedance wedge is determined on basis of the distances rS 
and rR from the top of the wedge to the source, the diffraction angles θS and θR, the wedge 
angle β and the reflection coefficients QS and QR as shown in Figure 16. The calculation 
for a wedge is described in Appendix H.  
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Figure 16 
Ground effect of a wedge. Definition of parameters. 

A convex segment will constitute one of the wedge faces or be a part of it. If the receiver 
is below the extended segment the source face includes the segment and if the source is 
below the segment the receiver face includes the segment. However, in both cases it is 
necessary to define what should be used as the secondary wedge face. In the first place the 
most natural choice would have been to use the succeeding or preceding segment. How-
ever, if such a principle was applied subdividing of segments may change the predicted 
ground effect although the original and subdivided terrain shape virtually is the same 
shape. To avoid this, another principle has been elaborated as described in the following 
steps where hS,v end hR,v are the local source and receiver heights measured vertically and 
h’S,v end h’R,v are the source and receiver heights relative to individual terrain segment 
measured vertically. 

1) If hS,rel < hR,rel for the considered convex segment, the segment which determines the 
secondary wedge face is the segment closest to the considered convex segment at the 
source side for which h’S,v ≥ hS,v. 

2) If hS,rel ≥ hR,rel for the considered convex segment, the segment which determines the 
secondary wedge face is the segment closest to the considered convex segment at the 
receiver side for which h’R,v ≥ hR,v. 

3) If the two segments are not adjacent the top of an equivalent wedge is determined by 
the intersection between the extension of the segments as shown in Figure 17. The re-
flection coefficients QS and QR of the two wedge faces is calculated using the imped-
ance of the considered segment (also for the secondary face). The determination of the 
equivalent wedge is given in Appendix F. 

4) Finally the ground effect ∆Li = f (RS,RR,θS,θR,β,QS,QR) is calculated for the equivalent 
wedge using the calculation procedure described in Appendix H. 
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Figure 17 
Definition of an equivalent wedge used for predicting the ground effect of a convex seg-
ment. 

The Fresnel-zone weight wx,i  for a convex segment is calculated using a simple principle 
without a particular physical foundation, but having the quality of being stable and pro-
ducing correct results at borderline cases. If the top point of the wedge (the intersection 
between wedge faces) is at or above the terrain base line defined in Section 4.1, the pro-
jection of the convex segment onto the base line is used when determining the Fresnel-
zone weight (similar to a concave segment). If the top point is below the base line the pro-
jection on a line parallel with the base line through the top point is used instead as shown 
in Figure 18. If the considered segment is P1P0 the segment used in the determination of 
the Fresnel-zone weight is P’1P0 and if the considered segment is P0P2 the segment to be 
used is P0P’2. 
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Figure 18 
Definition of the Fresnel-zone weighting principle for convex segments. 
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If the extension of a convex segment on the source side of the equivalent wedge (hS,rel ≥ 
hR,rel) is above source ground (hS,rel < 1) the weight is further modified according to Eq. 
(37). 
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If the extension of a convex segment on the receiver side of the equivalent wedge (hS,rel < 
hR,rel) is above receiver ground (hR,rel < 1) the weight is modified according to Eq. (38). 
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If a transition segment includes more than one impedance or roughness the combined ef-
fect is predicted according to Eq. (35) or (36) as for a concave segment. 

Transition Segment 

In cases where a segment is neither concave nor convex according to the definitions above 
the segment is considered a transition segment. However, as the transition from segments 
of concave type depends on hS,rel or hR,rel , the type may therefore vary with the frequency. 
For a transition segment a calculation is performed using the procedure for a concave 
segment as well as for a convex segment. However, the former calculation is modified 
compared to the concave segment. The Fresnel-zone weight is calculated using the source 
and receiver heights h’S and h’R in the same way used for concave segments, but in the 
calculation of the ground effect, h’S is replaced by h”S if h’S is less than h”S and h’R is re-
placed by h”R if h’R is less than h”R. The transition is the defined between the two solution 
using the hS,rel or hR,rel as a transition parameter as shown in Eqs. (39) and (40). 

)1)(()()()( rconvexwconvexLrconcavewconcaveLwL iiiiii −∆+∆=∆  (39)
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If a transition segment includes more than one impedance or roughness the combined ef-
fect is predicted according to Eq. (35) or (36) as for a concave segment. 
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4.4.3 Hill-Shaped Terrain and Terrain with Screens 
As defined in the introduction of Section 4.4 the hill model include all propagation cases 
with significant screening effect. When accounting for the effect of screening objects it is 
in principle not necessary to distinguish between man-made structures such as screens or 
embankments and natural barriers which are a screening part of the terrain surface. How-
ever, for practical reasons it is recommended in an implementation of the comprehensive 
model to distinguish between “natural” screens and “artificial” screens added to the ter-
rain by man. One reason is that man-made screens normally have a well-defined finite 
length which terrain screens have not. Another reason is that it is appropriate in the proce-
dure for determining the equivalent flat terrain (see Section 4.4.4.1) to disregard screens. 
Finally, the definition of screens and reflecting obstacles require a spatial resolution that is 
higher than normally required for terrain information. However, when using the hill 
model outlined in the following it is assumed that the segmented terrain and screens are 
combined into one broken line representation as shown in Figure 7 in Section 4.1. 

The hill model is basically a two-dimensional model where the terrain shape used in the 
calculations is determined by a vertical cross section from source to receiver. In the model 
it is assumed that the screen has an infinite length perpendicular to the direction of propa-
gation. This limitation is determined by the basic diffraction solutions used in the model. 
However, in an approximate manner the method is extended to include finite length 
screens as described in Section 4.6. 

In the hill model diffraction effects are based on the wedge diffraction solution of Hadden 
and Pierce [5]. The solution is modified to include an absorbing wedge by assuming that 
each wedge face has finite impedance. Diffraction of the finite impedance wedge is de-
scribed in Section 4.4.3.1. 

If two single edge screens contribute to the diffraction effect the combined effect is calcu-
lated according to a proposal by Salomons [23] as described in Section 4.4.3.2. If more 
than two screens appear along the propagation path only the two most significant screens 
are included and the line segments of the remaining screens are considered reflecting sur-
faces. In principle the method outlined in Section 4.4.3.2 could be extended to any num-
ber of screens but the complexity of the implementation would increase substantially and 
most likely without a resulting significant gain in accuracy. In the two screen case only 
the most efficient edge of each screen will be considered. 

If a single screen contains two diffracting edges the combined effect of the two edges is 
calculated according to a proposal by Salomons [23] as described in Section 4.4.3.3. If the 
screen contains more than two edges the screen is simplified to include the two most sig-
nificant edges as described in Sections 4.1 and 4.4.4.3. In principle the method outlined in 
Section 4.4.3.3 could be extended to any number of edges but again the complexity of the 
implementation would increase substantially without a significant gain in accuracy. 



 

 

AV 1849/00 
Page 42 of 127 

DELTA 
Acoustics & Electronics 

The ground effect of a hill-shaped terrain is predicted by the image method proposed by 
Jonasson [9] for combining the diffraction effect of a wedge-shaped screen with ground 
effects. In the image method it is assumed that the terrain before and after the screen, as 
well as between screens in case of double screens, can be approximated by a flat terrain. If 
the terrain cannot be considered flat, Fresnel-zone interpolation is used to obtain the over-
all ground effect. The principles for combining diffraction and ground effect are described 
in Section 4.4.3.4 for a single screen and in Section 4.4.3.5 for double screens. 

By limiting the number of screens and total number of edges to two, three different cases 
will be possible: 

1) One screen with one edge 
2) One screen with two edges 
3) Two screens with one edge 

In some cases the significance of a secondary screen or secondary edge is disappearing 
and in such cases transition between the cases has to be defined to avoid discontinuities in 
the prediction. The transition between the cases is described in Sections 4.4.4.2, 4.4.4.3 
and 4.4.4.4. 

4.4.3.1 Diffraction of a Finite Impedance Wedge. 

The diffraction effect of a wedge-shaped screen is determined on basis of the distances RS 
and RR from the top of the wedge to the source and receiver, the diffraction angles θS and 
θR, the wedge angle β, the length of the entire diffracted path l (=RS+RR for a single 
wedge), and the reflection coefficients QS and QR as shown in Figure 19. 

 

RS

S

RR

R

QRQS

β
T

θS

θR

 
Figure 19 
Diffraction effect of a wedge-shaped screen with finite surface impedance. Definition of 
parameters. 
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The calculation of the diffracted sound pressure at the receiver pdiffr is described in Ap-
pendix H. The diffraction coefficient D of the wedge is defined by Eq. (41) where 
l=RS+RR. 

l

ljk

diffr
eDp =  (41)

A thin screen corresponds to a wedge with wedge angle β = 2π. 

4.4.3.2 Diffraction of Two Wedge-Shaped Screens 

The method for predicting the diffraction effect of two wedge-shaped screens as shown in 
Figure 20 is an approximate method based on the solution for one wedge-shaped screen. 
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Figure 20 
Diffraction by two wedge-shaped screens. 

The procedure for predicting the total diffraction effect of the two screens depends on 
which edge is the primary edge and which is the secondary edge. This will be determined 
as described in Sections 4.4.4.2 and 4.4.4.3. 

When calculating the diffraction coefficient D1 of the first wedge with the top point T1 the 
receiver is replaced by the top T2 of the other wedge as shown in Figure 21. However, if 
T2 is below the line T1R the diffraction angle θR1 at the receiver side is determined by the 
direction T1R instead. 
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Figure 21 
Calculation of the diffraction coefficient of the first wedge. Definition of parameters. 

If T1 is the primary edge the pressure p1 is calculated as described in Appendix H for a 
single edge using the following parameters: 
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If T1 is the secondary edge the pressure p1 is instead calculated using the following pa-
rameters: 
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The diffraction coefficient D1 is then calculated by Eq. (42) where l1 = l defined above. 

1
111

ll jkepD −=  (42)

When calculating the diffraction coefficient D2 of the second wedge with the top point T2 
the source is replaced by the top T1 of the other wedge as shown in Figure 22. However, if 
T1 is below the line T2S the diffraction angle θS2 at the source side is determined by the 
direction T2S instead. 
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Figure 22 
Calculation of the diffraction coefficient of the second wedge. Definition of parameters. 

If T2 is the primary edge the pressure p2 is calculated as described in Appendix H for a 
single edge using the following parameters: 
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If T2 is the secondary edge the pressure p2 is instead calculated using the following pa-
rameters: 
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The diffraction coefficient D2 is then calculated by Eq. (43) where l2 = l defined above. 

2
222

ll jkepD −=  (43)

Finally the diffracted sound pressure p at the receiver expressing the combined effect of 
the two wedges are calculated according to Eq. (44) where l = R1+R2+R3. 

l

ljkeDDp 21=  (44)

4.4.3.3 Diffraction of a Two-Edge Screen 

The method for predicting the diffraction effect of a screen with two diffracting edges as 
shown in Figure 23 is an approximate method based on the solution for a wedge-shaped 
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screen. The method follows by and large the same scheme as used in the double screen 
case described in the previous section. 
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Figure 23 
Diffraction by a screen with two edges. 

The procedure for predicting the total diffraction effect of the two screens depends on 
which edge is the primary edge and which is the secondary edge. This will be determined 
as described in Sections 4.4.4.2 and 4.4.4.3. The calculation the diffraction coefficient D1 
of the first edge T1 and D2 of the second edge T2 is based on almost the same calculation 
parameters as used in Section 4.4.3.2 for two wedges. The calculation parameters are de-
fined in Figure 24 and Figure 25. The only difference is that Q2 = 1 when calculating for 
the first edge and Q1 = 1 when calculating for the second edge. 

Note: The use of Q2 = 1 and Q1 = 1 for the first and second edge respectively  instead of 
the real values of Q  constitutes a modification compared to the original method de-
scribed in [31], [23]. It has been found that the original proposal by Salomons [23] 
works well if the segment between the edges is a hard surface (Q = 1). However, in the 
presence of finite impedance a substantial unrealistic attenuation is found at high fre-
quencies. The reason is that Q2 will become –1 at high frequencies and the 4 rays in the 
wedge model therefore will cancel each other two by two. Different procedures to solve 
the problem has been analysed but it has not been possible within the project to find a 
proper solution to the problem. BEM calculations [22] indicate that the chosen solution is 
acceptable in case of limited width of the screen top segment (T1T2) but also that some 
underestimation of the attenuation will be found at high frequencies if the width is large. 
It must be recommended to study this more closely in connection with future revisions. 



 

 

AV 1849/00 
Page 48 of 127 

DELTA 
Acoustics & Electronics 

R1

R2

T2

T1

S R

R

Q2

Q1

β1

θR1

θS1

 

Figure 24 
Calculation of the diffraction coefficient of the first edge. Definition of parameters. 
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Figure 25 
Calculation of the diffraction coefficient of the second edge. Definition of parameters. 

Finally the diffracted sound pressure p at the receiver expressing the combined effect of 
the two edges is calculated according to Eq. (45) where l = R1+R2+R3. 

l

ljkeDDp 215.0=  (45)

4.4.3.4 Terrain with a Single Screen 

In the hill prediction models it is generally assumed that any terrain segment in the simpli-
fied terrain shape which has not been identified as being a part of a significant screen shall 
be considered a reflecting surface. This also includes segments of “artificial” screens 
added to the terrain as described in Section 4.1. 

According to this definition the terrain before and after a single screen may consist of 
more than one segment forming a non-flat terrain. By example, a terrain is shown in 
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Figure 26 where the two segments denoted 4 and 5 form a wedge-shaped screen. The re-
maining five segments will be considered reflecting surfaces. Segments 1–3 will form the 
surface on the source side of the screen while segments 6–7 form the surface on the re-
ceiver side. 
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Figure 26 
Example of non-flat terrain with one significant screen. 

When a screen is placed on the ground, the effect of ground reflections from a finite-
impedance plane before and after the screen is combined with the effect of diffraction ac-
cording to the image method proposed by Jonasson [9]. Figure 27 shows the four rays 
considered in the image method in the case of a single thin screen placed on a flat imped-
ance plane. 
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Figure 27 
Combined ground and screen effect. Image method. 
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The total sound pressure at the receiver is sum of contributions from the four rays as ex-
pressed by Eq. (46). p1 is the sound pressure at the receiver from the source diffracted 
over the screen. p2 is the pressure at the receiver from the image source, p3 is the pressure 
at the image receiver from the source and p4 is the pressure at the image receiver from the 
image source. The spherical wave reflection coefficients Q1 and Q2 on the source and re-
ceiver side of the screen, respectively, are calculated as if the source (Q2) or the receiver 
(Q1) is located at the screen top. 

42132211 pQQpQpQpp +++=  (46)

The problem when trying to apply this method in case of a non-flat terrain as shown in 
Figure 26 is that there will be not only one image source and one image receiver but one 
image source for each surface segment on the source side and one image receiver for each 
surface segment on the receiver side. 

To solve the problem the effect of screen and ground expressed by the sound pressure p in 
Eq. (46) relative to the free-field sound pressure p0 has to be expressed as shown in Eq. 
(47). In this equation p1/p0 is the effect of the screen alone and the term in brackets is the  
effect of the ground in excess of the screen effect. In this way the screen effect part ∆LS of 
the propagation effect and the ground effect part ∆LG can be separated as shown in Eqs. 
(48) to (50). 
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The Fresnel-zone interpolation principle previously used in this report for a valley-shaped 
terrain and for a flat terrain with varying surface properties will again be used to obtain 
the combined ground effect of all the reflecting surfaces in a non-flat terrain with a screen. 
The ground effect part ∆LG of the propagation effect is determined according to Eq. (51) 
by performing a calculation for all combinations of reflecting surfaces on each side of the 
screen. ∆LG,i,j is the calculated result for the i’th segment on the source side of the screen 
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and the j’th segment on the receiver side. wi,j = w1i w2j is the product of the Fresnel-zone 
weight w1i of the source segment and w2j of the receiver segment. On the source side the 
size of the Fresnel-zone is determined using the position of the image source S’ and a “re-
ceiver” located at the screen top. Figure 28 shows an example of the use of this principle 
for segment no. 2 on the source side of the screen. In the same way the size of the Fresnel-
zone on the receiver side is determined by the position of the image receiver R’ and a 
“source” located at the screen top. 

∑∑ ∆=∆
i j

jiGjiG LwL ,,  (51)
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S’  

Figure 28 
Principle for determining the Fresnel-zone on the source side of the screen. 

If the source (or receiver, respectively) or the top of screen is at or below the segment the 
Fresnel-zone weight is defined as being 0. Such a segment may well contribute to the 
sound pressure at the receiver but as the finite size of the faces of a wedge-shaped screen 
on the other hand is not taken into account, when including the reflection in the screen 
surface, these two insufficiencies will to some extent compensate each other. To ensure a 
smooth transition between this case and the full contribution according to the Fresnel-
zone principle a modified Fresnel-zone weight must be determined. For a segment on the 
source side of the screen the modified weight w1i is calculated according to Eqs. (52) to 
(56) on the basis of the weight w1i,org determined by the original Fresnel-zone principle. In 
these equations h’S and h’SCR are the height of source and screen top measured perpen-
dicular to the segment and d’SCR is the distance between the source and screen top projec-
tions onto the segment. hS is the height of the source above local ground as defined in 
Section 4.1. 
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For a segment on the receiver side of the screen the modified weight w2j is calculated ac-
cording to Eqs. (57) to (61) on the basis of the weight w2j,org determined by the original 
Fresnel-zone principle. In these equations h’R and h’SCR2 are the height of receiver and 
screen top measured perpendicular to the segment and d’SCR2 is the distance between the 
receiver and screen top projections onto the segment. hR is the height of the receiver 
above local ground.  

2,22 SCRRorgjj rrww =  (57)
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The combined effect of screen and ground is calculated by Eq. (62). 
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Eq. (62) is valid when the sum Σw1i and Σw2j of weights on the source and receiver side is 
larger than or equal to 1. However, if one of these sums is approaching 0 at the same time 
as the other sum still is about 1 or larger Eq. (62) is no longer applicable. If either Σw1i or 
Σw2j is 0, the product w1i w2j will also be 0 and there will be no contribution from the con-
sidered combination of source and receiver segments although there still is a full reflec-
tion from one of the sides. 

To solve the problem of either Σw1i or Σw2j being smaller than 1 Eq. (62) is replaced by 
Eq. (63). If Σw1i is larger than or equal to 1, w’1i and Q’1i are equal to w1i and Q1i used in 
Eq. (62) but if Σw1i is smaller than 1, w’1i is determined by Eq. (66) and Q’1i by Eq. (68) 
instead. In the same way, if Σw2j is larger than or equal to 1, w’2j and Q’2j are equal to w2j 
and Q2j used in Eq. (62) but if Σw2j is smaller than 1, w’2j is determined by Eq. (67) and 
Q’2j by Eq. (69). If w1t = 0 or w2j = 0 Eq. (63) is replaced by Eq. (70) and (71), respec-
tively, and if w1t = 0 and w2j = 0 by Eq. (72). 

Note: The power of 2 in Eqs. (68) and (69) has been estimated as the value which gives 
the best agreement between the original and modified Fresnel-zone weighting principle as 
described in [18]. 
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In the description shown above it is assumed that there is only one impedance and rough-
ness type within the common area of the straight line segment and the Fresnel-zone. If the 
impedance and roughness of the terrain is varying within this area, this is solved in a simi-
lar manner as described in Section 4.4.2 for a valley-shaped terrain (see Figure 15 and 
Eqs. (35) and (36)). If Nm1 combinations of surface properties (impedance and roughness) 
exist for a given source side segment and Nm2 for a given receiver side segment this can as 
expressed as shown in Eqs. (73) or (74). The ground effect is according to this equation 
calculated for the Nm1 times Nm2 combinations of surface properties and the segment 
weights w1i and w2j have been divided in weights w1i,m1 and w2j,m2 corresponding to sur-
face property no. m1 and m2 on the source and receiver side respectively (Σw1i,m1 = w1i 
and Σw2j,m2 = w2j). 
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Depending on whether the screen is a single edge or a double edge screen, the diffracted 
sound pressures p1 to p4 in the method described above is calculated according to the 
method described in Section 4.4.3.1 or Section 4.4.3.3 respectively. When determining the 
spherical wave reflection coefficients Q1 and Q2 in the double edge case the nearest edge 
will be used to replace the source or receiver. 

Note: If the nearest edge is below the line between the image source or receiver and the 
farthest edge it would have been physically more plausible to choose the farthest edge. 
However, a discontinuity will be introduced by the jump from one edge to the other and 
the transition principle described in Section 4.4.4.3 ensures that the solution is not used 
when the effect of the nearest edge becomes insignificant.  

4.4.3.5 Terrain with Double Screens 

In the hill prediction model for the two screen case it is assumed similar to the one screen 
case that any terrain segment in the simplified terrain shape which has not been identified 
as being a part of one of the significant screens shall be considered a reflecting surface. 
According to this definition the terrain before, after and between the screens may consist 
of more than one segment forming a non-flat terrain. 

When two screens are placed on the ground, the effect of ground reflections is combined 
with the effect of diffraction by extending the image method described in Section 4.4.3.4 
to include a reflection between the screens. Figure 29 shows the eight rays considered in 
the image method in case of two thin screens placed on a flat impedance plane. 
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Figure 29 
Definition of 8 rays in double screen calculation. 
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The total sound pressure at the receiver R is the sum of contributions from the eight rays 
as given by Eq. (75). 

83217326215243133211 pQQQpQQpQQpQpQQpQpQpp +++++++=  (75)

In Eq. (75) p1 is the diffracted sound pressure at the receiver from the source over the two 
screens, p2 is the pressure at the receiver from the image source. p3 is the pressure at the 
image receiver from the source, and p4 is the pressure at the image receiver from the im-
age source. p5 to p8 correspond to p1 to p4 but the rays include a reflection between the 
two screens. The diffracted sound pressures p1 to p8 is calculated according to the method 
described in Section 4.4.3.2. The spherical wave reflection coefficient Q1 on the source 
side is calculated as if the receiver is located at the top of the first screen. The spherical 
wave reflection coefficient Q2 between the screens is calculated as if the source is located 
at the top of the first screen and the receiver at the top of the second screen. The spherical 
wave reflection coefficient Q3 on the receiver side is calculated as if the source is located 
at the top of the second screen. 

In order to apply the method to cases of non-flat segmented terrain the same approach is 
used as for a single screen. Screen and ground effects are separated as shown in Eqs. (76) 
to (79). 



















+++

++++
=

1

8
321

1

7
32

1

6
21

1

5
2

1

4
31

1

3
3

1

2
1

0

1

0

1

p
pQQQ

p
pQQ

p
pQQ

p
pQ

p
pQQ

p
pQ

p
pQ

p
p

p
p  (76)

GS LLL ∆+∆=∆  (77)

0

1log20
p
pLS =∆  (78)

1

8
321

1

7
32

1

6
21

1

5
2

1

4
31

1

3
3

1

2
1

1

1
log20log20

p
pQQQ

p
pQQ

p
pQQ

p
pQ

p
pQQ

p
pQ

p
pQ

p
pLG

+++

++++
==∆  (79)

As in the single screen case the non-flat terrain problem with more than one terrain seg-
ment before, after, or between the screens is again solved using the Fresnel-zone interpo-
lation principle as given by Eq. (80). 
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If the number of reflecting ground segments before the first screen, between the screens, 
and after the second screen is N1, N2, and N3, respectively, the propagation effect is given 
by Eqs. (81) through (90). w1i, w2j, and w3n are the modified Fresnel-zone weights of each 
ground segment. 
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Note: The power of 3 in Eqs. (88) to (90) has been estimated as the value which gives the 
best agreement between the original and modified Fresnel-zone weighting principle as 
described in [18]. 

When the source, receiver or top of the screens becomes close to the extended terrain 
segment the effect of the segment is gradually reduced until it disappears completely be-
low the extended segment. In the same way as for a single screen this is taken into ac-
count by modifying the Fresnel-zone weight. 

The modified Fresnel-zone weight w1i is determined as shown in Eqs. (91) to (95) on the 
basis of the original Fresnel-zone weight w1i,org using the same “source” and “receiver” as 
used to determine Q1. h’S and h’SCR1 are the heights of source and the first screen top 
measured perpendicular to the ground segment and d’SCR1 is the distance between the 
source and the screen top projections onto the segment. hS is the height of the source 
above local ground as defined in Section 4.1. 
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The modified Fresnel-zone weight w2j is determined as shown in Eqs. (96) to (99) on the 
basis of the original Fresnel-zone weight w2j,org using the same “source” and “receiver” as 
used to determine Q2. h’SCR21 and h’SCR22 are the heights of the first and second screen top 
measured perpendicular to the ground segment and d’SCR2 is the distance between the two 
screen top projections onto the segment. 

2221,22 SCRSCRorgjj rrww =  (96)













≤

<<

≥

=

00

0

1

'
21

"
2

'
21"

2

'
21

"
2

'
21

21

SCR

SCRSCR
SCR

SCR

SCRSCR

SCR

h

hh
h
h

hh

r  (97)













≤

<<

≥

=

00

0

1

'
22

"
2

'
22"

2

'
22

"
2

'
22

22

SCR

SCRSCR
SCR

SCR

SCRSCR

SCR

h

hh
h
h

hh

r  (98)







≥

<
=

4002

400005.0
'

2

'
2

'
"

2
SCR

SCRSCR
SCR d

dd
h  (99)

The modified Fresnel-zone weight w3n is determined as shown in Eqs. (100) to (104) on 
the basis of the original Fresnel-zone weight w3n,org using the same “source” and “re-
ceiver” as used to determine Q3. h’SCR3 and h’R are the heights of the second screen top 
and the receiver measured perpendicular to the ground segment and d’SCR3 is the distance 
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between the receiver and the screen top projections onto the segment. hR is the height of 
the receiver above local ground. 

RSCRorgnn rrww 3,33 =  (100)
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In the description shown above it is assumed that there is only one impedance and rough-
ness type within the common area of the straight line segment and the Fresnel-zone. If the 
impedance and roughness of the terrain is varying within this area, this is solved using the 
same method as described in Section 4.4.3.4 for a single screen. If Nm1, Nm2 and Nm3 
combinations of surface properties (impedance and roughness) exist for a given segment 
before, between and after the screens this can as expressed as shown in Eqs. (105) or 
(106). The ground effect is according to this equation calculated for the Nm1 times Nm2 
times Nm3 combinations of surface properties and the segment weights w1i, w2j and and 
w3n have been divided in weights w1i,m1, w2j,m2 and w3n,m3 corresponding to surface prop-
erty no. m1, m2 and m3 on the source, middle and receiver side respectively (Σw1i,m1 = 
w1i and Σw2j,m2 = w2j and Σw3n,m3 = w3n). 
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4.4.4 Combined Model 
In this section principles shall be described for how to choose the appropriate prediction 
model between the flat, valley, or hill model and within the hill model to choose the right 
solution (single screen with one or two edges or two screens with one edge each). The 
section also contains principles for how to ensure smooth transitions from one model to 
another at borderline cases. In the elaboration of the transition principles special attention 
has been paid to the demand mentioned in the introduction of the present report that dis-
continuities in the prediction result should be avoided whenever possible. 

4.4.4.1 Transition between Models for Flat Terrain and Non-Fflat Terrain without Screens 

When deciding which model to use, the first step is to determine whether the terrain is flat 
or non-flat. For this purpose the equivalent flat terrain has to be estimated.  

The equivalent flat terrain is defined as the flat terrain providing the best fit to the actual 
terrain using the least squares method (linear regression). The determination of the 
equivalent flat terrain line by the least squares method is described in Appendix I. 

When the equivalent flat terrain has been determined, the areas of the segmented terrain 
above (A+) and below (A-) the equivalent flat terrain can calculated as shown in Appendix 
I (A+ = A- if the equivalent flat terrain is determined by the least squares method). The 
average deviation ∆h from the equivalent flat terrain above and below the terrain is calcu-
lated according to Eq. (107) where dh is the horizontal distance between the source and 
receiver. 

hh d
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d
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Figure 30 shows the equivalent flat terrain corresponding to a segmented terrain and the 
average deviation from the flat terrain above and below the terrain. 
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Figure 30 
Equivalent flat terrain (solid line) corresponding to a segmented terrain and average de-
viations from the equivalent flat terrain (dashed lines). 

A parallel displacement of the terrain by ∆h affects the length of the reflected ray R2 as 
shown in Figure 30 and therefore the difference R2–R1 where R1 is the length of the direct 
ray. The path length difference R2–R1 relative to the wavelength λ determines the geomet-
rical part of the phase shift between the direct and reflected ray. If changes in the phase 
shift due to the spherical wave reflection coefficient can be ignored, which is a reasonable 
assumption for small terrain displacements, the change in reflected path length ∆R2 can be 
used to quantify the effect of a displacement. When ∆h is the same below and above the 
equivalent flat terrain the largest effect will occur for the downward displacement. ∆R2 is 
therefore calculated by Eq. (108). hSeq and hReq are the source and receiver heights deter-
mined perpendicular to the equivalent flat terrain and deq is the distance between the 
source and the receiver measured along the equivalent flat terrain. If hSeq or hReq becomes 
smaller than 0.01 m, this value is used instead. 

( ) ( ) 2222
2 2 eqReqSeqeqReqSeq dhhdhhhR ++−+∆++=∆  (108)

It has been found that the terrain can be considered flat if ∆R2 is less than 1% of the wave-
length and on the other hand cannot be considered flat if ∆R2 is greater than 3% of the 
wavelength. Based on these findings an interpolation parameter rf between flat and non-
flat terrain can be calculated according to Eq. (109). A value of rf equal to 1 indicates a 
flat terrain whereas 0 indicates a non-flat terrain. In between, a transition is obtained be-
tween predictions by the flat and the non-flat model applying rf as an interpolation pa-
rameter. At very high frequencies the terrain would in most cases be characterised as non-
flat according to this principle. To avoid unnecessarily complicated calculations at very 
high frequencies the value of rf obtained at 2000 Hz will be used for higher frequencies. 
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The calculation for flat terrain (if rf is larger that 0) according to the model described in 
Section 4.4.1 is based on the values of hSeq, hReq, and deq measured relative to the equiva-
lent flat terrain. 

In the case of a highly concavely shaped terrain the valley model will produce a ground 
effect that is higher than the +6 dB normally obtained for flat terrain at low frequencies. 
This is due to the fact that the sum of Fresnel-zone weights exceeds 1 even at low fre-
quencies. This behaviour is in agreement with predictions by more accurate models. Un-
fortunately, the principle given by Eq. (109) tends to characterise such terrain as flat at 
very low frequencies and therefore prevents the use of the more correct valley model. 

To avoid this adverse effect of the described principle the sum of “concave” weights wcon 
for all terrain segments in the valley model is calculated according to Eq. (110). wcon,i of 
each terrain segment is determined by Eq. (111) depending on the type of segment de-
fined in Section 4.4.2. wi(concave) is the “concave” Fresnel-zone weight from Eq. (39) of 
the projected segment and r is given by Eq. (40). 
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If wcon ≤ 1.05 Eq. (109) is sufficient for determining the flat terrain transition parameter 
rflat but for higher values of wcon a modified principle is needed. Instead, rflat is calculated 
by Eq. (112) where rf is the transition parameter according to Eq. (109). 
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The transition parameter rflat is used to combine the flat terrain model (Section 4.4.1) and 
the valley model (Section 4.4.2) into a model for any terrain without significant screening 
effects. The transition is defined by Eq. (113) where ∆Lflat and ∆Lvalley is the ground effect 
predicted by the flat terrain model and the valley model respectively. 

( ) valleyflatflatflatnohill LrLrL ∆−+∆=∆ 1  (113)

4.4.4.2 Transition between Models for Terrain with and without Screens 

The next step will be to examine whether the sound propagation is affected significantly 
by screens. The screens may be parts of the terrain (“natural” screens) or structures added 
to the terrain (“artificial” screens). 

To find whether a part of the terrain profile or one of the screens added to the terrain may 
be a significant screen the path length difference ∆ℓi is determined for each point of dis-
continuity Pi in the segmented terrain including screens as illustrated in Figure 31. How-
ever, only points where the adjacent segments form a convex shape (angle larger than π) 
and points above the terrain baseline are considered. Furthermore the first and last points 
in the terrain and in every artificial screen are ignored. 
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Figure 31 
Determination of the screen efficiency of a terrain point. 

l0 

li 



 

 

AV 1849/00 
Page 65 of 127 

DELTA 
Acoustics & Electronics 

∆ℓi is determined by Eq. (114). ∆ℓi becomes positive if the line-of-sight (LOS) is blocked 
and negative is if the line-of-sight is unblocked. 
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The point with the largest value of ∆ℓi denoted ∆ℓSCR1 is defined as the most important 
diffracting edge in the most important screen. 

When the most important screen has been identified this way, the efficiency of the screen 
has to be determined to find out whether or not the screen has a significant screening ef-
fect. Three criterions are used for this purpose: 

1) ∆ℓSCR1 shall be sufficiently large 

2) The height of the screen above the ground surface shall be sufficiently large compared 
to the wavelength 

3) The height of the screen above the ground surface shall be sufficiently large compared 
to the effective width of sound field at the screen 

The first criterion is based on the assumption that the screen effect ∆LS of a semi-infinite 
screen can be approximated by a simple function of the path length difference as shown 
iny Eq. (115) when the top of the screen is just below the line-of-sight. Based on the 
screen effect an interpolation parameter r∆ℓ is determined according to Eq. (116). A value 
of r∆ℓ equal to 1 indicates full screening effect obtained when the line-of-sight is blocked 
and 0 indicates insignificant screening effect. 










 ∆
−−=∆

λ
l5.716SL  (115)















−≤
∆

<
∆

<−
∆

−

≥
∆

=∆

133.00

0133.05.71

01

λ

λλ

λ

l

ll

l

lr  (116)

The second criterion states that the height of the screen above the ground surface shall be 
sufficiently large compared to the wavelength. In [31] it has been concluded that a screen 
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has no effect on sound propagation below the frequency where the screen is one tenth of 
the wavelength, that full screen effect is obtained at a frequency 5/3 octaves higher, and 
that a transition should be applied between these two frequencies. On this basis an inter-
polation parameter rλ is determined according to Eq. (117). A value of rλ equal to 0 and 1 
indicates no screening and full screening, respectively. hSCR is the height of the screen 
above the terrain base line defined in Section 4.1. 
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In the third criterion the height of the screen above the ground surface is compared to the 
effective width of sound field at the screen. The effective width of the sound field is quan-
tified by the width of the first Fresnel-zone (λ/2). The effective width increases with in-
creasing source-receiver distance at a given frequency and is largest midway between the 
source and the receiver. Therefore, the significance of a screen decreases with increasing 
distance from the source and receiver to the screen.  

In [18] it has been found that the height hSCR of the screen above the ground surface rela-
tively to half the size of the Fresnel-zone hFz is a reasonable quantity to characterise the 
screen efficiency. The geometrical parameters necessary for calculation of this quantity 
are defined in Figure 32. In [18] it was found that screens with a height below 1.3% of hFz 
should be ignored whereas full screen efficiency was obtained for screen heights above 
4.1% of hFz. These values have later on in the work been doubled to obtain optimum per-
formance of the model leading to the transition parameter rFz in Eq. (118). In this equation 
hSCR is the same quantity as used in Eq. (117). hFz is calculated using the method in Ap-
pendix A (with values rS = |PSPSCR| and rR = |PRPSCR| where PSCR is the projection of the 
screen edge onto the terrain base line, θ = π/2, Fλ = 0.5). 
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Figure 32 
Geometrical parameters used to determine the efficiency of a screen based on the height 
of the screen compared to the effective width of sound field at the screen. 

The three transition parameters are finally combined into the hill transition parameter rhill 
as given by Eq. (119). 

Fzhill rrrr λl∆=  (119)

For screens below the line-of-sight the parameter r∆ℓ will reduce the efficiency of a screen 
a high frequencies whereas rλ and rFz will reduce the efficiency at low frequencies. 

The transition parameter rhill is used to combine the “nohill” model from Eq. (113) and the 
hill model described in Section 4.4.4.3 into the final comprehensive terrain and screen 
model. The transition is defined by Eq. (120) where ∆Lhill and ∆Lnohill are the ground ef-
fect predicted by the hill model and the “nohill” model respectively. 

( ) nohillhillhillhillt LrLrL ∆−+∆=∆ 1  (120)
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4.4.4.3 Transitions within the Model for Terrain with Screens 

In the model for terrain with screens (denoted the hill model) the number of screens is 
limited to two and the number of diffracting edges to two in the single screen case and to 
one in the double screen case as already mentioned in the introduction of Section 4.4.3. 
By this limitation three different cases are possible: 

1) One screen with one edge 
2) One screen with two edges 
3) Two screens with one edge 

The screen and ground effect may in each case be calculated by the models described in 
Sections 4.4.3.1 through 4.4.3.5. 

In this section it shall be described how the three models are combined into the hill model 
by defining suitable transition parameters. 

The most important diffracting edge has already been determined in Section 4.4.4.2 for 
the use of calculating the hill transition parameter. This edge constitutes one of the points 
in the primary screen. The next step will be to determine if there is a secondary screen 
with a significant screening effect. However, before doing so it will be necessary to de-
termine which terrain points are parts of the primary screen shape because these points 
cannot be a part of the secondary screen. 

Around the most important diffracting edge at least the preceding and the succeeding 
segment will be part of the screen. However, in excess of that adjacent segments are con-
sidered a part of the screen as long as they intersect convexly (wedge angle greater than π) 
with the last identified screen segment. The screen is this way expanded to a multi-edge 
screen until the point where the preceding and succeeding segment intersects concavely 
(wedge angle less than π). This principle is illustrated in Figure 33. 
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Figure 33 
Definition of screen shape, s: screen segments, g: ground segments. 
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Note: By the described principle a screen will always consist of at least two segments 
corresponding to a simple wedge. A thin screen is therefore in the description assumed to 
be a special case of the simple wedge with a wedge angle of 2π (two identical wedge seg-
ments). This definition has been found expedient in the present description. However, this 
does not necessarily mean that the use of two segments to represent a thin screen will be 
an expedient solution in the implementation of the method. 

To determine whether a secondary screen with a significant screening effect exists and if 
so to obtain a transition between predictions by the single and double screen method, a 
method developed in [19] is described in the following for calculation of a transition pa-
rameter rSCR2 which is used to quantify the efficiency of a secondary screen. 

To find the most efficient edge of a secondary screen the path length difference ∆ℓi is de-
termined for each point of discontinuity Pi in the segmented terrain considered when find-
ing the most significant edge of the primary screen ignoring the terrain points which are 
part of the primary screen shape. If the line-of-sight is blocked by the primary screen the 
path length difference is calculated between the source and the top of the primary screen 
on the source side and between the receiver and the top of the primary screen on the re-
ceiver side according to Eq. (114) where S or R is replaced by the top of the screen. The 
point with the largest value of ∆ℓi denoted ∆ℓSCR2 is defined as the most important dif-
fracting edge in the second most important screen. If the line-of-sight is unblocked by the 
primary screen a modified principle is applied to avoid undesirable effects due to possible 
low position of the primary screen top as described in [19]. For unblocked line-of-sight 
the point T’ on the line-of-sight vertically above top of the screen is used instead of the 
screen top T as shown in Figure 34. 
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Figure 34 
Principle for determining the efficiency of a secondary screen when the primary screen is 
below the line-of-sight. 

As described in Section 4.4.4.2 the efficiency of the primary screen is based on the path 
length difference of the diffracting edge of the screen and the height of the screen com-
pared to the wavelength and compared to the effective size of the sound field. Similar 
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quantities are used when determining the efficiency of the secondary screen but in addi-
tion to that the effect of distance between the two diffracting edges has to be included. 

The efficiency of the secondary screen is determined by the parameter rSCR2 which is a 
product of four parameters r∆ℓ2, rλ2, rFz2, and rw as shown in Eq. (121). The first three pa-
rameters are calculated by Eqs. (116) to (118) where ∆ℓ is the path length difference 
∆ℓSCR2 of the secondary screen and hSCR is the height hSCR2 above the terrain base line. 

wFzSCR rrrrr 2222 λl∆=  (121)

The transition parameter rw depends on the distance between the screens and is calculated 
by Eq. (122) where d12 is the distance between the most important edges of the two 
screens. 
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The transition between the single and double screen case can now be obtained by interpo-
lation between the single screen solution ∆LSCR1 and the double screen solution ∆LSCR2 as 
shown in Eq. (123).  

( ) 1222 1 SCRSCRSCRSCRhill LrrLL ∆−+∆=∆  (123)

When doing the calculation of ∆LSCR1 in the single screen case with one diffracting edge 
all points of the primary screen shape are removed from the terrain shape except the start 
and end point and the most important edge. When doing the calculation of ∆LSCR2 in the 
double screen case the same is done for both screen shapes. When simplifying the screen 
shapes, the impedance and roughness closest to the edge are used. 

If two significant screens have been found (rSCR2 > 0 at at least one frequency), only the 
most efficient edge of each screen is taken into account. However, if only one screen has 
been found the next step will be to consider if a significant secondary edge exists in the 
screen shape which should be included when determining ∆LSCR1. 

The efficiency of the secondary edge is by and large determined the same way as for the 
most important edge of a secondary screen. For each point in the screen shape (except the 
first and last point and the most important edge) the path length difference ∆ℓi is calcu-
lated by the same method used for the secondary screen using the primary edge T as 
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source or receiver when the primary edge is above the line-of-sight and the modified point 
T’ when the primary edge is below the line-of-sight. The point with the largest value of 
∆ℓi denoted ∆ℓSCR12 is defined as the secondary diffracting edge in the primary screen. 
After the determination of the secondary edge the screen shape is simplified to contain 
only the first and last point in the shape and the primary and secondary edges. In the sim-
plified screen the impedance and roughness closest to the edges are used and closest to the 
primary edge between the edges. 

∆ℓSCR12 will together with the height hSCR12 of the secondary edge above the terrain base 
line and the distance d12 between the primary and secondary edge enter into the determi-
nation of the efficiency rSCR12 of the secondary edge. The quantities are used to determine 
r∆ℓ12, rλ12, rFz12, and rw12 according to Eqs. (116) through (118) and (122), respectively. 
However, the determination of rSCR12 in Eq. (124) contains two supplementary modifiers 
r’λ12 and r’Fz12. 

12
'

12
'
1212121212 wFzFzSCR rrrrrrr λλl∆=  (124)

The modifiers r’λ12 and r’Fz12 are used to prevent that a secondary edge where the adjacent 
segments virtually forms a straight line (wedge angle close to π) is interpreted as being an 
efficient edge. r’λ12 and r’Fz12 are based on the height h’SCR12 determined as illustrated in 
Figure 35 for the case where the secondary edge is on the source side of the primary edge. 
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Figure 35 
Definition of h’SCR12 used for determination of r’λ12 and r’Fz12. 

In the figure P1 is the primary edge, P2 is the secondary edge, P0 is the first point in the 
screen and S is the source. P’0 is the point on the extension of the segment P2P0 with a dis-
tance to P2 equal to the distance between S and P2 as given by Eq. (125). 



 

 

AV 1849/00 
Page 72 of 127 

DELTA 
Acoustics & Electronics 

02
02

2
02 ' PP

PP
SP

PP =  (125)

h’SCR12 is determined as the perpendicular distance to the line P1P’0 and P’2 is the projec-
tion of P2 onto the line. In the calculation of the efficiency of the secondary edge it is then 
assumed that h’SCR12 has to be sufficiently large compared to the wavelength and to the 
effective size of the sound field (same idea as previously used for the height of a screen 
above the ground). The effective size of the sound field hFz is calculated by replacing PS, 
PR and PSCR in Figure 32 by P’0, P1 and P’2. r’λ12 and r’Fz12 is calculated by Eqs. (117) and 
(118). 

In the case where the secondary edge is on the receiver side of the primary edge a similar 
approach is used but the source S is replaced by the receiver R in Figure 35 and in Eq. 
(125) and P0 will be the last point in the screen. 

The transition between the single and double edge case for a single screen can be obtained 
by interpolation between the single edge solution ∆LSCR11 and the double edge solution 
∆LSCR12 as shown in Eq. (126). 

( ) 111212121 1 SCRSCRSCRSCRSCR LrrLL ∆−+∆=∆  (126)

4.4.4.4 Combining Flat Terrain, Valley and Hill Models, Overview 

The combined model for predicting the effect ∆Lt of propagation over terrain and screens 
has thoroughly been described in the previous Sections 4.4.4.1 through 4.4.4.3. In this 
section an overview of the model shall be given. 

The prediction results by the flat terrain, valley and hill models are 

• ∆Lflat:  Flat terrain model 

• ∆Lvalley:  Valley model 

• ∆LSCR11:  Hill model, one screen with one edge 

• ∆LSCR12:  Hill model, one screen with two edges 

• ∆LSCR2:  Hill model, two screens with one edge each 

The transition parameters rflat, rhill, rSCR2, rSCR12 are described in Section 4.4.4.1 to 4.4.4.3. 

The terrain effect ∆Lt is predicted according to Eqs. (127) through (130). 

( ) nohillhillhillhillt LrLrL ∆−+∆=∆ 1  (127)
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where 

( ) valleyflatflatflatnohill LrLrL ∆−+∆=∆ 1  (128)

and 

( ) 1222 1 SCRSCRSCRSCRhill LrLrL ∆−+∆=∆  (129)

If rSCR2 > 0 at at least one frequency then ∆LSCR1 = ∆LSCR11 , otherwise ∆LSCR1 is deter-
mined by Eq. (130). 

( ) 111212121 1 SCRSCRSCRSCRSCR LrLrL ∆−+∆=∆  (130)

4.5 Incoherent Effects 

In the sound propagation model described in Section 4.4 it is assumed that contributions 
from interacting rays are added coherently. However, such a model produces much 
stronger phase effects at high frequencies, than is observed in outdoor measurements. The 
use of the attenuation at the centre frequency as representative of the attenuation in the 
entire one-third octave band will further increase such an effect. In practice, incoherent 
and averaging effects will smooth out the interference pattern in the attenuation spectrum. 
The development of a model for including incoherent and averaging effects is described 
in [18]. 

The incoherent and averaging effects that are taken into account are: 

• Effect of frequency band averaging  

• Effect of fluctuating refraction 

• Effect of turbulence 
• Effect of surface roughness 
• Effect of scattering zones 

The effect of frequency band averaging covers the averaging within each one-third octave 
band. 

The effect of fluctuating refraction covers the averaging due to fluctuations in atmos-
pheric refraction in excess of what is included in the effect of turbulence. 

The effect of turbulence covers the reduction in coherence between different rays due to 
turbulence. 
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The effect of surface roughness covers the effect that is observed when a reflecting sur-
face is not perfectly even but contains random height variations. 

Finally, the effect of scattering zones covers the reduction in coherence obtained when the 
sound field is passing a scattering zone. The scattering zone may be a housing area or a 
forest. The effect of scattering zones are described in general in Section 5 but as already 
mentioned in Section 2 scattering may influence the propagation effect of terrain and 
screens by reducing the coherence. 

4.5.1 General Principle 
The general principle that has been chosen to account for incoherent effects when predict-
ing the ground effect |p/p0| is shown in Eq. (131). In this principle a coefficient of coher-
ence F is defined for each ray in excess of the primary ray. Fi expresses the coherence be-
tween the i’th ray and the primary ray (i=1). In Eq. (131) the first term within the outer 
brackets is the coherent part and the second term the incoherent part of the sound pres-
sure. 
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For flat terrain the primary ray is the direct ray and for terrain with screens the primary 
ray is the diffracted ray from source to receiver via the screen edge(s). F will be a real 
value between 0 and 1, with 0 and 1 indicating full incoherence and full coherence, re-
spectively. The principle defined in Eq. (131) is not a rigorous mathematical solution 
when the number of rays exceeds two because only the reduction in coherence compared 
to the primary ray is considered. However, the principle has been found adequate in an 
engineering model taking into account the large uncertainty involved in describing inco-
herent effects. 

In the two-ray case for flat terrain Eq. (131) will change to Eq. (132) where R1 and R2 are 
the path lengths of the direct and reflected ray, respectively. 

( )

( ) ( )
2

2

12
2

2

1

2

1

22
2

1

2

2

0

11

11

12

R
RQFe

R
RFQ

p
pF

p
pF

p
p

RRjk −++=

−++=

−

 (132)

The first term in Eq. (132) is the coherent part and the second term the incoherent part. 
The incoherent part is determined by |Q| and R1/R2 and is therefore independent of the 
phase. When propagation becomes very incoherent, it is not likely that Q keeps its physi-
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cal relevance. It has therefore been decided in the incoherent part of Eqs. (131) and (132) 
to replace |Q| by a reflection coefficient ℜ based on the random incidence absorption co-
efficient as described in Section 4.5.2. 

4.5.2 Incoherent Reflection Coefficient 
The incoherent part of the sound pressure level in Eqs. (131) and (132) is only determined 
by the numerical value of the spherical wave reflection coefficients and the path lengths 
and is therefore independent of the phase. The spherical wave reflection coefficient Q is 
not a “true” reflection coefficient, but has been derived from a mathematical solution for a 
spherical field reflected by an impedance surface. When propagation becomes signifi-
cantly incoherent, it is not likely that Q keeps its physical relevance. It has therefore been 
decided in the incoherent part of Eq. (131) to replace |Q| by a reflection coefficient ℜ 
based on the random incidence absorption coefficient αri as given by Eq. (133). 

riα−=ℜ 1  (133)

αri is calculated by Eq. (134) (from [14]) where X and Y is the real and imaginary part of 
the ground impedance Z as defined in Eq. (135). 
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jYXZ +=  (135)

By this approach it will be possible to save a lot of significant calculation time. The calcu-
lation of Q is very time-consuming and determines to a high extent the overall calculation 
time in the model. Q is a function of the reflection angle, propagation distance, and 
ground impedance whereas ℜ only depends on the impedance. It is therefore possible to 
pre-calculate ℜ for each impedance type in the prediction model and insert it in a table. At 
high frequencies where the ray contributions become fully incoherent in most cases (F = 
0) the calculation time will decrease considerably as the calculation of the reflection coef-
ficient can be replaced by a table look-up. 

4.5.3 Coefficients of Coherence 
The overall coherence coefficient F determining the coherence between two rays is the 
product of a number of coherence coefficients as shown in Eq. (136). Ff, F∆τ, Fc, Fr, Fs are 
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coherence coefficients corresponding to frequency band averaging, averaging due to fluc-
tuating refraction, partial incoherence, surface roughness, and scattering. 

srcf FFFFFF τ∆=  (136)

The determination of four of these coefficients is described in the following Sections 
4.5.3.1 through 4.5.3.4 whereas Fs is described in Section 5. 

4.5.3.1 Frequency Band Averaging 

A solution to Ff has been given in [1] which can be used to determine the effect of averag-
ing within one-third octave frequency bands. However, in the present model the solution 
has been practically modified to obtain Ff = 0 for arguments of sine above Β as shown in 
Eq. (137). k is the wave number, R1 is the length of the primary ray and R2 of the length 
secondary ray. 
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4.5.3.2 Averaging Due to Fluctuating Refraction 

A similar solution can be found for fluctuating refraction as described in [18]. At a fixed 
frequency f it is assumed that the path lengths of the rays and therefore the travel time dif-
ference τ2-τ1 is varying within the range ∆τ2-∆τ1 and is uniformly distributed within this 
range. τ1 is the travel time corresponding to the primary ray and τ2 to the secondary ray. 
The solution is shown in Eq. (138). Again, the solution has been practically modified to 
obtain F∆τ = 0 for arguments of sine above π. 
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It is generally assumed that τ2-τ1 will increase monotonically with an increasing degree of 
refraction. Therefore, ∆τ2-∆τ1 may on this basis be determined by τ2-τ1 for the outmost 
refraction cases as expressed by Eq. (139). τ1+ and τ2+ are the travel times of the primary 
and secondary ray in the most downward refraction case and τ1- and τ2- are the corre-
sponding travel times in the least downward refraction case. How the travel times are cal-
culated is described in the companion report for prediction of propagation in refracting 
atmospheres [20] and shall not be repeated in the present report. 
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−−++ +−−=∆−∆ 121212 ττττττ  (139)

For practical reasons it has been found expedient to calculate ∆τ2-∆τ1 according to Eq. 
(140) assuming symmetry in distribution of τ2-τ1 around the average meteorological con-
dition. τ1m and τ2m is the travel times corresponding to the average meteorological condi-
tion. The advantage of this approach is that τ1- and τ2- shall not be calculated which saves 
calculation time (τ1m and τ2m have already been calculated for other purposes) and diffi-
culties in the approach would occur when τ1- and τ2- correspond to a shadow zone case. 

( )mm 121212 2 ττττττ +−−=∆−∆ ++  (140)

In practice, the distribution of τ2-τ1 will not be uniform but be more Gaussian-like as the 
variations are determined by fluctuations in wind speed and temperature. However, a 
good approximation to account for Gaussian variation in wind speed and temperature gra-
dient is obtained if τ1+ and τ2+ are calculated for a wind speed of u+ = um + 1.7 σu and tem-
perature gradient of dt/dz+ = dt/dzm + 1.7 σdt/dz. um and σu is the mean value and standard 
deviation of the wind speed, and dt/dzm and σdt/dz is the mean value and standard deviation 
of the temperature gradient. 1.7 is the value where the Gaussian distribution and the uni-
form distribution will have the same standard deviation. 

4.5.3.3 Partial Incoherence 

The effect of partial incoherence between rays includes the reduction in coherence due to 
turbulence. It has also been considered also to include a source-related reduction in coher-
ence (from differences in the emission direction of the rays) but this has not been found 
possible on a general basis. The coherence coefficient defined by Eq. (141) is identical to 
the mutual coherence function given in [4]. Cv

2 and CT
2 are the turbulence strength corre-

sponding to wind and temperature, T0 is the mean temperature in Kelvin, c0 is the mean 
sound speed, k is the wave number, ρ is the transversal separation (ρ = 2hShR/(hS+hR) for 
flat ground where hS and hR are heights of source and receiver above the ground and d is 
the horizontal distance). 
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The exponential function in Eq. (141) suffers from the weakness that Fc will never be zero 
even for very large arguments and as mentioned earlier the calculation time will benefit 
by having Fc = 0. Therefore Eq. (141) is practically modified as shown in Eq. (142) where 
x is the argument of the exponential function. 
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4.5.3.4 Terrain Surface Roughness 

The effect of terrain surface roughness covers the effect that is observed when the reflect-
ing terrain surface is not perfectly even but contains random height variations. A method 
to include this effect has been described in [25]. In the method Fr is a function of the 
Rayleigh roughness parameter X defined in Eq. (143) where Φr is the rms-value of surface 
height variations, and ψG is the grazing ground reflection angle. 

GrkX ψσ sin=  (143)

The coherence coefficient Fr is calculated by Eqs. (144) and (145). The function g(X) is 
slightly modified compared to [25] to achieve that Fr becomes exactly 1 at X = 0. 

( ))(5.0exp xgFr =  (144)

where 
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(145)

Note: The method described above is not fully in agreement with the method described in 
[25] where Fr is used to modify the plane wave reflection coefficient ℜp which is used in 
the calculation of the spherical wave reflection coefficient Q in the coherent part of the 
solution. However, it has been found that the simplified method produce results which 
agree well with the original method within acceptable limits considering the uncertainty 
of the method. Due to a complete lack of outdoor measurements over terrain with rough-
ness, it must be recommended in the future to validate this part of the model. 

4.6 Finite screens 

In the method for predicting screen effects described in Section 4.4.3 it is assumed that 
the screens have an infinite length. In practice, screens will have a finite length and it is 
therefore possible that the screen effect will be reduced significantly when sound is dif-
fracted around the vertical edges of the screen. The method for taking into account finite 
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length of screens is based on [33] but modified slightly to avoid discontinuities. The 
method is used only for screens with well-defined ends which comprise man-made 
screens and embankments (“artificial” screens). Screens with less well-defined ends such 
as natural screens formed by the terrain are instead taken into account by the method for 
irregularly shaped screens described in Section 4.7. 

The contribution from diffraction around vertical edges is in an approximate manner taken 
into account by adding additional transmission paths as shown in Figure 36. The solid line 
in the figure is the transmission path from the source S to the receiver R over the screen 
considered in Section 4.4.3 while the dashed lines are two subsidiary transmission paths 
introduced to account for diffraction around the vertical edges. The sound pressure is cal-
culated for of each path using the comprehensive propagation model with propagation 
parameters measured along the vertical propagation planes and added incoherently after a 
correction for the screening effect of the vertical edges. 

 

R

S

l

r  

Figure 36 
Definition of additional transmission paths in case of a finite screen (top view, l: left edge, 
r: right edge). 

The method for taking into account the contribution of sound diffracted around the verti-
cal edges is based on the diffraction model in Appendix H but reflections in the wedge 
faces are ignored by including only the principal term (n=1) in Eq. (H1). The principal 
case is shown in Figure 37 where the screen represented by the line P1 to P2 is blocking 
the propagation plane from the source S to the receiver R. In this case P1 is on the left side 
and P2 on the right side of the propagation plane. The subsidiary case is the case where the 
propagation plane is not blocked by the screen but where the screen is sufficiently close to 
the propagation plane to affect the sound pressure level at the receiver. In this case P1 and 
P2 is on the same side of the propagation plane. Figure 38 shows the case where the screen 
is on the left side. 
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S

R

P1

P2  

Figure 37 
Finite screen with vertical edges at P1 to P2 blocking the propagation plane from the 
source S to the receiver R (top view). 

S

RP1

P2

 

Figure 38 
Finite screen with vertical edges at P1 to P2 outside the propagation plane from the 
source S to the receiver R (top view). 

In the principal case the sound pressure is calculated for the three vertical propagation 
planes defined in Figure 39. Plane SR is the direct propagation plane from the source to 
the receiver and Plane 1 and Plane 2 are the propagation planes around the left and the 
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right edge of the screen. Plane 1 and 2 are passing just outside the screen so that the 
screen is not included in the propagation planes. The corresponding sound pressures are 
denoted pSR, p1 and p2 and will be calculated using the two-dimensional reference model. 

 

S

R

P1

P2

Plane 1

Plane SR Plane 2

 

Figure 39 
D Definition of vertical propagation planes in case of a blocked direct propagation plane 
(top view). 

If propagation planes 1 and 2 are far away from the direct propagation plane it is reason-
able to assume as proposed in [33] that the contributions from the three propagation 
planes are incoherent. In this case the results have to be added on an energy basis after the 
results have been weighted as shown in Eq. (146). 

2
22

2
11

22 pwpwpwp SRSR ++=  (146)

However, this approach will not produce correct results if the planes are very close to 
each other. In this case the contributions will be coherent and the results have to be added 
according to Eq. (147). 

2211 pwpwpwp SRSR ++=  (147)

The problem is to establish a reasonable transition between the principles given in Eqs. 
(146) and (147). The principle used in Section 4.5 for combining coherent and incoherent 
effects has been adopted for this purpose. According to this principle the sound pressure 
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can be calculated by Eq. (148). Fi is a coherence coefficient which accounts for the reduc-
tion in coherence between the i’th propagation plane and the direct propagation plane and 
possibly for averaging effects. F will be a real value between 0 and 1, with 0 and 1 indi-
cating full incoherence and full coherence, respectively. 

( ) ( ) 2
22

2
2

2
11

2
1

2
222111

2 11 pwFpwFpwFpwFpwp SRSR −+−+++=  (148)

F1 and F2 are calculated by Eq. (149) where Ff is the coherence coefficient due to fre-
quency band averaging (see Section 4.5.3.1) and Fc is the coherence coefficient due to 
turbulence (see Section 4.5.3.3). 

cf FFF =  (149)

To determine the weights wSR, w1 and w2 the sound pressure reduction from diffraction 
around the vertical edges has to be calculated. 

Figure 40 defines the geometry used to calculate the contribution of sound diffracted 
around the left vertical edge of the screen. PS, PR, and P1 are the horizontal projections of 
the source, receiver and left edge and rS, rR, θS, θR, β, are the parameters used in Appendix 
H. The weight w1 is calculated by Eq. (150) where the diffracted sound pressure pdiffr,1 as 
a function of frequency is calculated by the Appendix H but with the simplification that 
the screen faces are assumed to be non-reflecting as mentioned above. rS, rR, θS, θR, β can 
be determined according to Eqs. (151) to (157). p0 is the free-field pressure (p0 = 1/rSR). 

( )
0

1,
1

,,,,,
p

frrp
w RSRSdiffr βθθ

=  (150)

 

PS PR

P1

θR

θS

rRrS

ϕS ϕR

rSR

ρ

 
Figure 40 
Definition of parameters θS, θR, β, rS and rR to be used in  the diffraction calculation and 
the transversal separation ρ to be used in calculation of Fc. 
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1
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=ϕ  (151)

RR ϕπθ −=
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1
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⋅
=ϕ  (153)

SS ϕπθ +=
2

3
 (154)

πβ 2=  (155)

1PPr SS =  (156)

1PPr RR =  (157)

The weight w2 corresponding to the contribution of sound diffracted around the right ver-
tical edge of the screen can be calculated in a similar manner with the only alteration that 
P1 has to be replaced by P2. 

Now wSR has to be determined in a way where the wSR, w1, and w2 add up to a value of 
unity. In the incoherent and coherent case Eqs. (158) and (159) have to be used, respec-
tively. 

2
2

2
11 wwwSR −−=  (158)

211 wwwSR −−=  (159)

The problem is again to establish a reasonable transition between the incoherent principle 
given by Eq. (158) and the coherent principle given by Eq. (159). This can be done by 
assuming p = pSR = p1 = p2 in Eq. (148) and solving the equation with respect to wSR. The 
solution is given by Eq. (160). In the incoherent case (F1 = F2 = 0) Eq. (160) corresponds 
to Eq. (158) and in the coherent case (F1 = F2 = 1) to Eq. (159). 

( ) ( )2
22

2
11

2
2

2
12211 1 wFwFwwwFwFwSR ++−−+−−=  (160)
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When the screen length becomes 0 the method described above will produce a result iden-
tical to the result obtained when ignoring the screen. 

In the subsidiary case of an unblocked direct propagation plane the sound pressure is cal-
culated for the three vertical propagation planes defined in Figure 41. P1 is the more re-
mote of the two edges in the sense that it is the edge giving the largest sound pressure re-
duction. Plane SR is the direct propagation plane from the source to the receiver and Plane 
1 and Plane 2 are the propagation planes around the left and the right edge of the screen. 
Plane 1 is passing just outside the screen so that the screen is not included in the propaga-
tion plane while plane 2 includes the screen. The corresponding sound pressures are de-
noted pSR, p1 and p2 and will be calculated using the comprehensive two-dimensional 
propagation model. 

 

S

RP1

P2

Plane 1

Plane 2

Plane SR

 
Figure 41 
Definition of vertical propagation planes in case of an unblocked direct propagation 
plane (top view). 

The sound pressure level for the unblocked case is also calculated by Eq. (148) but in this 
case the weights w1 , wSR are calculated by Eqs. (161) and (162), respectively. Note that 
instead of calculating wSR using a diffraction point below the line-of-sight, wSR is calcu-
lated as the inverse of the result for a point above the line-of-sight. This is done to obtain 
a more continuous model. 
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Finally, w2 is calculated by Eq. (163). 

( ) ( )2
2

2
11

22
12112 1 SRSRSR wFwFwwwFwFw ++−−+−−=  (163)

If the uncertainties introduced by using the incoherent summation defined by Eq. (146) 
can be accepted in cases where one of the vertical screen edges are close to the direct 
propagation plane it will normally be preferable to apply this simplification due to the 
considerable reduction in the complexity of the calculation. 

As already mentioned in Section 2.2 diffraction around vertical edges can normally be 
ignored in case of moving sources due to the averaging caused by the movement. 

4.7 Irregularly Shaped Screens 

In most cases of man-made screens and embankments the height of the screen edge is the 
constant along the screen. However, in some cases the height may vary for different rea-
sons and in the case of natural screens the height will in general vary along the screen and 
there will be no well-defined ends. 

It is not possible to account for such variations in an accurate manner but a proposal shall 
be given on how to deal with moderate variations in the screen height. In case of large 
variations it will be necessary to divide the screen in sub-screens. Also, if the variations in 
screen height have been introduced to obtain enhanced performance of the screen, the 
screen attenuation should instead be treated according to the procedure described in Sec-
tion 4.8 for special screens. 

For a screen with no well-defined ends the screen height is determined as the average 
height within the significant part of the screen. The significant part of the screen is de-
fined by the part of the screen which is inside the horizontal limits of the Fresnel-zone 
around the propagation path as shown in Figure 42. The width of the Fresnel-zone defined 
by the points Pl and Pr is determined by the method described in Appendix A using a frac-
tion Fλ of the wavelength of ½. The method is considered reasonable for moderate screen 
height variations. Moderate variations are estimated to be variations where difference be-
tween the free-field screen attenuation corresponding to the upper and lower screen height 
is less than 5 dB. 



 

 

AV 1849/00 
Page 86 of 127 

DELTA 
Acoustics & Electronics 

RS

a)

b)

Significant part

Significant part

Pr

Pl

P0

Pr

Pl

P0

 
Figure 42 
Significant part of screen used to calculate the average height. a) top view, b) front view. 

For an irregularly shaped screen with well-defined ends the method shall be combined 
with the method of finite screens described in the previous section. In this case the aver-
age height is determined for the part of the finite screen which is inside the Fresnel-zone 
and the contribution from subsidiary paths are calculated as described in Section 4.6. 

In order to avoid that the width of the significant part becomes frequency dependent 
which could lead to a frequency dependent screen height it is recommended to calculate to 
calculate the width at the centre frequency of the 250 Hz band. 

For the same reason given in Section 4.6 for ignoring diffraction around vertical edges, 
the screen height of irregularly shaped screens can in case of moving sources be repre-
sented simply by the height of the screen at the propagation path. 

4.8 Special Screens 

All propagation parameters that significantly affect the noise level should be taken into 
account in the new Nordic prediction methods. It is particularly important that any serious 
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attempt at noise reduction should be reflected in the calculation result. As it has been 
shown that the acoustic performance of specially designed barriers (barriers with special 
shape or barriers made of special material) may be significantly better than the perform-
ance of a plane and reflecting barrier, the comprehensive propagation model shall make 
allowance for such improvement. 

Unfortunately, the matter cannot be solved by simple algorithms. Very often the acousti-
cal design of special screens is based on complicated specialist prediction tools such as 
BEM (Boundary Element Method). It has been found impossible to include algorithms in 
the comprehensive propagation model which on one hand are sufficiently accurate for any 
type of special screen and on the other hand fulfils the requirement of covering an accept-
able degree of complexity. 

Instead, it has been decided [21] to include the extra attenuation obtained by special 
screens in tabular form based on four geometrical parameters. The extra attenuation is de-
fined as the difference between the attenuation of the actual screen and the attenuation 
that would have been obtained by a thin reflecting screen with the same height. Although 
it is difficult to foresee which format will be adequate for future use, it is expected that 
four entry parameters will be sufficient, namely the geometrical parameters shown in 
Figure 43. These parameters are the basic parameters for calculating the effect of a thin 
screen. 

For each combination of these parameters, the 1/3-octave band frequency spectrum of ex-
tra attenuation has to be defined in the table. The spectrum to be applied for other parame-
ter values can be determined by linear interpolation and extrapolation. 

 

R
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θS

θR

RR

RS

 

Figure 43 
Definition of entry parameters in a table of extra insertion losses for special screens. 
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∆L (25 Hz – 10 kHz) 
RS RR θS θR 

25 Hz 31.5 Hz ….. 10 kHz 

        

        

        

Table 3 
Format of table of extra insertion losses for special screens. 

The user of the method has to determine the extra attenuation based on BEM calculations, 
measurements or whatever means are suitable, and it is the responsibility of the user to 
demonstrate the accuracy of the estimated extra attenuation. 

4.9 Effect of Atmospheric Turbulence in a Shadow Zone 

The sound reduction of screens is limited by the energy scattered from atmospheric turbu-
lence into the shadow zone of the screen. This is taken into account by a method devel-
oped by Jens Forssén and described in [4] and [32].  

In the method the contribution of scattered energy depends on the R1, R2 and he where R1 
and R2 are the distances to the normal to the source-receiver line through the top of the 
screen as defined in Figure 44. The wind and temperature turbulence are described by the 
turbulence strengths Cv

2 and CT
2, respectively. If the top of screen is below the source-

receiver line the contribution from turbulent scattering is ignored. 

 

R

T

S
R1

he

R2  

Figure 44 
Definition of geometrical parameters for calculation of turbulent scattering in the shadow 
zone of a single screen. 

Based on a comparison between predictions by the model and predictions by PE (Para-
bolic Equations) described in [24] it was concluded that the method by Forssén underes-
timates the contribution from turbulent scattering. To improve the method the effective 
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turbulence strength parameters Cve
2 and CTe

2 were introduced which are 10 times the true 
parameters (Cve

2 = 10 Cv
2 and CTe

2 = 10 CT
2). 

The sound pressure level contribution ∆Lws from wind turbulence relative to the free field 
level is given by Eq. (164) where f is the frequency and H(x) is Heavisides’ step function 
(H = 1 for x ≥ 0 and H = 0 for x < 0). f0 is calculated by Eqs. (165) and (166) where c is 
the speed of sound. Lws0 is the normalized scattered level from the wind turbulence disre-
garding the ground. Lws0 is determined by linear interpolation in a two-dimensional table 
with input parameters 40R2/R1 and 40he/R1. The table can be found in Appendix G. CSCR 
is a correction which shall account for reflections in the ground surface before and after 
the screen. CSCR is approximated by the ground effect part of the single screen effect pG = 
p/p1 which has already been calculated by the Fresnel-zone interpolation principle as de-
scribed in Section 4.4.3.4. However, CSCR is limited downwards to a value of 1 for practi-
cal reasons. This is not fully in agreement with procedure described in [4] but it has been 
found that the deviations for most terrain geometries are very small and even in extreme 
cases will seldom exceed more than a few dB. Considering the expected uncertainty of the 
turbulence method, it has been found that the calculation of a more correct value of CSCR 
cannot justify the increase in time consumption. 
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Similarly, the sound pressure level contribution ∆Lts from temperature turbulence is given 
by Eq. (167). Lts0 is the normalized scattered level from the temperature turbulence disre-
garding the ground and is again determined by linear interpolation in a two-dimensional 
table which can be found in Appendix G. 
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Finally, ∆Lws and ∆Lts are added incoherently to ∆Lhill as shown in Eq. (168). 

( )101010
, 101010log10 tswshill LLL
totalhillL ∆∆∆∆ ++=  (168)

If two screens are included in the calculation of ∆Lhill the parameters R1, R2 and he are de-
termined for an equivalent single screen top T as shown in Figure 45 where T1 and T2 are 
the two screen tops. The point T can be determined by the method described in Appendix 
F. CSCR is in this case approximated by the ground effect part of the double screen effect 
pG = p/p1 calculated as described in Section 4.4.3.5. 
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Figure 45 
Definition of geometrical parameters for calculation of turbulent scattering in the shadow 
zone of double screens. 
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5. Scattering zones 
A model for including scattering effects has been described in [27]. The model covers 
sound propagation through housing areas and forests. 

According to Eq. (1) the propagation effect of terrain ∆Lt and of scattering zones ∆Ls shall 
be calculated separately. However, as previously mentioned in Section 2.1 the former cal-
culation may be affected by the existence of scattering zone quantified by a reduction in 
the coherence coefficient. 

In prediction of scattering zone propagation effects one of the fundamental parameters is 
the sound path length Rsc in the scattering volume as shown in Figure 46 and Figure 47. 
When the line-of-sight is not blocked by obstacles (excluding the scattering zones), Rsc is 
measured along the source-receiver sound path as shown in Figure 46. When the line-of-
sight is blocked, Rsc is measured along the sound path over the top of the obstacles using 
the “rubber band” principle as shown in Figure 47. When a screen inside a scattering zone 
cannot be considered to constitute a natural part of the scattering zone (e. g. a house in a 
forest or a very large building inside a low housing area) the screen is taken into account 
in the calculation of ∆Lt and ignored in the calculation of ∆Ls. Therefore such a screen is 
taken into account when determining the sound path used to determine Rsc. 

 
Zone no. 1

RSC,1 RSC,2

Zone no. 2

R
S

 

Figure 46 
Propagation path used to determine the scattering zone path length Rsc when the  
line-of-sight is unblocked. 

RSC,1 RSC,2

Screen 2
Screen 1

R
S

 

Figure 47 
Propagation path used to determine the scattering zone path length Rsc when the  
line-of-sight is blocked. 
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5.1 Scattering Zones of Same Type 

If there is only one scattering zone along the propagation path or if the scattering zones 
are of the same type (have the same parameters except for Rsc) the method described in 
[27] can be used. 

The coherence coefficient Fs corresponding to scattering to be used in Section 4.5.3 when 
calculating the terrain effect ∆Lt is determined by Eq. (169). 

TkF fs −= 1  (169)

The variable T in Eq. (169) is calculated by Eq. (170) where nQ is given by Eq. (171) for 
housing areas and by Eq. (172) for forests. Rsc is the total sound path length of the scatter-
ing zones (Rsc = ΣRsc,i where Rsc,i is the sound path length of the i’th scattering zone). If T 
is greater than 1 a value of 1 is used instead. 

2

75.1

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



=

nQR
T sc  (170)

kf is given by Table 4 in case of housing areas and by Table 5 in case of forests. The pa-
rameter ka in Table 5 is the product of the wave number k and the mean stem radius a. 
Between the values of ka linear interpolation is used to determine kf.  
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f (Hz) kf 

25 0.000 

32 0.020 

40 0.040 

50 0.087 

63 0.180 

80 0.290 

100 0.360 

125 0.440 

160 0.510 

200 0.590 

250 0.630 

315 0.700 

400 0.790 

500 0.830 

630 0.860 

800 0.900 

1000 0.930 

1250 0.950 

1600 0.970 

2000 0.980 

2500 0.990 

3150 1.000 

4000 1.000 

5000 1.000 

6300 1.000 

8000 1.000 

10000 1.000 

Table 4 
Frequency weighting function kf for housing areas. 
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ka kf 

0 0.00 

0.7 0.00 

1 0.05 

1.5 0.20 

3 0.70 

5 0.82 

10 0.95 

20 1.00 

Table 5 
Frequency weighting function kf for forests as a function of ka where k is the wave number 
and a is the mean stem radius. 

In case of housing areas nQ (in m-1) is determined by Eq. (171) where n’ is the fraction of 
the plan area of all buildings to the total area of the scattering zone (a value between 0 and 
1),S is the surface area (sum of walls and roof surfaces) of an average building (m2), hmax 
is the height of the highest building (m) and Ab is the average building plan area (m2).  

bAh
SnnQ

max4
'

=  (171)

In case of forests nQ is determined by Eq. (172) where n” is the density of trees (m-2) and 
d is the mean trunk diameter (m).  

dnnQ "=  (172)

The propagation effect of the scattering zone ∆Ls is calculated by Eq. (173) where kf and 
T are as described above and kp is a constant of proportionality. kp is 1.25 for forests and 
in the range 0.4-1.0 for housing areas (0.4 is a “safe” estimate not to overestimate the at-
tenuation). Ae(RSC) is a level correction due to scattering calculated by Eq. (174). ∆Ls 
shall be limited downwards to a value of -15 dB. The limitation is based on practical con-
siderations without a documented foundation.  

( )SCepfs RAkTkL =∆  (173)

( ) ( )'8log20)',,'( RRhLRA SCe +∆= α  (174)
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In Eq. (174) h’ is the normalised scatter obstacle height and h’ = nQh where h is the aver-
age scatter obstacle height. α is the absorption coefficient of the scatter obstacles (nor-
mally in the range 0.1 – 0.4). R’ is the normalised effective distance through the scattering 
zone and R’ = nQRsc. ∆L(h’,α,R’) is determined from a three-dimensional table with table 
parameters h’, α, and R’ using cubic interpolation. The table is given in Appendix J. 

5.2 Scattering Zones of Varying Type 

If there is more than one type of scattering zone along the propagation path the method 
described in [27] cannot be used directly. To overcome this, a procedure will be described 
in the following which has not been validated but has the quality of producing the same 
result as the method described in Section 5.1 if all scattering zones are of the same type 
and produces a smooth transition between calculated results for different types of scatter-
ing zones. The general idea in the procedure is that the parameters in the method (kf, kp, 
h’, and α) for all scattering zones are determined as a weighted average of the individual 
values of each zone using ri=RSC,inQi as the weight. 

In the method the normalised effective distance is determined by Eq. (175) where Rsc,i is 
the sound path length of the i’th scattering zone and nQi is the corresponding value of nQ. 
Besides a weighting factor ri for each scattering zone is calculated by Eq. (176). 

∑=
i

iisc nQRR ,'  (175)

'
,

R
nQR

r iisc
i =  (176)

In excess of R’ already defined in Eq. (175) the quantities h’ and α used to calculate 
Ae(RSC) in Eq. (174) are calculated by Eqs. (177) and (178) instead and the quantities 
kf, T and kp used in Eqs. (169) and (173) by Eqs. (179) to (181). 

∑=
i

iii hnQrh'  (177)

∑=
i

iirαα  (178)

∑=
i

ifif krk ,  (179)

∑=
i

ipip krk ,  (180)
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T  (181)

5.3 Scattering Zones with Limited Height 

In the method described in the previous sections it is assumed that the height of the scat-
tering zone is sufficiently large to obtain the predicted attenuation. In cases with a limited 
height of the scattering zone this may not be fulfilled. If the scattering zone is below the 
sound ray any effect is automatically ignored as Rsc will be zero. However, if the upper 
end of the scattering zone is just above the sound ray it is possible to have a sudden con-
siderable change in Rsc and therefore a large discontinuity. To avoid this a transition prin-
ciple has been developed which will be described in the following. In the transition prin-
ciple a smooth transition is obtained from the case where no effect is assumed when the 
scattering zone is below the sound ray to the case where the full effect is obtained when 
the scattering zone is sufficiently high. 

In the transition principle the volume of the scattering zone within the half of the Fresnel 
ellipsoid above the sound ray relative to the entire volume of this half Fresnel ellipsoid is 
used to modify the Rsc as shown in Figure 48. However, as the approach is very approxi-
mate the calculation of the volumes is simplified. 

 

R

S

x1,1
x1,2 x2,1

x2,2

x  

Figure 48 
Limited height of the scattering zone within half of the Fresnel ellipsoid above the sound 
ray. 

In the calculation the x-axis of the coordinate system is assumed to follow the horizontal 
projection of the sound ray with the source placed at (0,0,zS). The receiver is placed at 
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(xSR,0,zR) where xSR is the horizontal distance between the source and receiver. Points on 
the sound ray as a function of x is defined by (x,0,zray(x)) where x is varying between 0 
and xSR. The intersection between the y-plane and the Fresnel ellipsoid which is an ellipse 
is replaced by a rectangle with height and width to each side of the sound ray of rFz(x) as 
shown in Figure 49. rFz(x) is half the width of Fresnel ellipsoid at x calculated according 
to Eq. (182). RSx is defined by Eq. (183) and the function f is calculated as described in 
Appendix A based on a fraction F=1/8. 

 

y

r (x)Fz

r (x)Fz

r (x)Fz

rayr (x)Fz

 

Figure 49 
Simplified Fresnel shape in the y-plane. 

( ) 





 −=

2
,, π

SxSRSxFz RRRfxr  (182)

SR
SR

Sx R
x
xR =  (183)

The volume of the simplified Fresnel-shape VFz is calculated by Eq. (184) and the volume 
of the scattering zone inside the shape Vsc by Eq. (185) where ∆zsc is defined in Eq. (186). 
x1 and x2 is the start and end coordinate of the intersection between the sound ray and the 
scattering belt. 

( )∫
=

=
2

1

22
x

xx
FzFz dxxrV  (184)
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Finally, the modified sound path length R’sc can be determined by Eq. (187). 

Fz

sc
scsc V

VRR ='  (187)

Note: If the shape of the scattering zone is not too complex the modified value of Rsc is 
easily determined by the equations shown above. The easiest approach will probably be to 
solve the problem numerically by discretizing the calculation in the x-direction. A resolu-
tion of around 10 intervals will normally be sufficient. If the shape of the scattering zone 
is more complex it may be necessary to use a numerical solution in the y-direction as 
well. 

5.4 Front Region of a Housing Area 

At the front region of a scattering zone the scattering process is not fully developed and 
therefore the solution described above will not be valid in this region. Also in the region 
before the scattering zone the sound levels may be affected by the scattering zone to some 
extent. 

In the case of forests it has been found reasonable to neglect these effects. However, in 
case of housing areas the calculation result in receiver points before or between the first 
rows of houses will be very inaccurate if only the scattering zone model is applied. 

Although not described in the present report it is assumed that the propagation effect in 
build-up areas where it is not relevant to use the scattering model is predicted using the 
method described in the present report including a sufficient number of reflections from 
the houses. 

In the front region of a housing area or in the region before the housing area it has been 
found more accurate to apply the method for build-up areas. To obtain a smooth transition 
between the calculation result by the method for build-up areas ∆Lb and the calculation 
result for scattering zones ∆Lt + ∆Ls the propagation effect of the houses is determined by 
Eq. (188). dsc is the distance to the facade of the first house measured along the propaga-
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tion path and ∆dsc2 is the typical distance from the facades of the first row of houses to the 
facades of the fourth row of houses (equal to the width of three rows). 

( )













∆+≥∆+∆

∆+<<∆+
∆
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d
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6. Reflections from Obstacles 
Sound reflected from an obstacle such as a building facade or a noise screen is dealt with 
by introducing an extra propagation path from the source via the reflection point to the 
receiver. The reflection point is defined by the intersection between the straight line from 
the image source to the receiver and the plane which contains the reflecting surface. 
Therefore, the reflection point may be outside the real surface. 

The propagation effect of the extra propagation path is predicted by the same propagation 
model used for the direct path and described in Sections 2 through 5. The prediction is 
based on propagation parameters determined along the propagation path. The contribution 
of the path is corrected for the efficiency of the reflection, determined by the size and re-
flection coefficient of the surface as described in [30]. The reflected sound is added inco-
herently to the direct sound. 

The efficiency of the reflection is quantified by the reflection effect ∆Lr which can be cal-
culated by Eq. (189). 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. The effective size of the reflecting surface may be used, see comments given in 
the Note below. The reason for this is to distinguish between surfaces that are freely sus-
pended, and surfaces placed on the ground. Srefl is the area of the surface within a Fresnel-
zone in the plane of reflection and SFz is the total area of the Fresnel-zone. The parameters 
will be described more closely below. In order to avoid unnecessary calculation of Srefl 
and SFz a reflecting surface is ignored if the point of reflection hits more than 2m outside 
one of the surface edges. Any difference in directivity between the direct and reflected 
sound path is assumed to be incorporated in LW in Eq. (1). 

( ) 







+=∆

Fz

refl
Er S

S
L log20log10 ρ  (189)

ρE is the energy reflection coefficient, with numeric examples given in Table 6. 

Note: An effective size of the reflecting surface should be used. For freely suspended sur-
faces (i.e. the propagation of the reflected sound is not affected by the ground) the physi-
cal size of the surface is used. For surfaces on (or near to) the ground, the effective sur-
face area is twice the physical area. This is obtained by shifting the lower edge of the sur-
face downwards.  



 

 

AV 1849/00 
Page 101 of 127 

DELTA 
Acoustics & Electronics 

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, instal-
lations or pipes 

0.4 

Table 6 
Examples of energy reflection coefficients ρE. 

For a reflecting surface with a frequency dependent energy reflection coefficient ρE is cal-
culated by Eq. (190) where α is the absorption coefficient. 

αρ −= 1E  (190)

If the surface is hard or almost hard with a rough texture of random nature, the reflection 
coefficient can be estimated by Eq. (191) 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 (rela-
tive to the normal of the surface). σ can approximately be estimated by 0.3 times the peak 
to peak irregularities. 

( )( )2cos2exp θσρ kE −=  (191)

In the correction for the size of the reflecting surface Srefl is the area of the surface within 
Fresnel-zone in the plane of reflection and SFz is the total area of the Fresnel-zone. The 
Fresnel-zone is determined by the intersection between the Fresnel ellipsoid around the 
sound ray from the image source to the receiver and the plane of reflection as shown in 
Figure 8. The intersection is an ellipse but in order to simplify the calculations the Fresnel 
zone has been replaced by the circumscribed rectangle symmetrically placed around the 
major axis of the ellipse as described in Section 4.2 (Figure 10 defines the area of the 
Fresnel-zone SFz and Srefl is equal Si for a shape of the reflecting surface as shown in the 
figure). The major axis of the ellipse is the projection of the sound ray onto the reflecting 
plan. The size of the Fresnel-zone is calculated as described in Appendix A based on a 
fraction Fλ = 1/8. 

Although the Fresnel-zone has been simplified to a rectangle the geometrical calculations 
can still be quite troublesome (examples can be found in [30]) especially when the reflect-
ing surface is tilted. However, in case of a vertical reflector the calculation of the Fresnel-
zone becomes much simpler if the sound ray is horizontal because the major axis of the 



 

 

AV 1849/00 
Page 102 of 127 

DELTA 
Acoustics & Electronics 

Fresnel-zone will be horizontal. The horizontal size of Fresnel-zone is determined by the 
distances RS and RR and the angles θ1 and θ2  to the left and right side of the reflection 
point respectively as shown in Figure 50 (top view) and the vertical size is determined by 
an angle of π/2. On this basis the size of the Fresnel-zone is easily calculated by the equa-
tions in Appendix A. When the vertical reflection angle is below 10-15° it will still be 
reasonable to assume that the sound ray is horizontal and use the horizontal projection of 
the reflection angles. This is fulfilled if the propagation distance is greater than 5 times the 
difference in source and receiver height which most often will be the case. For non-
horizontal sound rays a guideline to an approximate calculation can be found in [30]. 

 

S

Reflector

S

S’

0

RR

θ2

θ1

RS

 

Figure 50 
Distances and angles used to calculate the horizontal size of Fresnel-zone (top view) in 
case of a vertical reflection plane and a nearly horizontal ray path. 

Irregularly shaped obstacles may be divided into a number of sub-surfaces which each 
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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7. Conclusion 
The comprehensive sound propagation model described in the present report has mainly 
been based on geometrical ray theory and theory of diffraction when calculating terrain 
and screen effects combined with a statistical approach in case of propagation through 
scattering zones. 

The model includes only the two most significant edges along the propagation path which 
may be two screens with one edge each or one screen with one or two edges.  

Terrain surface properties are characterised by the impedance and roughness (unevenness) 
of the surface. A classification has been made for impedance types and roughness types. It 
will be necessary to study the effect of surface roughness more closely in future before 
fully applying this part of the model.  

Incoherent effects are introduced in the theoretical model which shall account for effect of 
frequency band averaging, fluctuating refraction, turbulence, surface roughness and 
propagation through scattering zones. 
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Appendix A 
 
Calculation of the Size of the Fresnel-zone 
 

The point P on the Fresnel ellipsoid is defined by Eq. (A1) where Fλ is the fraction of the 
wavelength λ. 

λλFSRPRSP =−+  (A1) 

The point O in Figure A1 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

 
Figure A1 

The distance d = OP = f(rS, rR, θ) is calculated as shown below in Eqs. (A2) to (A7). 

RS rrr +=  (A2) 

λλFrl +=  (A3) 

( )( )22 cos4 θ−= rlA  (A4) 

( ) ( ) θ−+−θ= cos4cos4 222 lrrrrrB RSSR  (A5) 

( ) ( )2222224 2 RSRS rrlrrlC −−++−=  (A6) 
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If θ = π/2, cos θ becomes 0 and the calculation of d can be simplified to Eq. (A8). 

( )
2

222222

424 l

l RSRS rrrrd −
+

+
−=  (A8) 

If θ = π/2 and rS = rR the calculation of d can be further simplified to Eq. (A9). 

( )
r

FF
d

24

2 λλ λλ +=  (A9) 

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 A2, 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. 
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Figure A2 
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The size of the Fresnel-zone along the propagation path is 2121 aaPP +=  where a1 and 

a2 are calculated by Eqs. (A14) and (A15). 

( )GRS rrfOPa ψπ −== ,,11  (A14) 

( )GRS rrfOPa ψ,,22 ==  (A15) 

The size of the Fresnel-zone perpendicular to the propagation path is 2b where b is calcu-
lated by Eqs. (A16) and (A17). In this case the simple solution in Eq. (A9) can be used to 
calculate b0. 
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Appendix B 
 
Determination of the Ground Impedance based on the Flow Resistivity 
and the Delany and Bazley Impedance Model 
 

According to the Delany and Bazley impedance model [3] the normalised acoustic im-
pedance Z of the ground is calculated according to the following equation (with time 
dependence e-jωt) 

73.075.0 10009.11100008.91
−−







+






+=

σσ
fjfZ  (B1) 

where f is the one-third octave band centre frequency in Hz and σ is the effective flow 
resistivity in Nsm-4. 
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Appendix C 
 
Effects on Small Scale Roughness on Ground Impedance 
 

Small scale roughness is characterised by relatively small irregularities essentially on a 
plain surface. The extent of the irregularities is kept below certain limits ( 0.5-1 m) and 
form groups or patterns which are characteristic of an area. The irregularities may be 
described as 2D- or 3D bosses. The material of the irregularities is mainly that of the 
base ground surface. This scattering occurs when the extent of the objects is small com-
pared to the acoustic wavelength of interest. 

The essence of recent work in this field is that the small-scale roughness acts to modify 
the acoustic impedance associated with the flat surface. Also 2D boss scattering algo-
rithms are developed to include the effect of periodic structures by introducing simple 
diffracting grating theory as mentioned in [25].  

For a high flow resistivity semi-infinite and rigid-porous material, a simple estimate of 
the rough surface effective admittance βr can be approximated by Eq. (C1). 

( )DfCisr +−=ββ  (C1) 

where βr  is the apparent admittance of the rough surface containing the scatterers, βs is 
the normalized admittance for the lower material if it were smooth and f is the fre-
quency. 

The constants C and D can be determined for simple special cases of “roughness”, like  
hemi-spherical (3D-) or semi-cylinders (2D-) bosses. The constants depend on the size 
of the elements, their packing density and the base material porosity. Details are given 
in [25]. 

The model is implemented by determining the constants C and D for the actual boss ap-
proximation, calculating βr using the known βs and then transforming to the specific 
acoustic impedance Z that enters into the propagation calculation, according to Z = 1/βr. 
The model is subject to the restriction that the relevant height parameter h of the rough-
ness should be small compared to the acoustic wavelength of interest. This means that 
the small scale roughness affects the low frequency part of the ground admittance. The 
limiting frequency of this influence is estimated in [25]. 
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Appendix D 
 
Calculation of the Spherical Wave Reflection Coefficient Q 
 

The spherical wave reflection coefficient Q is a function of the path length R of the re-
flected 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 Eq. (D1) where 
ℜp(θ) is the plane wave reflection coefficient calculated according to Eq. (D2). The 
function E(ρ) is calculated by Eqs. (D3) and (D4) where erfc(z) is the complementary 
error function extended to complex arguments. 

( ) ( )( ) ( )ρθθ EQ pp ℜ−+ℜ= 1  (D1) 

( )
( )

( )
Z

Z
p 1cos

1cos

+

−
=ℜ

θ

θ
θ  (D2) 

( )ρρπρ ρ jerfcejE −+= − 2

1)(  (D3) 

( ) 





 +

+
=

Z
kRj 1cos

2
1 θρ  (D4) 

The complex function w(ρ) = exp(-ρ2)erfc(-jρ) in Eq. (D3) can be determined by an ap-
proximate method as described in the following. x and y is the real and imaginary parts 
of ρ (ρ = x + jy). 

|x| > 3.9 ∨ |y| > 3: 

yjx +=+ρ  (D5) 
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ρ
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 (D6) 

where * denotes complex conjugation and w+ is calculated by Eq. (D7) or (D8) 
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x > 6 ∨ y > 6: 

( ) 







−

+
−

=+ 724745.2
05176536.0

2752551.0
5124242.0

22 ρρ
ρρ jw  (D7) 

else 

( ) 



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


−

+
−

+
−

=+ 5253437.5
002883894.0

7844927.1
09999216.0

1901635.0
4613135.0

222 ρρρ
ρρ jw  (D8) 

|x| ≤ 3.9 ∧ |y| ≤ 3: 

8.0=h  (D9) 

( )yxA 2cos1 =  (D10) 

( )yxB 2sin1 =  (D11) 

( )hxeC hy ππ 2cos2
1 −= −  (D12) 

( )hxD π2sin1 =  (D13) 
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Appendix E 
 
Calculation of hS,Fz and hR,Fz 

 

S

hS,FZ

PS

d2d1

PR

R

hR

hR

R’ 
Figure E1 

hS,Fz is the height where the following equation is fulfilled: 

λλFSRRPSP SS =−+ ''  (E1) 

where Fλ is the fraction of the wavelength λ used in the Fresnel-zone interpolation 
method. 

( )( )22
2

2
1 λλFdhx R −+=  (E2) 

( ) 1
2
1

2
21

2
2 xdddhx R −−++=  (E3) 

1
2 44 xhA R −=  (E4) 

24 xhB R=  (E5) 

1
2
1

2
2 4 xdxC −=  (E6) 



 

 

AV 1849/00 
Page 115 of 127 

DELTA 
Acoustics & Electronics 

A
ACBB

h FzS 2
42

,
−−−

=  (E7) 

The solution shown above for hS,Fz is only valid if d2 is not to small compared to Fλλ. If 
the following expression is fulfilled 

λλFhhd RR ≤−+ 22
2  (E8) 

then hS,Fz is set equal to ∞. 

The principle outlined above is also used to calculate hR,Fz by interchanging S and R in 
Figure E1 and in the equations. 
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Appendix F 
 
Crossing of Wedge Faces 
 

When calculating the equivalent wedge for a valley-shaped terrain as shown in Figure 
17 the top point of the wedge is defined by the intersection between two line segments 
as defined in Figure F1. Line segment 1 is defined by the end coordinates (x1,z1) and 
(x2,z2) and line segment 2 by the coordinates (x3,z3) and (x4,z4). It is assumed that x1 < 
x2 < x3 < x4. 

 

(x ,z )0 0

(x ,z )3 3

2

(x ,z )4 4

(x ,z )2 2

1

(x ,z )1 1

 
Figure F1 

The top point (x0,z0) is determined as described in the following. 

( )( ) ( )( )12343412 zzxxzzxxD −−−−−=  (F1) 

( )( ) ( )( )
D

zzxxzzxx
s 14343414 −−−−−
=  (F2) 

( )( ) ( )( )
D

zzxxzzxxt 12141412 −−−−−
=  (F3) 

If s ≥ 1 ∧ t ≥ 1: 

sxxxx )( 1210 −+=  (F4) 

szzzz )( 1210 −+=  (F5) 
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If t < 1: 

30 xx =  (F4) 

30 zz =  (F5) 

If s < 1: 

20 xx =  (F6) 

20 zz =  (F7) 
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Appendix G 
 
Normalized Scattered Level Tables Lws0 and Lts0 

 

Lws0 40 R2/R1 

40he/R1 10 20 30 40 50 60 70 80 90 100 

5 -41.6 -33.9 -30.2 -27.9 -26.2 -24.9 -23.9 -23.1 -22.4 -21.8

10 -49.9 -44.0 -39.5 -36.7 -34.7 -33.1 -31.8 -30.9 -30.1 -29.3

15 -52.1 -48.9 -45.8 -42.9 -40.7 -39.1 -37.7 -36.6 -35.5 -34.7

20 -53.8 -51.0 -48.8 -46.8 -45.0 -43.5 -42.1 -40.9 -39.9 -39.1

25 -55.4 -52.4 -50.4 -48.8 -47.5 -46.2 -45.1 -44.0 -43.1 -42.2

30 -57.0 -53.8 -51.5 -50.6 -48.9 -47.8 -46.8 -45.9 -45.2 -44.4

35 -58.6 -55.1 -52.7 -51.1 -49.8 -48.8 -47.9 -47.1 -46.4 -45.7

40 -59.9 -56.5 -53.9 -52.1 -50.7 -49.6 -48.7 -48.0 -47.3 -46.6

Table G1 
Normalized scattered level Lws0 from wind turbulence. 

 

Lts0 40 R2/R1 

40he/R1 10 20 30 40 50 60 70 80 90 100 

5 -44.0 -39.1 -36.0 -34.0 -32.5 -31.3 -30.4 -29.6 -28.9 -28.3

10 -47.4 -44.7 -42.4 -40.5 -39.1 -37.9 -36.9 -36.0 -35.3 -34.7

15 -48.9 -46.7 -45.1 -43.6 -42.4 -41.4 -40.5 -39.7 -39.0 -38.4

20 -50.2 -48.0 -46.4 -45.2 -44.1 -43.2 -42.4 -41.7 -41.1 -40.5

25 -51.4 -49.0 -47.4 -46.2 -45.2 -44.3 -43.6 -42.9 -42.3 -41.8

30 -52.5 -50.0 -48.3 -47.0 -46.0 -45.1 -44.4 -43.7 -43.2 -42.6

35 -53.6 -51.0 -49.2 -47.8 -46.7 -45.8 -45.0 -44.4 -43.8 -43.3

40 -54.6 -52.0 -50.0 -48.5 -47.4 -46.4 -45.6 -44.9 -44.3 -43.8

Table G2 
Normalized scattered level Lts0 from temperature turbulence. 

Inside the table linear interpolation is used and outside the nearest value is used.
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Appendix H 
 
Propagation Effect of a Finite Impedance Wedge 
 

The geometrical parameters used in the diffraction solution for a finite impedance 
wedge is shown in Figure H1. In the presentation of the solution shown in the following 
it is assumed that 0≤θR≤θS≤β≤2π. If this is not the case the angles have to be modified 
as described in the end of this appendix. 

RS

S

RR

R

QRQS

β
T

ΘS

ΘR

 
Figure H1 
Definition of parameters for calculation of the propagation effect of a wedge-shaped 
screen with finite surface impedance. 

The wedge solution shown in Eq. H1 (from [5]) contains four terms which can be inter-
preted as being the contribution of four rays from source or image source to receiver or 
image receiver. pdiffr is the diffracted sound pressure, k is the wave number and Ρ is the 
length of the diffracted path (Ρ = RS + RR). 

( ) ( )( )
l

ljk

n
n

nndiffr
eAEAQp θθ

π ν∑
=

−=
4

1

1  (H1) 

The angle θn is defined by 

 θ1 = θS - θR 

 θ2 = θR + θS 

 θ3 = 2β - (θR + θS) 

 θ4 = 2β - (θS - θR) 
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The “reflection coefficient” Qn is given by 

 Q1 = 1 

 Q2 = QR 

 Q3 = QS 

 Q4 = QSQR 

QS is calculated using Ρ as the distance parameter and ψG = β - θS as the grazing angle. 
QR is calculated using Ρ as the distance parameter and ψG = θR as the grazing angle. If 
ψG becomes greater than π/2, ψG = π/2 is used instead. 

Note: The use of Ρ as the distance parameter when calculating QS and QR instead of the 
normally used values RS and RR has been preferred to avoid discontinuities when reflec-
tions in the wedge faces are included as described below. It can also be discussed which 
approach is correct when ψG exceeds π/2 where no obvious physical interpretation ex-
ists. Again, the choice has been made mainly to avoid discontinuities. However, both 
choices will have a very limited influence on the overall result. 

Eν(A(θn)) is calculated by Eq. (H2) where ν = π/β is the wedge index. The solution is 
only valid for wedge angles greater than π. 
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 (H2) 

In the equation A(θn) is given by Eq. (H3), B by Eq. (H4) and AD(B) by Eq. (H5). H(x) 
is Heavisides’ step function (H = 1 for x ≥ 0 and H = 0 for x < 0). 

( ) ( ) ( )nnn HA θππθπβνθ −++−−=
2
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( ) ( ) ( ) ( )( )BjgBfBsignBAD −=  (H5) 
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In Eq. (H5) sign(x) is the signum function (sign = 1 for x > 0, sign = 0 for x = 0, sign = -
1 for x < 0). f(x) and g(x) are the auxiliary Fresnel-functions. If  x≥ 5 f(x) and g(x) are 
calculated by Eqs. (H6) and (H7). If 0 < x < 5 f(x) is calculated by the polynomial fit in 
Eq. (H8). The constants a0 to a12 are defined in Table H1. A similar polynomial fit is 
used to calculate g(x) using the constants a0 to a12 defined in Table H2. 

( )
x

xf
π
1

=  (H6) 

( ) 32
1
x

xg
π

=  (H7) 

( ) ∑
=

=
12

0n

n
n xaxf  (H8) 

a12 0.00000019048125 

a11 -0.00000418231569 

a10 0.00002262763737 

a9 0.00023357512010 

a8 -0.00447236493671 

a7 0.03357197760359 

a6 -0.15130803310630 

a5 0.44933436012454 

a4 -0.89550049255859 

a3 1.15348730691625 

a2 -0.80731059547652 

a1 0.00185249867385 

a0 0.49997531354311 

Table H1 
Constants in polynomial fit of f(x) for 0 < x < 5. 
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a12 -0.00000151974284 

a11 0.00005018358067 

a10 -0.00073624261723 

a9 0.00631958394266 

a8 -0.03513592318103 

a7 0.13198388204736 

a6 -0.33675804584105 

a5 0.55984929401694 

a4 -0.50298686904881 

a3 -0.06004025873978 

a2 0.80070190014386 

a1 -1.00151717179967 

a0 0.50002414586702 

Table H2 
Constants in polynomial fit of g(x) for 0 < x < 5. 

If the wedge edge is below the line from the source to the receiver (θ1 < π) the contribu-
tion from the direct ray shall be added to the solution as shown in Eq. (H9). R1 which is 
the direct distance between the source and receiver is calculated by Eq. (H10). 

1

1

R
epp

jkR

diffr +=  (H9) 

( )1
22

1 cos2 θRSRS RRRRR −+=  (H10) 

If the wedge edge is below the line from the source to the image receiver (θ2 < π) the 
contributions from the direct ray as well as the ray reflected in the receiver face of the 
wedge shall be added to the solution as shown in Eq. (H11). R2 which is the direct dis-
tance between the source and image receiver is calculated by Eq. (H12). QR is the re-
flection coefficient calculated on basis of R2 and ψG,R determined by Eq. (H13). 
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
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If the wedge edge is below the line from the image source to the receiver (θ3 < π) the 
contributions from the direct ray as well as the ray reflected in the source face of the 
wedge shall be added to the solution as shown in Eq. (H14). R3 which is the direct dis-
tance between the image source and receiver is calculated by Eq. (H15). QS is the reflec-
tion coefficient calculated on basis of R3 and ψG,S determined by Eq. (H16). 
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If θn = π numerical problems will occur when calculating the diffracted sound pressure 
according to Eq. (H1). This can be fixed by subtracting a small quantity ε from θn when 
|θn - π| < ε. ε = 10-8 has been found suitable but may depend on the implementation. 

Note: The procedure described above is not valid when the source and receiver is on 
the same side of the wedge edge, but this case will not occur in the comprehensive 
model. 

In cases where the source and receiver are reflected by a ground surface before and after 
the wedge the calculation will also be carried out for the image source and receiver as 
described in Sections 4.4.3.5 and 4.4.3.6. In such cases the “source” or “receiver” may 
be inside the wedge. This is taken care of by modifying the angles according to the fol-
lowing scheme where θ’R, θ’S and β’ are the modified angles. 

0 > θR > β - 2π: 

 θ’R = 0 

 θ’S = θS - θR 

 β’ = β - θR 
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θR ≤ β - 2π: 

 θ’R = 0 

 θ’S = 2π-(β - θS) 

 β’ = 2π 

β < θS < 2π (θ’S and β’ are used instead when modified above): 

 β’ = θS 

θS ≥ 2π (θ’S is used instead when modified above): 

 θ’S = 2π 

 β’ = 2π 
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Appendix I 
 
Determination of the Equivalent Flat Terrain by the Least Squares Method 
 

The start and end coordinates of each terrain segment i of n segments are: 

Start coordinate: xi-1,zi-1 

End coordinate: xi,zi 

The equivalent flat terrain to be estimated is: 

xz βα +=  (I1) 

The parameters α and β are determined as shown in the following: 
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where γi is the slope of segment i: 
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The average height of the terrain ∆h above the equivalent flat terrain can subsequently be 
calculated based on the area of each segment Ai above the equivalent flat terrain (∆h will 
be the same if Ai is the area of the terrain below the equivalent flat terrain): 

∑
=−

=∆
n

i
i

n

A
xx

h
10

1
 (I9) 

Ai is calculated as shown in the following. 

For each segment the vertical height of the terrain relative to the equivalent flat terrain hi-1 
at the start of the segment and hi at the end of the segment are determined by Eqs. (I10) 
and (I11). 

111 −−− −−= iii xzh βα  (I10) 

iii xzh βα −−=  (I11) 

Depending on hi-1 and hi the area Ai can be determined: 

01 ≥−iihh   (hi and hi-1 have same sign indicating that the segment and the equivalent flat 
terrain do not intersect) 
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= ii
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i xx
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If Ai<0, Ai is set to 0. 

01 <−iihh   (hi and hi-1 have opposite signs indicating that the segment and the equivalent 
flat terrain intersects) 

The x-coordinate xx at the point of intersection is: 
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Appendix J 
 
Scattering Zone Attenuation Table ∆L(h’,α,R’) 
 

h’=0.01 h’=0.1 h’=1 
R’ 

α=0 α=0.2 α=0.4 α=0 α=0.2 α=0.4 α=0 α=0.2 α=0.4

0.0625 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0

0.125 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.25 -7.5 -7.5 -7.5 -6.0 -7.0 -7.5 -6.0 -7.0 -7.5

0.5 -14.0 -14.25 -14.5 -12.5 -13.5 -14.5 -12.5 -13.0 -14.0

0.75 -18.0 -18.8 -19.5 -17.3 -18.0 -19.0 -16.0 -16.8 -17.7

1 -21.5 -22.5 -23.5 -20.5 -21.6 -22.8 -19.3 -20.5 -21.3

1.5 -26.3 -27.5 -29.5 -25.5 -27.2 -29.0 -24.0 -25.5 -26.3

2 -31.0 -32.5 -34.5 -30.0 -32.0 -33.3 -27.5 -29.5 -30.8

3 -40.0 -42.5 -45.5 -37.5 -40.5 -42.9 -34.2 -36.0 -37.8

4 -49.5 -52.5 -56.3 -45.5 -49.5 -52.5 -40.4 -42.8 -45.5

6 -67.0 -72.5 -78.0 -62.0 -67.0 -72.0 -52.5 -56.2 -60.0

10 -102.5 -113.0 -122.5 -94.7 -103.7 -112.0 -78.8 -84.0 -89.7

The value of ∆L = ∆L (h’, α, R’) for more general (h, α, R) may be found by tricubic in-
terpolation: 

1) From ∆L(hi, αj, Rk) interpolate in h for each (αj, Rk) to get  ∆L(h, αj, Rk) 

2) From ∆L(h, αj, Rk) interpolate in α for each Rk to get ∆L(h, α, Rk) 

3) From ∆L(h, α, Rk) interpolate in R to get ∆L(h, α, Rk) 

This should explain the term ‘tri’ in the above ‘tricubic’, when it is understood that each 
interpolation is a cubic interpolation through the two samples on each side of the argu-
ment. In the case of h and α this means actually a quadratic interpolation since we only 
have three samples, and this also applies at the boundary for R. 

It can be considered to replace the cubic interpolation with for instance natural cubic 
spline interpolation in each dimension, but the above tricubic interpolation gives satisfac-
tory results. 


