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1. Scope 

Environmental noise from various sound sources such as roads, railways, air traffic, and 

industrial plants depends on the generation and propagation of sound. There exist methods 

for determining the sound power levels emitted by various noise sources. This Nordtest 

method specifies a calculation method for the prediction of the attenuation of noise during 

propagation outdoors. 

The method described is general in the sense that it may be applied to a wide variety of 

noise sources, and covers most of the major mechanisms of attenuation. There are, howev-

er, constraints on its use, which arise principally from the description of environmental 

noise. The prediction method can be used for predicting the effect of propagation of noise 

in one-third octave bands from 25 Hz to 10 kHz when sound is propagating over ground 

from a point source to a receiver. More complex sources can be represented by collections 

of incoherent point sources. 

The method can be used as one component in a method for the calculation of the EU noise 

indicators Lden and Lnight and the production of noise mappings. 

2. Field of Application 

The method can be used for any normally occurring terrain shapes, and for a class of typi-

cal weather conditions. For noise sources close to the ground, such as roads and railways, 

the method can be used for propagation up to approximately 1 km. For high noise sources, 

e.g. wind turbines and airborne aircraft, the method can be used for propagation up to sev-

eral kilometers. 

The method predicts the effect of typical weather conditions on noise levels, and hence the 

method can be used for prediction of the yearly average noise levels. This includes the EU 

indicators Lden and Lnight. 

The method is valid for weather conditions where the vertical effective sound speed profile 

can be approximated by the so-called log-lin profile. Many typical weather conditions can 

be approximated by a log-lin profile with a good accuracy. This includes neutral as well as 

stably and unstably stratified atmospheres. The method cannot be expected to work well 

for special layered atmospheres. This imposes a limitation on the range of propagation 

since long-range propagation may include cases with more complicated layered atmos-

pheres. 

The calculation is valid for a point source. Most real noise source cannot be considered a 

point source. Therefore these sources normally have to be divided in a number of incoher-

ent sub-sources as described in related methods for determining the sound power levels 

emitted by various noise sources. 
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The method is based on a simplified terrain description defined by a number of straight 

line segments, and therefore denoted a segmented terrain. The simplification of a real ter-

rain into the segmented terrain is not included in the Nordtest method, but guidelines are 

included. The segmented terrain includes natural terrain, but also other obstacles such as 

buildings and noise barriers. 

The geometry in the method is in general two-dimensional. The only exception from this 

rule is the case of reflection from vertical objects where the size of the reflector lateral to 

the propagation path has to be considered. This implies that the terrain shape and weather 

conditions are assumed to be constant perpendicular to the direction of propagation. The 

production of noise mappings must include three-dimensional effects, and in particular 

reflections from vertical obstacles. Reflections may contribute significantly to the sound 

pressure level at the receiver, particularly if the direct propagation path is blocked by ob-

stacles. This is the reason why this 3D effect is included in the method while others has 

been left out. The Annex gives informative guidelines on how to include lateral diffraction 

around finite screens. 

Due to the assumption in the basic method, screens are in principle assumed to have infi-

nite horizontal length perpendicular to the direction of propagation. However, if a screen 

has a finite horizontal size a significant contribution of sound may propagate laterally from 

source to receiver around the vertical edges of the screen. Other three-dimensional effect 

from variation in terrain shape and surface conditions outside the propagation path may 

occur, and can be taken into account by similar ideas. 

It is assumed that the terrain surface properties can be described by the Delany and Bazley 

impedance model. This model works well for many ground surfaces, but less well for 

some important special surfaces including porous asphalt. The use of other impedance 

model in the prediction method for such surfaces has shown acceptable results in some 

cases after a modification of the method. The use of other impedance models is not includ-

ed in the method, and requires separate consideration for each particular case. 

A complete definition of the input quantities and the effects included in the calculation is 

given in Section 4.  

3. Normative References 

The following standards contain provisions which, through reference in this text, constitute 

provisions of this method. At the time of publication, the editions indicated were valid. All 

standards are subject to revision, and parties to agreements based on this method are en-

couraged to investigate the possibility of applying the most recent edition of the standards 

indicated below. Members of IEC and ISO maintain registers of currently valid interna-

tional standards. 
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ISO 266:1997, Acoustics - Preferred frequencies 

IEC 60050(801):1994, International Electrotechnical Vocabulary - Chapter 801: Acous-

tics and electroacoustics 

IEC 61672-1:2002, Electroacoustics - Sound level meters. Part 1: Specifications 

IEC 61260:1995, Electroacoustics, Octave-band and fractional-octave band filters 

Nordtest NT ACOU 104:1999, Ground surfaces: Determination of the acoustic impedance 

ISO GUM, PD 6461-3:1995, General Metrology. Part 3: Guide to the expression of un-

certainty in measurement 

4. Definitions 

4.1 Conventions 

ẑ  The symbol ^ placed over a variable indicates that the variable is a complex number. 

z  The symbol * indicates the complex conjugate 

z


 The symbol  placed over a variable indicates that the variable is refraction correct-

ed (in case of refraction the geometry has been transformed into an equivalent ge-

ometry corresponding to non-refracting propagation) 

  The symbol  indicates energy summation of noise levels (incoherent summation): 

 1010

21
21 1010log10

LL
LL   

NA  NA or na means Not Applied and is used where a value is not applied (may be a val-

ue in a two-dimensional table or a value returned by a function) 

log The function log used in equations means the logarithm to the base 10 

ln The function ln used in equations means the natural logarithm (base e) 

 

4.2 Variables 

a  Mean stem radius, forest (m)  

A  Coefficient of the logarithmic part of the sound speed profile (m/s) 
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A  Upper limit of A (= A + 1.7 sA) (m/s) 

B  Coefficient of the linear part of the sound speed profile (s-1) 

B  Upper limit of B (= B + 1.7 sB) (s-1) 

2

vC  Structure parameter of turbulent wind speed fluctuations (m4/3s-2) 

2

TC  Structure parameter of turbulent temperature fluctuations (Ks-2)  

c  Sound speed (m/s) 

c  Average sound speed between the heights hS and hR above the ground (m/s) 

0c  Sound speed at the ground in equivalent linear sound speed profile (m/s) 

d  Distance from source to receiver measured along flat terrain (m) 

segmd  Length of project of segment onto terrain baseline (m) 

SZd  Distance from source to shadow zone measured along terrain segment (m) 

refld  Distance from source to reflection point measured along terrain segment (m) 

d   Distance between projection of S and R onto a terrain segment (m) 

lrd ,  Distance from reflection point to left edge of reflector (m) 

rrd ,  Distance from reflection point to right edge of reflector (m) 

f  Frequency (Hz) 

fF  Coherence coefficient due to frequency band averaging 

F  Coherence coefficient due to fluctuating refraction 

cF  Coherence coefficient due to turbulence 

rF  Coherence coefficient due to terrain surface roughness 

sF  Coherence coefficient due to propagation through scattering zones 
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F  Fraction of the wavelength in Fresnel zone calculations 

Rh  Shortest distance from receiver to terrain (m) 

Rvh  Height of receiver vertically above terrain (m)  

Rh  Height of R above a terrain segment (m)  

Sh  Shortest distance from source to terrain (m)  

Svh  Height of source vertically above terrain (m) 

Sh  Height of S above a terrain segment (m)  

SCRh   Artificial height over screen used when determining the equivalent linear sound 

speed profile (m) 

j  Complex unit  

k  Wave number (m-1) 

0k  Wave number at the ground corresponding to c0 (m
-1) 

WL  Sound power level (dB) 

M  Indicates middle part as suffix (between screens or screen edges) 

n   Density of stems, forest (m-2) 

nxz  Number of points in the terrain (= Nts +1) 

tsN  Number terrain segments 

p̂  Sound pressure with amplitude and phase (complex number) 

Q̂  Spherical wave reflection coefficient 

r  Ground roughness (m) 

R  Indicates receiver as suffix 

R  Travel distance (m) 
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BAR ,  Radius of curvature of ray path (m) 

RH  Mean relative humidity along propagation path, used for air absorption (%) 

i  Incoherent reflection coefficient based on ri 

P̂  Plane wave reflection coefficient  

S  Indicates source as suffix 

As  Standard deviation of A from short-term meteorological fluctuations (m/s) 

Bs  Standard deviation of B from short-term meteorological fluctuations (s-1) 

0t  Temperature at the ground (°C) 

meant  Mean temperature between the heights hS and hR above the ground (°C) 

airt  Mean temperature along propagation path, used for air absorption (°C) 

T  Edge point of screen 

1T  Edge closest to source 

2T  Edge closest to receiver 

w  Fresnel-zone weight 

x  Horizontal position of a ground point (m) 

z  Vertical position of a ground point (m) 

upprz ,  Height of upper edge of reflector (m) 

lowrz ,  Height of lower edge of reflector (m) 

0z  Roughness length (m) 

GẐ  Normalized ground impedance 

  Absorption coefficient 



 

 

AV 1106/07 

Page 12 of 177 

DELTA 

Acoustics & Electronics 

ri  Random incidence absorption coefficient 

  Wedge angle (radians) 

dL  Propagation effect of spherical divergence of the sound energy (dB) 

aL  Propagation effect of air absorption (dB) 

tL  Propagation effect of terrain (ground and barriers) (dB) 

sL  Propagation effect of scattering zones (dB) 

rL  Propagation effect of reflection by an obstacle (dB) 

  Change in ray angle (radians) 

  Travel time difference for average refraction (s) 

  Travel time difference for upper refraction (s) 

R  Diffraction angle of a wedge, receiver side (radians) 

S  Diffraction angle of a wedge, source side (radians) 

r  Relection angle between direction from image source S’ to receiver R and direction 

of the reflector (radians) 

  Wavelength (m) 

0  Wavelength at the ground corresponding to c0 (m) 

  Relative sound speed gradient (m-1) 

ray  Relative sound speed gradient corresponding to RA,B (m-1) 

  Transversal separation between rays (m) 

E  Effective energy reflection coefficient E of a reflector 

  Ground flow resistivity (Pasm-2) 

  Travel time for average refraction (s) 

  Travel time for upper refraction(s) 
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G  Grazing ground reflection angle (radians) 

4.3 Coordinates 

 OO zxO ,  Reflection point coordinates at vertical reflector 

 SGvSGvS zxP ,  Ground point vertically below source 

 RGvRGvR zxP ,  Ground point vertically below receiver 

 RR zxR ,  Receiver coordinates 

 RGRGG zxR ,  Ground point closest to receiver 

 SS zxS ,  Source coordinates 

 SGSGG zxS ,  Ground point closest to source 

 TT zxT ,  Coordinates of screen edge T 

 111 , TT zxT   Coordinates of screen edge T1 

 2T2T2 zxT ,  Coordinates of screen edge T2 

4.4 Auxiliary Functions 

In order to simplify the description of the method a number of the auxiliary functions have 

been defined. Most of the functions are described in Section 5.23 where the paragraph 

headlines correspond to the names of the functions. Other auxiliary functions have been 

described in different sections throughout the Nordtest standard method. These functions 

are summarized in Section 5.23.20 with a reference to the section where they have been 

described. 

5. Calculation Method 

5.1 Introduction 

The method described in Section 5 predicts the attenuation of sound propagating over 

ground outdoors from a point source to a receiver. The sound pressure level at the receiver 

is predicted in one-third octave bands from 25 Hz to 10 kHz. The calculated sound pres-

sure levels are short term levels such as instantaneous sound pressure levels or equivalent 
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sound pressure level over a time period without a change in the weather. Short term equiv-

alent sound pressure levels normally have duration of no more than a few hours.  

In the method it is assumed that the two-dimensional terrain profile is approximated by a 

number of straight line segment and that screen and other man-made structure have been 

made a part of the terrain profile. 

In the description of the method a number of auxiliary functions are used which are de-

scribed in Section 5.23. 

5.2 Structure of the Prediction Method 

The sound pressure level LR at the receiver is for each frequency band predicted according 

to Eq. (1). The equation is used for a direct propagation path from source to receiver as 

well as for a reflection path via a reflection point. 

rstadWR LLLLLLL   (1) 

where 

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

dL  is the propagation effect of spherical divergence of the sound energy, 

aL  is the propagation effect of air absorption,  

tL  is the propagation effect of the terrain (ground and screens), 

sL  is the propagation effect of scattering zones, 

rL  is the propagation effect of obstacle dimensions and surface properties when calcu-

lating a contribution from sound reflected by an obstacle. If the ray path is not a re-

flection path Lr = 0. 

The propagation effects mentioned above are assumed to be independent and can therefore 

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 coherence intro-

duced by the latter effect may affect the prediction of the former. 

5.3 Definition of Input Variables 

The input variables can be divided in variables defining the terrain and the weather varia-

bles and optionally variables defining a scattering zone. 
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5.3.1 Terrain Definition Variables 

The simplified terrain is defined by the coordinates (x,z) of the points of discontinuity in 

the terrain profile and the flow resistivity  and ground roughness r of each terrain seg-

ment as shown in Table 1. The number of points in the profile is denoted nxz and the pro-

file therefore contains Nts = nxz-1 segments. In the present Nordtest method the x-

coordinates has to be in ascending order (xi > xi-1). The numbering of the segments in the 

terrain profile is from 1 to Nts. Therefore, segment no. i has the end coordinates (xi,zi) and 

(xi+1,zi+1) and flow resistivity i and ground roughness ri. The terrain defined by Table 1 is 

sometimes denoted a segmented terrain. 

 

Point no. 
Horizontal 

distance 
Vertical height 

Ground flow 

resistivity  

Ground 

roughness 

1 x1 z1 1 r1 

2 x2 z2 2 r2 

... ... ... ... ... 

nxz-1 xnxz-1 z nxz-1  nxz-1 r nxz-1 

nxz xnxz znxz NA NA 

Table 1 

Terrain profile definition. 

The position of the point source S and the receiver R are defined by the vertical source and 

receiver heights hSv and hRv. hSv is the height of S above the first point (x1,z1) in the terrain 

profile and hRv is the height above the last point (xnxz,znxz). 

5.3.2 Weather Definition Variables  

The input variables defining the weather condition are: 

0z  Roughness length (m) 

A  Coefficient of the logarithmic part of the sound speed profile (m/s) 

B  Coefficient of the linear part of the sound speed profile (s-1) 

As  Standard deviation of A from short-term meteorological fluctuations (m/s) 

Bs  Standard deviation of B from short-term meteorological fluctuations (s-1) 

0t  Temperature at the ground (°C) 
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2

vC  Structure parameter of turbulent wind speed fluctuations (m4/3s-2) 

2

TC  Structure parameter of turbulent temperature fluctuations (Ks-2)  

airt  Mean temperature along propagation path, used for air absorption (°C) 

RH  Mean relative humidity along propagation path, used for air absorption (%) 

The variables above defines the vertical effective sound speed profile c(z) as shown in Eq. 

(2) where z is the height above the ground surface and C is the sound speed at the ground 

determined using the auxiliary function Coft as shown in Eq. (3). To avoid numerical 

problems in the calculation of sound rays (Section 5.5) when z0 becomes less than 0.001 

m, it is recommended to use the value 0.001 m. In the following the effective sound speed 

will simply be designated the sound speed. In case of segmented terrain z is the perpendic-

ular (slant) distance to each segment. 

CzB
z

z
Azc 










 1ln)(

0

 (2) 

 0tCoftC   (3) 

sA and sB include short term fluctuations (without a significant change in the weather) in 

the sound speed profile in excess what is already covered by the structure parameters Cv
2 

and CT
2. Therefore, when calculating instantaneous noise levels sA and sB shall be zero. 

The weather coefficients A and B are determined from weather data available at normal 

weather stations. When calculating the yearly average of noise levels according to [4] A 

and B are directly used to describe the different meteorological classes in [4]. 

5.3.3 Scattering Zone Variables 

The forest (or other kind of dense vegetation) is defined by the following variables.  

1,ix  X-coordinate of the beginning of belt no. i 

2,ix  X-coordinate of the end of belt no. i 

a  Mean stem radius 

n   Density of stems 

  Effective absorption coefficent of stems 
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h  Average height of trees 

It is required that xi,1 < xi,2 < xi+1,1. If the belt of trees from a propagation point of view has 

a limited width perpendicular to the direction of propagation information on the width (in 

the Y-coordinate direction) has to be included as described in Section 5.19. 

5.3.4 Reflection Path Variables 

The propagation effect of a reflection path is predicted by the same propagation model 

used for the direct path on basis of the propagation parameters defined in Sections 5.3.1 to 

5.3.3 determined along the reflection path. However, the propagation effects in Eq. (1) will 

also include a propagation effect Lr which is a correction for the efficiency of the reflec-

tion. The reflection path is shown in Figure 1. 

S’

S

R

O Reflector



d2

d1

A2

B2
A1

B1

 

Figure 1 

Distances and angles (top view) and weather coefficients in case of a reflection path  

For a reflection path separate weather coefficient A and B are given before and after the 

reflection point and additional input variables are included to define size, orientation and 

surface properties of the reflector: 

1A  Weather coefficient A before reflection point (m/s) 
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2A  Weather coefficient A after reflection point (m/s) 

1B  Weather coefficient B before reflection point (s-1) 

2B  Weather coefficient B after reflection point (s-1) 

1d  Distance from source to reflection point (m) 

2d  Distance from reflection point to receiver (m) 

upprz ,  Height of upper edge of reflector (m) 

lowrz ,  Height of lower edge of reflector (m) 

lrd ,  Distance from reflection point to left edge of reflector (m) 

rrd ,  Distance from reflection point to right side of reflector (m) 

r  Angle between direction from image source S’ to receiver R and direction of reflec-

tor (radians) 

E  Effective energy reflection coefficient E of reflector 

5.4 Definition of Auxiliary Variables 

5.4.1 Terrain Definition Variables 

The first and the last point in the input terrain profile defined in Section 5.3.1 are also de-

noted PS = (xSGv,zSGv) and PR = (xRGv,zRGv) as shown in Eq. (4). 

   

   nxznxzRGvRGvR

SGvSGvS

zxzxP

zxzxP

,,

,, 11




 (4) 

The position of the point source S = (xS,zS) and the receiver R = (xR,zR) are defined by the 

vertical source and receiver heights hSv and hRv. hSv is the height of S above PS and hRv is 

the height of R above PR. If the heights hSv or hRv are less than 0.01 m this value is used 

instead. 

The position of S and R are therefore as shown in Eq. (5). 
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   

   RvnxznxzRR

SvSS

hzxzxR

hzxzxS





,,

,, 11
 (5) 

Outside the defined terrain profile the surface is assumed to continue with the same slope 

as the nearest segment. 

The source height hS is defined as the distance from S to the source ground point SG = 

(xSG,zSG) and the receiver height hR as the distance from R to the receiver ground point RG 

= (xRG,zRG), where SG and RG are the points on the terrain closest to S and R, respectively. 

The points SG and RG and the heights hS and hR can be determined by Eqs. (6) and (7) us-

ing the auxiliary function NormLine. 

   SSSSGSG zxzxzxNormLinehzx ,,,,,,, 2211  (6) 

   RRnxznxznxznxzRRGRG zxzxzxNormLinehzx ,,,,,,, 11   (7) 

The definition of points S, R, SG, SR, PS, and PR is illustrated in Figure 2 which also shows 

the terrain baseline defined as the line PSPR. 

 

 

Figure 2 

Definition of source points and source ground points. 

In the calculation procedure it is required that the terrain is defined from the source ground 

point SG to the receiver ground point RG. Therefore, if xSG < x1 (x1,z1) in the terrain profile 

shall be replaced by (xSG,zSG). Likewise, if xRG > xnxz (xnxz,znxz) shall be replaced by 

(xRG,zRG). 

The source-receiver distance RSR and the length of the terrain baseline can now be deter-

mined used the auxiliary function Length as shown in Eqs. (8) and (9). 
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 RRSSSR zxzxLengthR ,,,  (8) 

 RGvRGvSGvSGvbase zxzxLengthd ,,,  (9) 

A number of variables are used to define the properties of each point of discontinuity (in-

dex i ) in the terrain profile. These are: 

dbase(i) Distance between PS = (xSGv,zSGv)  and the projection of point no. i onto terrain 

baseline (dbase(nxz) = dbase) 

hbase(i) Shortest distance of terrain point i to terrain baseline 

A number of variables are used to define the properties of each segment (index i ) in the 

terrain profile. These are: 

hS’(i)  Height of  S above segment i 

hR’(i)  Height of  R above segment i 

d’(i)  Distance between projection of S and R onto segment i 

dsegm(i) Length of projection of segments onto terrain baseline 

5.4.2 Weather Definition Variables 

When the weather coefficient A and B are fluctuating (sA > 0 and sB > 0) upper values of A 

and B denoted A+ and B+ are determined as shown in Eq. (10). 

B

A

sBB

sAA

7.1

7.1








 (10) 

The variable tmean is defined as the average temperature between the height hS and hR 

above the ground. 

5.4.3 Definition of One-Third Octave Band Centre Frequencies 

The centre frequencies of each of the 27 one-third octave bands are determined by Eq. 

(11). 

  10

13

10

27,.....,2,1







bno

bnof

bno

 
(11) 
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5.4.4 Wavelength and Wave Number at the Ground 

The wavelength 0 and wave number k0 at the ground are in Eq. (13) and (14) defined on 

basis of the sound speed c0 at the ground in the equivalent linear sound speed profile cal-

culated as shown in Eq. (12) by the function CalcEqSSP described in Section 5.5.2.  

   CBAzhhCalcEqSSPNAcNA RvSv ,,,,,,, 0,0   (12) 

f

c0

0   (13) 

0

0

2

c

f
k


  

(14) 

5.5 Sound Rays and Ray Variables 

The calculation of the propagation effect is based on concept of sound rays and the basic 

approach in the sub-models are to calculate the sound pressure for each ray and add the 

pressure of all rays to obtain the total sound pressure. In sub-models without screens the 

rays go from source to receiver and in sub-models with screen from source to receiver via 

the screen tops. Figure 3 through Figure 6 show examples of such rays in case of down-

ward refraction (the sound speed is increasing with the height) and in case of upward re-

fraction (the sound speed is decreasing with the height). 

 

S
R

p1

p2

G

Q   

Figure 3 

Sound rays for flat terrain in case of downward refraction. 
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S
R

p1

p2

G

Q   

Figure 4 

Sound rays for flat terrain in case of upward refraction. 

p ,p1 3

S

R

p ,p1 2

p ,p3 4
p ,p2 4

Q1 Q2

G,1
G,2

  

Figure 5 

Sound rays for terrain with a screen in case of downward refraction. 

p ,p1 3

S

Rp ,p1 2

p ,p3 4p ,p2 4

Q1 Q2

G,1
G,2

  

Figure 6 

Sound rays for terrain with a screen in case of upward refraction. 

In the propagation model the actual position of the ray path (height of the ray along the 

path) determined as described in Sections 5.5.2 through 5.5.5 is not used directly. Only the 

calculated ray variables described in Section 5.5.1 are used. However, in a few cases (effi-

ciency of scattering zones and reflecting surfaces) the height of the ray is important. In 

these cases the ray path is determined using another principle as described in Section 5.5.7. 
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5.5.1 Ray Variables 

The calculation of the effect of sound propagation in the sub-models described in Sections 

5.10 through 5.15 is based on a number of propagation variables. The propagation varia-

bles depend on whether the sound ray is a direct ray from source to receiver or a ray re-

flected by the ground. 

The variables for the direct ray are: 

 The travel time  along the sound ray from source S to receiver R 

 The travel distance R along the sound ray from source S to receiver R 

 The change in vertical ray angle  at source and receiver relative to straight line 

propagation 

 Distance dSZ from the source to a possible shadow zone (in upward refraction only) 

The variables for the reflected ray are (only relevant if the receiver is not in a shadow 

zone): 

 The travel time  along the sound ray from source S to receiver R 

 The travel distance R along the sound ray from source S to receiver R 

 The change in vertical ray angles S and R at source and receiver relative to 

straight line propagation 

 Ground reflection angle G (grazing angle) for a ray reflected by the ground 

The calculation of propagation variables which is described in Section 5.5 is based on the 

assumption that ray paths are circular. The vertical log-lin sound speed defined in Section 

5.3.2 will not produce circular rays. The first step will therefore be to determine the equiv-

alent linear sound speed profile as shown in Section 5.5.2. 

5.5.2 Equivalent Linear Sound Speed Profile 

If the sound speed profile is a linear function of the height above ground the propagation 

the sound rays are circular rays and the propagation variables can be calculated using sim-

ple equations for such rays. 

The equivalent linear sound speed profile has been introduced to use the simple and fast 

equations of circular rays. The equivalent linear sound speed profile is the profile leading 

approximately the same calculated propagation effect as more advanced methods which 

can take into account non-linear sound speed profiles. 

For flat terrain the equivalent sound speed profile depends on the sound speed profile coef-

ficients A, B, C, and z0 and on the source and receiver heights hS and hR. 
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The equivalent linear sound speed profile is defined by Eq. (15) where z is the height 

above ground, c0 is the sound speed at the height 0 and c/z is vertical sound speed gra-

dient.  

z
z

c
czce




 0)(  (15) 

When used in the calculations, Eq. (15) is rewritten as shown in Eq. (16) where  is the 

relative sound speed gradient defined by Eq. (17). 

 zczce  1)( 0  (16) 

0c

zc 
  

(17) 

c/z is determined as the average gradient between the source and receiver heights hS and 

hR by Eq. (18) or if hS = hR by the gradient at the height (in this case Eq. (18) can be ap-

plied by using the modified source height hS - 0.005 m and the modified receiver height hR 

+ 0.005 m). 

   

SR

SR

hh

hchc

z

c









 (18) 

The average sound speedc between the heights hS and hR is determined by Eq. (19). The 

integral in the equation is determined as shown in Annex F.  




R

S

h

hSR

dzzc
hh

c )(
1

 (19) 

Finally c0 is calculated by Eq. (20). 

2
0

RS hh

z

c
cc






  (20) 

When using Eqs. (18) to (20) hS or hR shall not be less than hmin = 5z0 where z0 is the 

roughness length. 

When  becomes less than 10-6 then the values  = 0 andc = c0 = C are used instead. 

In the following the calculation procedure described above will be referred to by the func-

tion CalcEqSSP defined in Eq. (21).  

   CBAzhhCalcEqSSPcc RS ,,,,,,, 0,0   (21) 
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The same method is used in the propagation models containing screens but in this connec-

tion separate equivalent profiles are determined between source and the nearest screen, 

between receiver and the nearest screen and between screens if there are more than two 

screens. If the ray is starting or ending at a screen top the height of the source or receiver is 

replaced by an equivalent height denoted h”SCR which depend on the propagation distance. 

Therefore, in case of screens the equivalent sound speed profile will also depend on the 

propagation distance. 

The height h”SCR is calculated by Eq. (22) on a basis of a modified propagation distance 

R”SCR. RST and RRT are the distances from source and receiver to the screen top T, respec-

tively. 

),min(

750

75
135

75
4

RTSTSRSCR

SCR

SCR

SCR

scr

RRRR

where

R

R
R

h


















 

(22) 

5.5.3 Modification of the Equivalent Linear Sound Speed Profile for Terrain Effect 

For the terrain effect of a hard surface, the diffraction effect of a screen, and when calcu-

lating the size of a Fresnel-zone, the equivalent linear sound speed profile defined by  and 

c0 is independent of the one-third octave band frequency. 

However, for the terrain effect of a soft surface (defined as a surface with a flow resistivity 

 less than 10,000,000 Pasm-2) an equivalent linear sound speed profile is used that de-

pends on the frequency f. 

Above a frequency fH  the variables  and c0 are determined by Eq. (21). Below a frequen-

cy fL c/z is assumed to be zero and in the frequency range from fL to fH the modified 

sound speed gradient c’/z given by Eq. (23) is used instead of c/z when determining 

 and c0 according to Section 5.5.2. 

z

c

ff

ff

z

c

LH

L














loglog

loglog'
 (23) 

The frequencies fL and fH are determined on basis of the frequency f and f2 corresponding 

to phase differences  and 2 calculated by Eqs. (24) and (25) where PhaseDiffFreq is the 

auxiliary function described in Section 5.23.14. d is the horizontal propagation distance, hS 

is the source height, hR is the receiver height, ZG(f) is the terrain impedance (complex 

number) as a function of the one-third octave band frequency from 25 Hz to 10 kHz, and 

the c0 is the sound speed at the ground. If d is greater than 400 m the value 400 m is used 
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instead and if hS or hR is less 0.5 m the value 0.5 m is used instead when applying Eqs. (24) 

and (25). 

   ,,ˆ,,, 0cfZhhdreqPhaseDiffFf GRS  (24) 

   2,,ˆ,,, 02 cfZhhdreqPhaseDiffFf GRS  (25) 

The frequency fL can now be calculated by Eq. (26) where c10 is the difference in sound 

speed 10 m above the ground and at the ground (c10 =  c(10) – c(0)). 






















57.0

51
40

343

1

10

10

10

10

cf

c
c

f

cf

f L







 (26) 

Finally the frequency fH can be calculated by Eq. (27). 

 LLH ffff 25.1,max 2  (27) 

In the following the calculation procedure described above will be referred to by the func-

tion CalcEqSSPGround defined in Eq. (28). The variables (f) and c0(f) are the frequency 

dependent values obtained by the procedure described in this section whereas the variables 

 and c0 are the frequency independent values obtained by the function CalcEqSSP defined 

in Eq. (21). 

       CBAzfZhhroundCalcEqSSPGccfcf GRS ,,,,ˆ,,,,,, 0,00   (28) 

5.5.4 Calculation of Ray Variables for a Direct Ray 

As mentioned in Section 5.5.1 the variables used for the direct ray between source and re-

ceiver (or screen tops) when predicting the propagation effect are: 

 The travel time  along the sound ray 

 The travel distance R along the sound ray 

 The change in vertical ray angle  at the beginning or end of the sound ray relative to 

straight line propagation 

 Distance dSZ from the source, receiver or screen top to a possible shadow zone (in up-

ward refraction only) 
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In Figure 7 the variables , R, and  are defined together with other variables used when 

calculating the ray variables. In the calculation it is assumed that the sound is propagating 

along a circular ray from the ray point L to ray point U. L and U can be source, receiver or 

a screen top and L and U are the lower and upper position, respectively. 

 

R  



L zzm

L
d

dm

U



  

Figure 7 

Definition of geometrical parameters for a direct ray. 

In order to calculate the ray variables Eq. (16) and (17) have to be redefined as shown in 

Eq. (29) to (31) unless the point L is at the ground. z’ is the height above the point L (z’= z 

– zL).  

 zczce
 1)( 0  (29) 

Lzc

zc














10

 
(30) 

 Lzcc  100  (31) 

The first step is to calculate the angle L and horizontal distance dm from L to the top point 

of the circle as shown in Figure 7. L and dm are calculated by Eqs. (32) and (33) where z 

is defined as the height of U above L (z = zU – zL) and d is the horizontal distance be-

tween L and U. 

d

zzd
L

2

)2(

2
tan








  (32) 






 L

md
tan

 (33) 

If  > 0 and d  dm, R and  are calculated by Eqs. (34) through (37). 
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  )
2

)(cos)1((arcsin
)(cos

1
)( LL

L

zzR 








  (34) 













)(

)0(
ln

2

1
)(

0 zf

f

c
z


  (35) 

where 

L

Lf




sin1

sin1
)0(




  (36) 

and 

L

L

z

z
zf





22

22

cos)1(11

cos)1(11
)(




  (37) 

If d > dm, R and  are instead calculated by Eqs. (38) to (40) where zm is the height of the 

ray at the top point of the circle at the horizontal distance dm. R(zm) and R(z) are calcu-

lated by Eq. (34) and (zm) and (z) by Eq. (35). 












 1

)(cos

11

L

mz


 (38) 

)()(2 zRzRR m   (39) 

)()(2 zzm    (40) 

Finally the change in ray angle  compared to a straight line ray between L and U can be 

determined by Eq. (41). 








 


d

z
L arctan  (41) 

If ’ is less than zero R,  and  are also determined by Eqs. (32) through (41) using the 

absolute value of ’ (’ = |’|) but in this case the calculated value of  has to be multi-

plied by –1 as shown in Eq. (42). 

)0()0(    (42) 
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The equations shown above will when z is approaching 0 give rise to numerical problems 

when being implemented in computer code. Therefore, when z becomes less than 0.01 a 

value of 0.01 should be used instead. Furthermore, the equations cannot be used when  

becomes 0 (homogeneous atmosphere). Therefore, when || < 10-10,  = 10-10 has to be 

used instead. 

If  is less than zero a part of the ray may be below the ground indicating a shadow zone. 

The propagation distance dSZ where the ray is just grazing the ground for a given value of  

is the distance above which shadow zone propagation will occur. dSZ is calculated by Eq. 

(43).  



































 UULLSZ zzzzd



22
 (43) 

To avoid numerical problems in the calculations, shadow propagation shall be assumed 

when the horizontal propagation distance d is greater 0.95 dSZ. 

The calculation procedure described above will in the following be referred to by the func-

tion DirectRay defined in Eq. (44). If   0, the variable dSZ is fixed at infinity (). 

   0, ,,,,,,,, chhdDirectRaydcR RSSZ    (44) 

5.5.5 Calculation of Ray Variables for a Ray Reflected by the Ground 

If  is less than zero and the horizontal propagation distance d is greater than 0.95 dSZ 

where dSZ has been calculated in the previous section (shadow zone propagation) the ray 

variables of the reflected ray shall not be determined. 

Otherwise, as mentioned in Section 5.5.1 the variables used for the reflected ray between 

“source” and “receiver” (the beginning and end of the ray may also be a screen edge) 

when predicting the propagation effect are; 

 The travel time  along the sound ray 

 The travel distance R along the sound ray 

 The travel distance RS along the sound ray from source to reflection point 

 The travel distance RR along the sound ray from receiver to reflection point 

 The change in vertical ray angles S and R of the sound ray at the “source”or the 

“receiver” relative to straight line propagation 

 Ground reflection angle G (grazing angle) for a ray 
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In Figure 8 the variables  = S + R, R = RS + RR, S, R, and G are defined together 

with other variables used when calculating the ray variables. 

 

R  S S

R  R R


S

G

zS zR

dRdS

d

R

S R

P

S' R'  

Figure 8 

Definition of geometrical parameters for a reflected ray. 

For the reflected ray the ray variables are calculated by the equations shown in Section 

5.5.4 but the calculation is done separately for part of the ray from the reflection point P to 

the “source” S and for part of the ray from the reflection point P to the “receiver” R as 

shown in Eq. (45) and (46). dS and dR are the distances from the reflection point to the 

“source” or “receiver” and NA indicates that the distance dSZ will not be applied (the cal-

culation for reflected ray will not be carried out in case of shadow zone propagation). Also 

the change in ray angle  cannot be applied as the position of the reflection point P is not 

the same in the straight line propagation case. 

   0,,,0,,,,, chdDirectRayNANANAR SSSS    (45) 

   0,,,0,,,,, chdDirectRayNANANAR RRRR    (46) 

The grazing reflection angle G is equal to L calculated when applying the function Di-

rectRay (L will be the same for the “source” and “receiver” part of the ray) and the 

change in the ray angles S and R can be determined by Eqs. (47) and (48). 
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d

z

d

zz
arctan2arctan 


   (47) 

R

RRS

GR
d

z

d

zz
arctan2arctan 


   (48) 

However, before calculating the ray variables the position of the reflection point P has to 

be determined. 
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In downward refraction ( > 0) the reflection point is determined by finding the roots drefl 

of the cubic equation in Eq. (49). A method for determining the roots of cubic equation 

can be found in [5]. 
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








 (49) 

Eq. (49) may have up to three real roots for large values of . If the equation has more than 

one real solution the reflection point closest to the source is used when the source height hS 

is less than the receiver height while the reflection point closest to the receiver is used 

when the source height is greater than the receiver height. 

In upward refraction ( > 0) the reflection point is also determined by Eq. (49) but in this 

case there will be only one real solution. 

The calculation procedure described above will in the following be referred to by the func-

tion Reflected defined in Eq. (50). 

   0, ,,,,,,,,,,, chhdayReflectedRdRRR RSdreflGRSRS    (50) 

5.5.6 Difference in Travel Time between the Direct and Reflected Ray 

In the Nord2000 sub-models described in the following section one of the most important 

variables is the difference in travel time  between the travel time 2 along the reflected 

ray and the travel time 1 along the direct ray as defined in Eq. (51).  

12    (51) 

The travel time difference  determines the phase difference between the direct and re-

flected sound which is essential to sound interference effects. Therefore, it is very im-

portant that  is calculated with the highest possible accuracy. As  normally is the dif-

ference between two numbers almost equal (2  1 >> ) it is recommended to use varia-

bles with the highest possible precision for 2  1 when implementing the method into 

computer code. 
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For very high sources (or receivers) the calculation of the travel time difference Δτ de-

scribed above has been found to fail in upward refraction at the edge of a meteorological 

shadow zone where Δτ has to be zero. 

To solve this problem when ξ < 0, a maximum travel time difference Δτ0 is calculated by 

Eq. (52) where C is the sound speed at the ground. 
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(52) 

If Δτ is greater than Δτ0 the latter is used instead. This ensures that Δτ will be zero at the 

edge of the shadow zone. 

The calculation procedure described above will in the following be referred to by the func-

tion TravelTimeDiff defined in Eq. (53). 

 21, DiffTravelTime  (53) 

If the receiver is in a shadow zone (d > 0.95 dSZ where dSZ is calculated by the function 

DirectRay) Δτ is fixed at a value of zero. 

5.5.7 Calculation of the Height of a Ray 

As mentioned in the introduction of Section 5.5 the exact the ray path is in most cases not 

used directly but only for determining the ray variables. However, in a few cases (efficien-

cy of scattering zones and reflecting surfaces) the height of the ray becomes important. In 

these cases the ray path is determined using another principle as described in this section. 

Eq. (54) shows how the ray curvature is determined in case of a log-lin sound speed profile 

as defined in Eq. (2) by the weather coefficients A, B, and C. The radius of curvature RA,B 

is determined on basis of radii RA and RB of the logarithmic and linear part of the sound 

speed profile, respectively. d is the horizontal distance.  
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The relative sound speed gradient ray of the equivalent sound speed profile corresponding 

to RA,B is determined by Eq. (55) where S is the start angle of the ray at the source. hS and 

hR is the source and receiver height. 
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 (55) 

The procedure described in this section for calculating position of the circular ray path de-

fined by the radius of curvature RA,B and the corresponding relative sound speed gradient 

ray is referred to by the function RayCurvature defined in Eq. (56). 

   RSrayBA hhdCBAreRayCurvatuR ,,,,,,,   (56) 

5.6 Terrain Surface Properties 

As mentioned in Section 5.3.1 the surface properties of each segment in the terrain profile 

is defined by the flow resistivity  and ground roughness r. In the Nord2000 method the 

flow resistivity used is the effective flow resistivity giving the best fit between calculated 

impedance applying Delany and Bazley impedance model and the actual impedance of the 

surface. The effective flow resistivity can be measured according to a Nordtest method [6]. 

The ground roughness parameter r is a variable that quantify the unevenness of the terrain 

segment if not perfectly flat. The ground roughness is the standard deviation of the random 

height variations within the segment.  

In the following sections the method for calculating the ground impedance on basis of the 

flow resistivity will be described and a number of reflection coefficients used in Nord2000 

will be defined. 

The ground roughness will affect the coherence coefficient Fr of the model which is de-

scribed in Section 0. 

5.6.1 Classification of Surface Properties 

The method can be used for any value of the flow resistivity  and ground roughness r. 

However, for practical use a classification has been made which include a number of 

ground surface types representing typical surfaces. 

 

The classification of flow resistivity which is based on the Nordtest flow resistivity classes 

[6] is shown in Table 2. 
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Impedance 

class 

Representative 

flow resistivity 

 (kPasm
-2

) 

Range of 

Nordtest flow 

resistivity clas-

ses 

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 2 

Classification of ground impedance types 

The classification of ground roughness is shown in Table 3. 

 

Roughness class Representative r 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 3 

Classification of ground roughness types. 

5.6.2 Ground Impedance 

The ground impedance GẐ  as a function of the frequency is calculated by the Delany and 

Bazley model as shown in Eq. (57) where  is the flow resistivity and f is the one-third 

octave band centre frequency. 



 

 

AV 1106/07 

Page 35 of 177 

DELTA 

Acoustics & Electronics 

 
73.075.0

1000
9.11

1000
08.91ˆ
























f
j

f
fZG  (57) 

5.6.3 Spherical-Wave Reflection Coefficient 

The spherical wave reflection coefficient Q is a function of the frequency f, the travel time 

τ2 along the reflected ray, the grazing reflection angle G, and the ground impedance ZG. Q 

is calculated by Eq. (58) where  Gp f ,̂  is the plane wave reflection coefficient calcu-

lated by Eq. (59) and the function  ̂Ê  is calculated by Eq. (60). 
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The complex function      ˆˆ
2ˆ

jerfcew  
 in Eq. (60) where erfc is the complemen-

tary error function extended to complex arguments can be determined by an approximate 

method as described in the following Eqs. (61) through (74). x and y are the real and imag-

inary parts of jyx ̂ . * denotes complex conjugation and w+ is calculated by Eq. (61) 

or (62).  

The procedure when |x| > 3.9  |y| > 3 is given by Eqs. (61) through (64): 

yjx ̂  (61) 
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x > 6  y > 6: 
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else 
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The procedure when |x|  3.9  |y|  3 is given by Eqs. (65) through (74): 

8.0h  (65) 

 yxA 2cos1   (66) 

 yxB 2sin1   (67) 

 hxeC hy  2cos2

1  
 (68) 

 hxD 2sin1   (69) 
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 22)ˆ( QKjPHw   (74) 

5.6.4 Incoherent Reflection Coefficient 

The incoherent reflection coefficient i which is a function of the frequency and the 

ground impedance GẐ  is based on the random incidence absorption coefficient ri and is 

defined by Eq. (75). 



 

 

AV 1106/07 

Page 37 of 177 

DELTA 

Acoustics & Electronics 

   GriGi ZfZf ˆ,1ˆ,   (75) 

ri is calculated by Eq. (76) where X and Y is the real and imaginary part of the ground 

impedance GẐ . 
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(76) 

The advantage of using an incoherent reflection coefficient for the incoherent part of the 

sound field is that the calculation of i  is faster than the calculation of spherical-wave 

reflection coefficient Q and because i  is not a function of the ground reflection angle as 

Q is, it is possible to pre-calculate i  for each impedance type in the prediction model. At 

high frequencies where the ray contributions become fully incoherent in most cases (co-

herence coefficient F = 0) the calculation time can be reduced considerably as the calcula-

tion of the ground reflection coefficient can be replaced by a table look-up. 

5.6.5 Plane-Wave Reflection Coefficient 

The plane-wave reflection coefficient p̂  is a function of the frequency, the grazing re-

flection G and ground impedance GẐ and is calculated by Eq. (77). The plane-wave re-

flection coefficient is used in the multiple ground reflection model. 
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5.7 Propagation Effect of a Wedge-Shaped Screen 

This section contains procedures used when calculating the propagation effects of a wedge 

shaped-screen in the sub-models described in Sections 5.13 to 5.15. 



 

 

AV 1106/07 

Page 38 of 177 

DELTA 

Acoustics & Electronics 

5.7.1 Diffraction of a Wedge with Finite Surface Impedance  

This section describes the procedure used in the Nord2000 method to calculate the sound 

pressure at the receiver when sound propagates from a point source over a finite imped-

ance wedge. 

The input variables in the model are: 

 The travel time τS from source S to the top of the wedge T 

 The travel time τR from T to receiver R 

 The travel time τ from S to R over T (normally τ = τS + τR but when used in the proce-

dure for a two-edge screen τ may be defined otherwise) 

 The travel distance RS from S to T 

 The travel distance RR from T to R 

 The travel distance ℓ from S to R over T (normally ℓ = RS + RR but when used in the 

procedure for a two-edge screen R may be defined otherwise) 

 The source diffraction angle S re. receiver wedge face 

 The receiver diffraction angle R re. receiver wedge face 

 Wedge angle β 

 Surface impedance ZS of source wedge face 

 Surface impedance ZR of receiver wedge face 

In the presentation of the solution shown in the following it is assumed that 

0RS2. If this is not the case the angles have to be modified as described in the 

end of the section. 

The input variables are illustrated in Figure 9 for a non-refracting atmosphere. For a re-

fracting atmosphere The refraction-modified geometrical parameters used in the diffrac-

tion solution the rays S-T and R-T will be arcs instead. 
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Figure 9 

Definition of variables used when calculating of the sound pressure level behind a wedge-

shaped screen with finite surface impedances. 

The sound pressure level at the receiver pdiffr is calculated by Eq. (78) where  is the angu-

lar frequency (=2f)  
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The angle n in Eq. (78) is defined by Eq. (79). 
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The "reflection coefficient" Qn in Eq. (78) is calculated by Eq. (80). 

  
  
     RRRSRSSRSS

RRRSR

SSRSS

ZfQZfQQ

ZfQQ

ZfQQ

Q

ˆ,2,min,,ˆ,2,min,,

ˆ,2,min,,

ˆ,2,min,,

1

4

3

2

1















 (80) 

The function   nAE 
ˆ  is calculated by Eq. (81) where  = / is the wedge index. The 

solution is only valid for β > . 
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In Eq. (81) A(n) is given by Eq. (82), B by Eq. (83) and AD(B) by Eq. (84). In Eq. (82) 

H(x) is Heavisides' step function calculated by the auxiliary function H and in Eq. (84) 

Sign(x) is the Signum function calculated by the auxiliary function Sign. 
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In Eq. (84) the functions f(x) and g(x) are the auxiliary Fresnel-functions calculated as 

shown in Eqs. (85) and (86). If  x < 5 f(x) and g(x) is calculated by a polynomial fit. The 

constants a0 to a12 are defined in Table 4 and Table 5 for f(x) and g(x), respectively. 
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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 4 

Constants in polynomial fit of f(x) for x < 5. 

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 5 

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

If n =  numerical problems will occur when calculating the diffracted sound pressure by 

Eq. (78). This can be fixed by subtracting a small quantity  from n when |n - | < .  = 

10-8 has been found suitable but may depend on the implementation in program code. 
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If 1 >  (wedge edge is above the line from the source to the receiver) the sound pressure 

at the receiver is determined by diffrp̂  as shown in Eq. (87). 

diffrpp ˆˆ   (87) 

If 1 <  (wedge edge is below the line from the source to the receiver) the contribution 

from the direct ray shall be added to the solution as shown in Eq. (88). 

 

 1

22

1

1
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1

cos2

cos2
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j
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 (88) 

If 3 <  (wedge edge is below the line from the image source mirrored in source wedge 

leg to the receiver) the contributions from the direct ray as well as the ray reflected in the 

soource face of the wedge shall be added to the solution as shown in Eq. (89). R1 and 1 

are defined in Eq. (88). QR is the spherical-wave reflection coefficient calculated as shown 

in 5.6.3. 
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 (89) 

If 2 <  (wedge edge is below the line from the source to the image receiver mirrored in 

receiver wedge leg) 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. (90). R1 and 1 

are defined in Eq. (88). QS is the spherical-wave reflection coefficient calculated as shown 

in 5.6.3. 
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 (90) 

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 de-

scribed in Sections 5.13 to 5.15. In such cases the "source" or "receiver" may be inside the 

wedge. The same may happen when for the source and receiver in case of upward refrac-

tion. This is in both cases taken care of by modifying the angles according to the following 

scheme where 'R, 'S and ' are the modified angles. 

0 > R >  - 2: 

 'R = 0 

 'S = S - R 

 ' =  - R 

R   - 2: 

 'R = 0 

 'S = 2-( - S) 

 ' = 2 

 < S < 2 ('S and ' are used instead of S and  when modified above): 

 ' = S 

S  2 ('S is used instead S when modified above): 

 'S = 2 

 ' = 2 
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The procedure described above in this section will be referred to by the function pwedge 

as defined in Eq. (91). 

   RSRSRSRS ZZRRfpwedgefp ˆ,ˆ,,,,,,,,,,ˆ   (91) 

5.7.2 Diffraction Coefficient 

The diffraction coefficient D̂  is defined by Eq. (92). p̂  is calculated as described in Sec-

tion 5.7.1 where  and  are defined. 

   


je
fDfp ˆˆ   (92) 

Therefore, the diffraction coefficient can be calculated by Eq. (93). 

   RSRSRSRSj
ZZRRfpwedge

e
fD ˆ,ˆ,,,,,,,,,,ˆ 





  (93) 

The procedure described this section will be referred to by the function Dwedge as defined 

in Eq. (94). 

   RSRSRSRS ZZRRfDwedgefD ˆ,ˆ,,,,,,,,,,ˆ   (94) 

5.7.3 Diffraction of Two Wedge-Shaped Screens 

This section describes the procedure used in the Nord2000 method to calculate the sound 

pressure at the receiver when sound propagates from a point source over two finite imped-

ance wedges as shown in Figure 10. The wedge closest to the source is designated the first 

wedge (top edge T1) and the wedge closest to the receiver is designated the second wedge 

(top edge T2). In the following R1, R2 and R3 in the figure are designated RS, RM, and RR. 

 

R1

T1 T2R2

R3

S
R

QS1 QR1
QS2 QR2

 

Figure 10 

Propagation over two wedge-shaped screens. 
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The input variables in the model are: 

 The travel time τS from source S to T1 

 The travel time τM from T1 to T2 

 The travel time τR from receiver R to T2 

 The travel distance RS from S to T1 

 The travel distance RM from T1 to T2 

 The travel distance RR from R to T2 

 The source diffraction angle 1S of the first wedge 

 The “receiver” diffraction angle 1R of the first wedge. If T2 is above the line from T1 

to R, 1R is the angle between the receiver wedge face and the line T1T2. Otherwise 1R 

is the angle between the receiver wedge face and the line T1R  

 Wedge angle β1 of the first wedge 

 Surface impedance Z1S of source face of the first wedge 

 Surface impedance Z1R of receiver face of first wedge 

 The “source” diffraction angle 2S of the second wedge. If T1 is above the line from T2 

to S, 2S is the angle between the receiver wedge face and the line T2T1. Otherwise 2R 

is the angle between the receiver wedge face and the line T2S 

 The receiver diffraction angle 2R of the second wedge 

 Wedge angle β2 of the second wedge 

 Surface impedance Z2S of source face of the second wedge 

 Surface impedance Z2R of receiver face of second wedge 

The total travel time τ and distance   is defined in by Eqs. (95) and (96). 

RMS    (95) 

RMS RRR   (96) 
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If the first wedge is the most important wedge the sound pressure at the receiver p̂ is calcu-

lated by Eq. (97). The most important wedge in the terrain is determined in Section 5.21. 

     

   
   RSRMRMRMRMRS
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ZZRRRRfDwedgefD

ZZRRRfDwedgefD
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 (97) 

If the second wedge is the most important wedge the sound pressure at the receiver p̂ is 

calculated by Eq. (98). 
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 (98) 

The procedure described in this section for calculating the sound pressure at the receiver 

from sound propagation over two wedge-shaped screens will be referred to by the function 

p2wedge as defined in Eq. (99). 
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 (99) 

5.7.4 Diffraction of a Thick Screen 

This section describes the procedure used in the Nord2000 method to calculate the sound 

pressure at the receiver when sound propagates from a point source over a sceeen with two 

edges and finite impedance surfaces as shown in Figure 11. The edge closest to the source 

is designated the first edge T1 and the edge closest to the receiver is designated the second 

edge T2 in the description of the method. In the following R1, R2 and R3 in the figure will 

be designated RS, RM, and RR. The procedure described in this section is based on the dif-

fraction of two wedges. The first and second wedge is formed by the segments on each 

side of the top points T1 and T2, respectively. Therefore, T1T2 is included in both wedges. 
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R3

R2

R1

T1

T2

S R

Q2

Q1 Q3

  

Figure 11 

Propagation over a thick screen. 

The input variables in the model are: 

 The travel time τS from source S to T1 

 The travel time τM from T1 to T2 

 The travel time τR from receiver R to T2 

 The travel distance RS from S to T1 

 The travel distance RM from T1 to T2 

 The travel distance RR from R to T2 

 The source diffraction angle 1S of the first wedge 

 The “receiver” diffraction angle 1R of the first wedge. If T2 is above the line from T1 

to R, then 1R = 0. Otherwise 1R is the angle between the line T1T2 and the line T1R  

 Wedge angle β1 of the first wedge 

 Surface impedance Z1S of source face of the first wedge 

 The “source” diffraction angle 2S of the second wedge. If T1 is above the line from T2 

to S, then 1S = β2. Otherwise 1S is the angle between the receiver side face of the sec-

ond wedge and the line T2S 

 The receiver diffraction angle 2R of the second wedge 

 Wedge angle β2 of the second wedge 

 Surface impedance Z2R of receiver face of second wedge 
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In the method finite impedance at the top of the thick screen are ignored by assuming a 

hard top (Z = ). 

The total travel time τ and distance   is defined in by Eqs. (100) and (101). 

RMS    (100) 

RMS RRR   (101) 

If the first edge is the most important edge the sound pressure at the receiver p̂ is calculat-

ed by Eq. (102). 
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 (102) 

If the second edge is the most important edge the sound pressure at the receiver p̂ is calcu-

lated by Eq. (103). 
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 (103) 

The procedure described in this section for calculating the sound pressure at the receiver 

from sound propagation over a thick screen will be referred to by the function p2edge as 

defined in Eq. (104). 

   RSRMSRMSRSRS ZZRRRfedgepfp 21222111
ˆ,ˆ,,,,,,,,,,,,,2ˆ   (104) 

5.7.5 Wedge with a Non-Reflecting Surface 

In the some cases where the wedge faces are assumed to be non-reflecting (shadow zone 

shielding, finite screens) the method described in Section 5.7.1 will be simplified. The dif-

fracted sound pressure given by Eq. (78) will change to Eq. (105) and the possible contri-

bution from a reflection in a wedge face given by either Eq. (89) or (90) disappears. 
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      




 


j

diffr

e
AEAfp 11

ˆ1
ˆ   (105) 

The procedure for calculating the sound pressure and the diffraction coefficient of a non-

reflecting wedge are referred to by the functions pwedge0 and Dwedge0 defined in Eqs. 

(106) and (107). 

   RSRSRS RRfpwedgefp ,,,,,,,,,0ˆ   (106) 

   RSRSRS RRfDwedgefD ,,,,,,,,,0ˆ   (107) 

5.8 Fresnel Zones, Fresnel-Zone Weights and Freznel-Zone Interpolation 

The concept of Fresnel-zones is widely used in the Nord2000 propagation model. Particu-

larly when sound is reflected by a plane surface the efficiency of the reflection is quanti-

fied by the ratio between the area of the surface within the Fresnel-zone and the area of the 

entire Fresnel-zone. This ratio is called the Fresnel-zone weight. 

The Fresnel ellipsoid is defined by the locus of the points P defined by Eq. (108) where S 

is the source point, R is the receiver point, and F is a fraction of the wavelength . The 

foci of the ellipsoid are placed at S and R.  

FSRRPSP   (108) 

When the sound field is reflected by a plane surface, the 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 12. 

 

R

S

S'

  

Figure 12 

Definition of Fresnel ellipsoid and Fresnel-zone. 
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For practical purposes the elliptical shape is very inconvenient to work with when calcu-

lating sub-areas within the Fresnel-zone. In the Nord2000 method the Fresnel-zone is 

therefore defined to be the circumscribed rectangle instead. The size of the rectangle is 

determined by the size of the ellipse along the major and minor axes (in the direction of 

propagation and perpendicular to the direction). Another practical modification of the 

Fresnel-zone definition is that only the part of the Fresnel-zone area between source and 

receiver is included. 

As the propagation model is two-dimensional in most of the Nord2000 method the Fres-

nel-zone becomes one-dimensional as shown in Figure 13. 

 

S

P1 P2

R

S’   

Figure 13 

Definition of the one-dimensional Fresnel-zone (P1P2) in the two-dimensional part of the 

propagation model. 

The position of the Fresnel-zone and the Fresnel-zone weights can be determined by a 

number of auxiliary functions CalcFZd, FresnelZoneSize, FresnelZoneW, and Fresnel-

ZoneWm. 

The fraction F used when calculating the Fresnel-zone weight depends on the sub-model. 

When calculating terrain effects F = 1/16 is used except in the flat terrain model with 

more than one ground type where F = 1/4 is used. In case of reflections by vertically 

erected surfaces and when determining the efficiency of a scattering zone with finite size 

F = 1/8 is used. 

In several of the sub-models in the Nord2000 method for calculating terrain effects, a prin-

ciple has been used which is denoted Fresnel-zone interpolation. In the Fresnel-zone in-

tepolation principle it is assumed that the overall terrain effect can be determined on basis 

of the terrain effect Li(f) calculated for each segment separately disregarding the finite 

size of the segment. The overall effect L(f) is determined by adding the terrain effects of 

all segments weighted by the Fresnel-zone weight wi(f) of the segment as shown in Eq. 

(109). 
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      
tsN

i

ii fLfwfL  (109) 

In Sub-model 3 (non-flat terrain without screening effects) described in Section 5.12 the 

Fresnel-zone weight in a frequency band wi(f) is normalized to a sum of 2 if the sum ex-

ceeds 2. The weight in a frequency band is also normalized in case of large attenuation 

(small values of L) as described in Section 5.12. 

In Sub-models 4-6 (terrain with one or two screens) described in Sections 5.13 through 

5.15 the Fresnel-zone weight in a frequency band wi(f) is again normalized if the sum of 

weigts exceeds a given value in the same way as in sub-model 3. However, in this case the 

normalization is based on the sum of weights in excess of 1 in each terrain region (before, 

after or between screens). If the sum of excess values exceeds 1 the weights are normal-

ized as described in Sections 5.13 through 5.15. 

5.9 Coherence Coefficients 

The coherence between two rays in propagation model is determined by a frequency de-

pendent variable denoted a coherence coefficient. Coherence coefficients are denoted F 

and is for each frequency band a real number between 0 and 1. The value 1 is indicating 

full coherence and the value 0 is indicating no coherence. The overall coherence coeffi-

cient F is a combination of different coherence effects as shown in Eq. (110). 

srcf FFFFFF   (110) 

where 

 Ff is a coherence coefficient due to averaging within the one-third octave band 

 F is a coherence coefficient due to fluctuating refraction (sA >0 or sB > 0) 

 Fc is a coherence coefficient due to turbulence (Cv
2 > 0 or CT

2 > 0) 

 Fr is a coherence coefficient due to ground surface roughness (r > 0) 

 Fs is a coherence coefficient due to propagation through scattering zones 

Calculation of Ff, F, Fc, and Fr are described in the following section whereas the calcu-

lation of Fs is described in Section 5.19. 

5.9.1 Coherence Coefficient due to Frequency Band Averaging 

The value of coherence Ff due to frequency band averaging depends on the travel time dif-

ference τ(f) ( 0) between the secondary ray and the primary ray and on the frequency f 

ans is calculated as shown in Eq. (111). 
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(111) 

5.9.2 Coherence Coefficient due to Fluctuating Refraction 

The value of coherence due to fluctuating refraction F depends on the travel time differ-

ence τ(f) ( 0) in case of average refraction (based on weather variables A and B) and on 

the travel time difference τ+(f) ( 0) in case of upper refraction (based on A+ and B+) be-

tween the secondary ray and the primary ray and on the frequency f and is calculated as 

shown in Eq. (112). 
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(112) 

5.9.3 Coherence Coefficient due to Turbulence 

The value of coherence due to turbulence Fc depends on the turbulence variables Cv
2 and 

CT
2, the average temperaturet, the average sound speedc, the transversal separation , 

the horizontal distance d, and the frequency f and is calculated as shown in Eq. (113). exp’ 

is the auxiliary function defined in Section 5.23.3. 

   
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(113) 

5.9.4 Coherence Coefficient due to Ground Surface Roughness 

The value of coherence due to ground surface roughness Fr depends on the wave number 

k, the grazing reflection angle G, and the ground surface roughness r and is calculated as 

shown in Eq. (114). exp’ is the auxiliary function defined in Section 5.23.3. 
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 (114) 

5.10 Sub-Model 1: Flat Terrain with One Type of Surface 

The geometrical setup in case of flat terrain with one type of surface is shown in Figure 

14. The rays shown in the figure are straight line corresponding to a non-refracting atmos-

phere (ξ = 0). For refracting atmospheres the rays will be arcs of circles instead as de-

scribed in Section 5.5. 

R

S

R1

R2

G
G

hS

hR

d
  

Figure 14 

Geometrical variables for flat terrain. 

The input variables of the sub-model are: 

 Shortest distance hS from the source S to the ground surface  

 Shortest distance hR from the receiver R to the ground surface 

 Distance d from S to R measured along the ground surface 

 Flow resistivity σ of the ground 

 Roughness r of the ground 

 Roughness length z0 
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 Weather variables A, B, C, sA, sB 

 Turbulence variables Cv
2, CT

2 

First the modified frequency dependent equivalent linear sound speed profile is determined 

by the function CalcEqSSPGround described in Section 5.5.3 as shown in Eq. (115) for 

average refraction and for upper refraction (indicates by +). 

       
       CBAzfZhhroundCalcEqSSPGNANANAfcf

CBAzfZhhroundCalcEqSSPGccfcf

GRS

GRS

,,,,ˆ,,,,,,

,,,,ˆ,,,,,,

0,0

0,00

 






 (115) 

The ray variables are determined for the direct ray and the reflected ray in Eq. (116) for 

average refraction and upper refraction using the procedures DirectRay and ReflectedRay 

described in Sections 5.5.4 and 5.5.5. NA indicates that a calculated variable is not used. If 

the calculation by DirectRay shows that the receiver is in a shadow zone (ξ < 0 and d > 

0.95 dSZ where dSZ is defined in Section 5.5.4) calculations by ReflectedRay are not carried 

out. The variables ξ, c0, τ, R, ψG, and τ are in the following equations of this section a 

function of the frequency. 

   
   
   
   











0,2

0,22

0,1

0,11

,,,,,,,,,,,

,,,,,,,,,,,

,,,,,,,,

,,,,,,,,

chhdayReflectedRNANANANANANANA

chhdayReflectedRNANANANANAR

chhdDirectRayNANANANA

chhdDirectRaydcNAR

RS

RSG

RS

RSSZ









 (116) 

The travel time differences  and + for average and upper refraction are determined by 

Eq. (117). 

),(

),(

12

12

 







DiffTravelTime

DiffTravelTime
 (117) 

The coherence coefficients F is calculated by Eq. (118) where the coherence coefficients 

Ff, Fτ, Fc, and Fr are calculated as described in Section 0.  is the transversal separation 

calculated by Eq. (119) and k0 is the wave number at the ground. In case of propagation 

through a scattering zone the coherence coefficient Fs is calculated as described in Section 

5.19. Otherwise Fs = 1. 

           fFrkFdctCCfFfFfFfF sGrmeanTvcf ,,,,,,,,,,, 0

22      (118) 

RS

RS

hh

hh




2
  (119) 

If the receiver is not in a shadow zone the ground effect Lflat is calculated by Eq. (120). 



 

 

AV 1106/07 

Page 55 of 177 

DELTA 

Acoustics & Electronics 

       
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


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


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1 ˆ,1ˆ,,,ˆ1 GiGG

fj

flat Zf
R

R
FZfQe

R

R
FfL 

 (120) 

Otherwise, if the receiver is in a shadow zone the ground effect Lflat is calculated by Eq. 

(121). 

          fLZfFZfQFfL SZGiG 






 
2

2
2

1
ˆ,1ˆ,0,0,ˆ1  (121) 

In Eq. (121) the term LSZ is the part of the shadow zone attenuation that is called the 

shadow zone shielding in the Nord2000 method. LSZ is calculated as shown in Eq. (122) 

by the auxiliary function ShadowZoneShielding based on the variables d, hS, hR, ξ, c0 and 

dSZ. ξ and c0 are the frequency independent variables obtained by the function Cal-

cEqSSPGround. 

   SZRSSZ dchhdfShieldingShadowZonefL ,,,,,, 0  (122) 

If Sub-model 1 is applied for a non-flat terrain the values of hSe, hRe and de measured rela-

tive to the equivalent flat terrain and calculated as shown in Eq. (316) are used instead of 

hS, hR and d. 

Sub-model 1 is used by other sub-models of the Nordtest standard method. In these cases 

Sub-model 1 is referred to by the function SubModel1 as defined in Eq. (123). 

   22

0,, ,,,,,,,,,,,, TvBAiiiRiSii CCssCBAzrhhd1ubModelSfL   (123) 

5.11 Sub-Model 2: Flat Terrain with more than One Type of Surface 

If the terrain is flat but have more than one type of ground surface (combination of flow 

resistivity σ and roughness r) Sub-model 1 cannot be used. In this case the ground effect 

L2 is calculated by Sub-model 2. The input variables of Sub-model 2 are: 

 Shortest distance hS from the source S to the ground surface  

 Shortest distance hR from the receiver R to the ground surface 

 Distance di from S to the end point of ground segment no. i measured along the ground 

surface (di-1 is the distance from S to the starting point of the segment, and d0 = 0) 

 Flow resistivity σi of ground segment no. i 

 Roughness ri of ground segment no. i 
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 Roughness length z0 

 Weather variables A, B, C, sA, sB 

 Turbulence variables Cv
2, CT

2 

The ground effect according to Sub-model 2 is determined by Eq. (124) where N is the 

number of impedances and Nr is the number of roughness types. Lii,ir(f) is the ground ef-

fect for each combination of σ and r calculated by Sub-model 1 as described in Section 

5.10 and w’ii,ir(f) is a modified Fresnel-zone weight quantifying the relative importance of 

each ground type in this sub-model. 

      
N

ii

N

ir

iriiirii

r

fLfwfL ,,2  (124) 

The geometrical variables used to calculate the modified Fresnel-zone weight wii,ir(f) for 

each ground segment are defined in Figure 15. Other variables used in the calculation are 

the product F (where F in this submodel is equal 0.25 and  is the wavelength) and the 

relative sound speed gradient ξ and the sound speed at the ground c0 in the equivalent line-

ar sound speed profile. 

S

R

G

hS

hR

d
di

di-1

Pi-1 Pi

R1

R2

 

Figure 15 

Geometrical variables used in the calculation of the Fresnel-zone weight for one ground 

segment. 
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The Fresnel-zone weight wi(f) for the i’the ground segment (out of Nts) to be used at low 

frequencies is calculated by Eq. (125) based on the auxiliary function FresnelZoneW. The 

function also calculates the horizontal distance and the source and receiver heights corre-

sponding to the refraction modified source and receiver positions defined in Section 

5.23.7. The correction for refraction is indicated by placing the symbol  over the varia-

bles. 

    01 ,,25.0,,,,,,,,, cddhhdeWFresnelZonNAhhdfw iiRSRSi 


 (125) 

A speciel Fresnel-zone weight ri(f) to be used at high frequencies is calculated by the func-

tion FresnelZoneWm as shown in Eq. (126). 

   01 ,,25.0,,,,, cddhhdeWmFresnelZonfr iiRSi   (126) 

For each type of surface (each combination of flow resistivity ii and ground roughness ir) 

the weights from all segments are added as shown in Eq. (127). The weight wii,ir,L is the 

Fresnel-zone weight in the low frequency range whereas rii,ir is a weight used to calculate 

the Fresnel-zone weight wii,ir,H in the high frequency range. 

 

  





 





 



ts

ts

N

i

i

irii

N

i

i

Lirii

otherwise

irrofiiofiffr
fr

otherwise

irrofiiofiffw
fw

0

##)(

0

##)(

,

,,





 (127) 

On basis of rii,ir the weight wii,ir,H in the high frequency range can be calculated by Eq. 

(128) where ψG is the grazing reflection angle. Most of the variables in the equation are a 

function of the frequency although not indicated. 
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(128) 
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Then the modified Fresnel-zone weight w’ii,ir(f) is calculated in the whole frequency by Eq. 

(129). 

 

 

      
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fffw

ffffwfwfw
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,,,,,,

,,

'

,
loglog

loglog
 (129) 

The frequencies fL and fH are determined on basis of phase differences L and  between 

the direct and reflected ray as shown in Eqs. (130) and (131). The calculation is carried 

using the auxiliary function PhaseDiffFreq described in Section 5.23.12. ZG,min(f) is the 

terrain impedance corresponding the smallest flow resistivity in the terrain profile and the 

c0 is the sound speed at the ground in the equivalent linear sound speed profile. 

  LGRSL cfZhhdreqPhaseDiffFf ,,ˆ,,, 0min,


  (130) 

  ,,ˆ,,, 0min, cfZhhdreqPhaseDiffFf GRSH


  (131) 

The phase difference L is determined by Eq.(132). 

  

 01.0),,min(max

tan052.18ln9483.1

min

min

RS

GL

hhh

where

h




 

 (132) 

If fL > 0.8 fH, fL = 0.8 fH is used instead. 

If Sub-model 2 is applied for a non-flat terrain the values of hSe, hRe and de measured rela-

tive to the equivalent flat terrain and calculated as shown in Eq. (316) are used instead of 

hS, hR and d. The value de,i determined by Eq. (133) for the projection of ground point no. i 

onto the equivalent flat terrain is used instead of di (other variables in Eq. (133) correspond 

to Eq. (316)). If di+1  di segment no. i is not included in the Sub-model 2 calculations.  

   

 iGeiGeSGeSGeie

iiRGeRGeSGeSGeiGeiGe

zxzxLengthd

zxzxzxNormLineNAzx

,,,

,,

,,,

,,,,,,,




 (133) 
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5.12 Sub-Model 3: Non-Flat Terrain without Screening Effects 

If the terrain is non-flat but contains neither screens nor parts of the terrain that can cause 

screening effects, the terrain effect is calculated by Sub-model 3 described in this section. 

When to use Sub-model 3 is described in Sections 5.21 and 5.21.6. An example of such a 

terrain which in most cases will form a “valley-shape” is shown in Figure 16. The figure 

also shows the source and receiver heights hS and hR. 

 

S

hS

SG

1
2

3
4

5
6

RG

hR

R

  

Figure 16 

Example of a segmented terrain without screening effects. 

The input variables of the sub-model correspond to the input variables defined in Sections 

5.3.1 and 5.3.2. 

In Sub-model 3 it is assumed that the overall terrain effect can be determined by calculat-

ing the terrain effect for each segment separately and then adding them according to the 

Fresnel-zone interpolation principle described in Section 5.8. 

When calculating the terrain effect of each segment it is necessary to distinguish between 

three types of terrain segments: 

 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 17 shows examples of the three types of seg-

ments taken from Figure 16 and shows how the variables h'S and h'R and the horizontal dis-

tance d’ are defined. These variables are used when calculating the terrain effect of each 

segment. The variables h'S and h'R relative to hS and hR defined in Section 5.4.1 are used to 

define the type of terrain segment as described below. 
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c)   

Figure 17 

Definition of source and receiver heights h’S and h’R relative to the extended segment for 

a) a concave segment where h’S > hS  and h’R > hR, b) a convex segment where h’S > hS  

and h’R < 0 and c) a transition segment where 0 < h’S < hS  and h’R > hR. 

The type of segment is determined on basis of the so-called relative source and receiver 

height hS,rel(f) and hR,rel(f) which will be defined in the following. The relative heights are a 

function of the frequency. These heights are in case of a concave or transition segment 

calculated on basis of the refraction corrected source and receiver height. The refraction 

corrected variables are indicated by the symbol  over the variables and are calculated by 

the function FresnelZoneW as shown in Eq. (134). di-1 and di are the distances from the 
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source to the start and end point of the segment measured along the segment as shown in 

Figure 15. The Fresnel-zone weight wi(f) also calculated by the function FresnelZoneW is 

used only for a concave and a transition segment.  is the wavelength and  and c0 defin-

ing the equivalent linear sound speed profile are calculated by Eq. (135). 

    01 ,,161,,,,,,,,, cddhhdeWFresnelZondhhdfw iiRSreflRSi 



 (134) 

   CBAzhhCalcEqSSPNAc RS ,,,,,,, 0,0
  (135) 

The type of segment is determined on basis of the relative source height hS,rel and the rela-

tive receiver height hR,rel defined as shown in Eqs. (136) and (137). If the segment is a 

convex segment SS hh 


and RR hh 


. If the heights h”S and h”R are the minimum allow-

able heights of a concave segment. h”S is determined by the smallest value of the source 

height hS and a height called hS,Fz and in the same way h”R is determined by the smallest 

value of the receiver height hR and a height called hR,Fz. The heights hS,Fz and hR,Fz are cal-

culated by the auxiliary function MinConcaveHeight as shown in Eq. (138) and (139). drefl 

is the distance from source to reflection point measured along the segment. 
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(136) 
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(137) 

   

reflreflix

xRFzS

dddd

where

ddhHeightMinConcavefh
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   

reflreflix

xSFzR

ddddd

where

ddhHeightMinConcavefh


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 ,,,,

 

(139) 

The type of segments can now be determined on basis of hS,rel and hR,rel: 

 Concave segment: hS,rel(f) = 1  hR,rel(f) = 1 

 Convex segment: hS,rel(f) = 0  hR,rel(f) = 0 

 Transition: if neither concave nor convex 

If the ground segment is a concave segment the terrain effect is calculated by Eq. (140) 

where the function SubModel1 designates Sub-model 1 described in Section 5.10 and the 

Fresnel-zone weight wi(f) of the segment is calculated as shown in Eq. (134). 

   22

0,, ,,,,,,,,,,,, TvBAiiiRiSii CCssCBAzrhhd1ubModelSfL   (140) 

If the ground segment is a convex segment the terrain effect has to be calculated using the 

diffraction solution described in Section 5.7.1. The convex segment will constitute of one 

of the wedge faces or be a part of one of the wedge faces which is denoted the primary 

wedge face. The secondary wedge face will geometrically be determined by another seg-

ment in the terrain profile as described in the following but will in the calculation be as-

signed the same impedance. 

If hS,rel < hR,rel, the secondary wedge face will be determined by a secondary ground seg-

ment between the source and the convex segment under consideration. The secondary 

ground segment to be used is the segment closest the convex segment where h’Sv  hSv. h’Sv 

is the source height measured vertically about the secondary segment. 

If hS,rel  hR,rel, the secondary wedge face will be determined by a secondary ground seg-

ment between the receiver and the convex segment under consideration. The secondary 

ground segment to be used is the segment closest the convex segment where h’Rv  hRv. 

h’Rv is the receiver height measured vertically about the secondary segment. 

If the two segments are not adjacent, an equivalent wedge is determined. The top of the 

wedge is determined by the intersection between the primary and secondary segment as 

shown in Figure 18. The coordinates of the top point (xT,zT) are calculated by the auxiliary 

function WedgeCross as shown in Eq. (141). (x1,z1) and (x2,z2) are the start and end coor-

dinates of the segment closest to the source and (x3,z3) and (x4,z4) are the start and end co-

ordinates of the segment closest to the receiver (x1<x2<x3<x4). 



 

 

AV 1106/07 

Page 63 of 177 

DELTA 

Acoustics & Electronics 

Equivalent
wedge

Secondary
wedge

segment
Considered

convex
segment

S

R

  

Figure 18 

Definition of an equivalent wedge used for predicting the ground effect of a convex seg-

ment. 

   44332211 ,,,,,,,, zxzxzxzxWedgeCrosszx TT   (141) 

If the two segments are adjacent, the wedge is directly determined by the primary and sec-

ondary segment and xT = x2 = x3 and zT = z2 = z3. 

In order to determine the diffraction angles of the wedge, the height of the source h’S1 

above the source side wedge face and the distance d’1 from source to the top of the wedge 

measured along the wedge face are determined by Eqs. (142) and (143). In the same way 

the height of the receiver h’R2 above the receiver side wedge face and the distance d’2 from 

receiver to the top of the wedge measured along the wedge face are determined by Eqs. 

(144) and (145). Also the equivalent screen height h”SCR is determined by Eq. (22) in Sec-

tion 5.5.2. 

   SSTTSSS zxzxzxNormLinehzx ,,,,,,, 111   (142) 

 TTSS zxzxLengthd ,,,1
  (143) 

   RRTTRRR zxzxzxNormLinehzx ,,,,,,, 442   (144) 

 TTRR zxzxLengthd ,,,2
  (145) 

The next step is to calculate the wedge angle  and the diffraction angles S and R as 

shown in Eq. (146). The variables S and R which are the change in diffraction angles 

due to refraction are calculated in Eq (148) and (150).  
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(146) 

The travel time S between source and wedge top and R between receiver and wedge top 

and the corresponding travel distances RS and RR are calculated by Eqs. (147) to (150).  

   CBAzhhCalcEqSSPNAc SCRSSS ,,,,,,, 0,10
  (147) 

   SSSSS chdDirectRayNANAR 0,11 ,,0,,,,,,    (148) 

   CBAzhhCalcEqSSPNAc RSCRRR ,,,,,,, 0,10
  (149) 

   SSRRRR chdDirectRayNANAR 02 ,,,0,,,,,    (150) 

The terrain effect of a convex segment can finally be calculated by Eq. (151) using the 

auxiliary function pwedge. RSR is the source-receiver distance and  fZ i
ˆ  is the impedance 

of the convex segment.  

    

      fZfZRRRRfpwedgefp

where

RfpfL

iiRSRSRSRSRS

SRi

ˆ,ˆ,,,,,,,,,,ˆ

ˆlog20







 (151) 

For a convex segment the Fresnel-zone weight wi(f) cannot be calculated by the procedure 

described in 5.8 as the source or the receiver is below the segment. Instead a modified 

principle is applied. If the top point of the wedge is at or above the terrain base line de-

fined in Section 5.3.1, the projection 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 projection on a line parallel with the base line through the top 

point is used instead as shown in Figure 19. If the considered segment is P1P0 the segment 
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used in the determination of the Fresnel-zone weight is P’1P0 and if the considered seg-

ment is P0P2 the segment to be used is P0P’2.  

 

S

R

h’R
h’S

P’1 P0
P’2

P2

21

P1

Projection line

Terrain base line

 

Figure 19 

Definition of the Fresnel-zone weighting principle for convex segments. 

The geometrical variables in the modified Fresnel-zone principle described above can be 

calculated as shown in Eq. (152). 
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(152) 

Accordingly the Fresnel-zone weight wi(f) can be calculated by Eqs. (153) where the Fres-

nel-zone weight is further modified if both hS,rel and hR,rel are less than one.  is the wave-
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length and ’ and c’0 defining the equivalent linear sound speed profile are calculated by 

Eq. (154). 

    

       ),(

,,161,,,,,,,,,

,,,

01,

fhfhMaxfwfw

cddhhdeWFresnelZonNANANANAfw

relRrelSixi

iiRSix



  
 (153) 

   CBAzhhCalcEqSSPNAc RS ,,,,,,, 0,0
  (154) 

If the segment is a transition segment the terrain effect and the Fresnel-zone weight is cal-

culated by the method for a concave as well as a convex segment and the results is ob-

tained by interpolation between the two results as shown in Eq. (155). wi,concave and 

Li,concave are determined by Eqs. (134) and (140), respectively and wi,convex and Li,convex by 

Eqs. (153) and (151). 

                

     ),(

1

,,

,,,,

fhfhMinfr

where

frfLfwfrfLfwfLfw

relRrelS

convexiconvexiconcaveiconcaveiii





 (155) 

Finally, the over-all terrain effect L3 for Sub-model 3 of the Nts terrain segments can be 

calculated by Eq. (156) using a modified Fresnel-zone interpolation principle. The modi-

fied principle is based on the original Fresnel-zone interpolation result L0 calculated as 

described in Section 5.8. When L0 is greater than zero the modified principle is identical 

to the original principle but the effect of the modification increases with a decreasing value 

of L0. 
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(156) 

5.13 Sub-Model 4: Terrain with One Screen Having One Edge 

If the terrain has been found to contain one screen with one significant diffracting edge, 

the terrain effect is calculated by Sub-model 4 described in this section. The description 

has been divided into two parts. In Section 5.13.1 the base model is described where there 

is one reflecting surface before the screen and one after the screen. In Section 5.13.2 the 

general model is described which can have any number of segments before and after the 

screen. 

5.13.1 Base Model 

In the base model there is one reflecting surface on each side of a wedge-shaped screen as 

shown in Figure 20. The wedge is defined by the points W1, T1, and W2 and reflecting sur-

faces by PS1PS2 on the source side of the screen and by PR1PR2 on the receiver side. Si and 

Ri are the image of the source S and receiver R, respectively. The rays shown in the figure 

are straight line rays corresponding to a non-refracting atmosphere. For refracting atmos-

pheres the rays will be arcs of circles instead as described in Section 5.5. 
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T1

W1

W2

PS1 PS2

PR1

PR2

S

R

RiSi  

Figure 20 

Definition of geometry for the base model. 

In the base model the so-called the image method is used where the sound pressure at the 

receiver is the sum of coherent contributions from four rays as expressed by Eq. (157). p1 

is the diffracted sound pressure at the receiver from the source. p2 is the diffracted sound 

pressure at the receiver from the image source, p3 is the diffracted sound pressure at the 

image receiver from the source and p4 is the diffracted sound pressure at the image receiv-

er from the image source. The spherical wave reflection coefficients Q1 and Q2 on the 

source and receiver side of the screen, respectively, are calculated as if the receiver when 

calculating Q1 or the source when calculating Q2 is located at the screen top. 

42132211
ˆˆˆˆˆˆˆˆˆ pQQpQpQpp   (157) 

In order to apply the Fresnel-zone interpolation principle described in Section 5.8 the 

propagation effect is obtained by expressing the sound pressure relative to the free-field 

sound pressure p0 and screen effect and ground effect are separated as shown in Eq.(158). 

Allthough not indicated all variables in the equation are a function of the frequency. In this 

equation p1,ff/p0 is the effect of the screen in free space and the term in brackets is the ef-

fect of the ground in excess of the screen effect. The reason for denoting the diffracted 

sound pressure from source to receiver p1,ff in the screen effect part of the equation and p1 

in ground effect is that different equivalent sound speed profiles are used in the two cases. 

The linearization used to calculate p1,ff is independent of the position of the reflecting 

ground surfaces before and after the screen.  
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If case of reduced efficiency of the ground reflection on the source or receiver side of the 

screen it may be necessary to modify Q1 and Q2. In Eq. (159) the modified values are de-

noted Q’1 and Q’2 and are obtained by multiplying the original values by a real number wQ 

between 0 and 1. The value 1 indicates a fully efficient ground reflection while 0 indicates 
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no reflection at all. The calculation of wQ1 and wQ2 will be described in the general model 

in Section 5.13.2. As mentioned above the term outside the brackets is the effect of the 

screen in free space and is denoted pSCR while the term inside the brackets is the effect of 

the ground and is denoted pG.   
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(159) 

The first step is to determine the variables that have to be used to calculate the diffracted 

sound pressures p1,ff, p1, p2, p3 and p4 by the auxiliary function pwedge as shown in Eq. 

(160). ZS(f) and ZR(f) are the impedance of the source and receiver side wedge face. 

      fZfZRRfpwedgefp RSRSRSRS
ˆ,ˆ,,,,,,,,,,ˆ   (160) 

To calculate the diffracted sound pressure the input variables in Eq. (160) which are de-

fined in Section 5.7.1 have to be determined. The wedge-shaped screen are defined by the 

diffracting edge T1 = (xT,xT), the start of the wedge W1 = (x1,z1) closest  to source and  the 

end of the wedge W2 = (x2,z2) closest  to receiver. The ground segment is defined by the 

end points PS1 = (xS1,zS1) and PS2 = (xS2,zS2) and the ground impedance ZG1(f) on the source 

side of the screen and by the end points PR1 = (xR1,zR1) and PR2 = (xR2,zR2) and the ground 

impedance ZG2(f) on the receiver side of the screen. 

The variables used to calculate p1,ff is determined according to Eqs. (161) and (162). dbase is 

defined in Eq. (9) and h”SCR is determined by Eq. (22). When calculating p1,ff the equiva-

lent linear sound speed profile is independent of the frequency. 
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The wedge angle  and diffraction angles S and R can now be determined by Eq. (162) 

on basis of the wedge coordinates. 

 

RR

SS

TR

TR

ST

TS

T

T

T

T

xx

zz

xx

zz

xx

zz

xx

zz



















































































22

21

21

2

1

2

2
2

1

1
1

2

2

2
arctan

2
arctan

2
arctan

2
arctan

 

(162) 

The numerical value of the screen effect pSCR is now determined by Eq. (163) where 

p1,ff(f) is calculated by Eq. (160) using the values of the input variables given in Eqs. (161) 

and (162). RSR is the source-receiver distance 

    SRffSCR Rfpfp ,1
ˆˆ   (163) 

In the calculation of p1 to p4 the linearization of the sound speed profile used to determine 

the diffraction angles will still be independent of the frequency in the same way as de-

scribed for p1,ff but the travel times and travel distances in the ground effect calculation 

will depend on the frequency as described in Section 5.5.3. 

To calculate the sound pressures p1 to p4 in the ground attenuation part of Eq. (159) the 

first step is to determine the height h’S1 of the source S and the height h’R1 of the screen 

edge T1 above the terrain segment on the source side of the screen, and the distances d’1 

from S to T1, d’11 from S to the start of the segment, and d’12 from S to the end of the seg-

ment measured along the terrain segment. This is done by the auxiliary function Seg-

mentVariables described in Section 5.23.15 as shown in Eq. (164). In the same way the 

height h’S2 of the screen edge S and the height h’R2 of the receiver R above the terrain seg-

ment on the receiver side of the screen, and the distances d’2 from T1 to R, d’21 from T to 

the start of the segment, and d’22 from T1 to the end of the segment measured along the 

terrain segment. This is also shown in Eq. (164). 
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When calculating the sound pressure p1 the diffraction angles are the same as used p1,ff. 

When calculating the sound pressures p2 to p4 diffraction angles Si and Ri for the image 

source and receiver have to be determined as shown in Eq. (165). The angles , 1, and 2 

are the same as calculated in Eq. (162). Due to numerical difficulties in strong upward re-

fraction cases the image point angles 1 and 2 in Eq. (165) may become larger than corre-

sponding angles of the direct ray defined in Eq. (162). This may lead to erroneuos results 

and in such cases the image point angle shall be set equal to the direct ray angle. 
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 (165) 

The travel times and travel distances used to calculate the sound pressures p2 to p4 are 

based on a frequency dependent linear sound speed profile and will therefore be a function 

of the frequency. 

For the variables of the source side of the screen the modified frequency dependent equiv-

alent linear sound speed profile is determined by the function CalcEqSSPGround de-

scribed in Section 5.5.3 as shown in Eq. (166) for average refraction and for upper refrac-

tion (indicates by +). 
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 (166) 

The ray variables on the source side of the screen are determined for the direct ray and the 

reflected ray in Eq. (167) for average refraction and upper refraction using the procedures 

DirectRay and ReflectedRay described in Sections 5.5.4 and 5.5.5. NA indicates that a cal-

culated variable is not used. If the calculation by DirectRay shows that the receiver is in a 

shadow zone (ξS < 0 and d’1 > 0.95 dSZ,1 where dSZ,1 is the distance to the shadow zone as 

defined in Section 5.5.4) calculations by ReflectedRay are not carried out. The variables τ, 

R, ψG, and τ are in the following equations of this section a function of the frequency. 
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The travel time differences S and S+ for average and upper refraction are determined 

by Eq. (168). 
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The spherical-wave reflection coefficent Q1 for the terrain reflection on the source side of 

the screen is calculated by Eq. (169). 

 121
ˆ,,,ˆˆ

GGSS ZfQQ   (169) 

For the variables of the receiver side of the screen the modified frequency dependent 

equivalent linear sound speed profile is determined by Eq. (170) for average refraction and 

for upper refraction (indicates by +). 
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The ray variables on the receiver side are determined for the direct ray and the reflected 

ray in Eq. (171) for average and upper refraction using the procedures DirectRay and Re-

flectedRay described in Sections 5.5.4 and 5.5.5. NA indicates that a calculated variable is 

not used. If the calculation by DirectRay shows that the receiver is in a shadow zone (ξR < 

0 and d’2 > 0.95 dSZ,2 where dSZ,2 is the distance to the shadow zone as defined in Section 

5.5.4) calculations by ReflectedRay are not carried out. The variables τ, R, ψG, and τ are 

in the following equations of this section a function of the frequency. 
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The travel time differences R and R+ for average and upper refraction are determined 

by Eq. (172). 
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The spherical-wave reflection coefficent Q2 for the terrain reflection on the receiver side of 

the screen is calculated by Eq. (173). 

 222
ˆ,,,ˆˆ

GGRR ZfQQ   (173) 

If the size of terrain segment on the source and receiver side is not sufficient large the 

ground attenuation part pGof the propagation effect has to be corrected for the limited 

size of the segments. This is done by calculating the Fresnel-zone weights of each segment 

w1 and w2 as shown in Eq. (174). Subsequently the weights are modified when source or 

receiver is close to the extension of the segment. The modified weights are denoted w”1 

and w”2. The modifiers rS1, rR1, rS2, and rR2 are calculated as shown in Eq. (175) and (176). 

If source or receiver is below the extension of the segment the product of the modifiers 

becomes 0 which eliminates the problem of the Fresnel-zone weights w1 and w2 being un-

defined in this case. The Fresnel-zone weights are used in the general model described in 

Section 5.13.2. 
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If the propagation of the four rays in the image model was fully coherent the propagation 

effect could be determined by Eq. (158) but in order to take into account averaging and 

incoherent effects as described in Section 0, the coherence coefficient F2, F3, and F4 de-

scribing the coherence between ray no. 2, 3, and 4 respectively and the direct ray have to 

be determined. 

The coherence coefficient F2 of ray no. 2 is calculated by Eq. (177) where the coherence 

coefficients Ff, Fτ, Fc, and Fr are calculated as described in Section 0. 1 is the transversal 

separation calculated by Eq. (178), k0 is the wave number at the ground and r2 is the 

roughness of the source side terrain segment. In case of propagation through a scattering 

zone Fs is the coherence coefficient calculated as described in Section 5.19. Otherwise Fs 

= 1. 
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The coherence coefficient F3 of ray no. 3 is calculated by Eq. (179) where the coherence 

coefficients Ff, Fτ, Fc, and Fr are calculated as described in Section 0. 2 is the transversal 

separation calculated by Eq. (180), k0 is the wave number at the ground and r2 is the 

roughness of the receiver side terrain segment. 
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The coherence coefficient F4 of ray no. 4 is calculated by Eq. (181). 
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Now the propagation effect can be determined by Eq. (182) if shadow zone effects occur 

neither on the source side of the screen nor on the receiver side. 
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The incoherent reflection coefficients 1 and 2 in Eq. (182) are determined by Eq. (183). 
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If d’1 > 0.95dSZ,1 and d’2  0.95dSZ,2 shadow zone effects will occur on the source side of 

the screen and pG has to be calculated by Eq. (184) where pG
Eq.182 indicates the value 

calculated by Eq. (182) with modified values of Q1, p2 and p4. 
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If d’2 > 0.95dSZ,2 and d’1  0.95dSZ,1 shadow zone effects will occur on the receiver side of 

the screen and pG has to be calculated by Eq. (185) where pG
Eq.182 indicates the value 

calculated by Eq. (182) with modified values of Q2, p3 and p4. 
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If d’1 > 0.95dSZ,1 and d’2 > 0.95dSZ,2 shadow zone effects will occur on both sides of the 

screen and pG has to be calculated by Eq. (186) where pG
Eq.182 indicates the value cal-

culated by Eq. (182) with modified values of Q1, Q2 ,p2 , p3, and p4. 
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5.13.2 General Model 

If the terrain has been found to contain one screen with one significant diffracting edge, 

the terrain effect is calculated by Sub-model 4 described in this section. An example of 

such a terrain is shown in Figure 21 where the two segments denoted 4 and 5 form a 

wedge-shaped screen. The remaining 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 receiver side. 

 

S R

1 2 3

4 5

6
7

 

Figure 21 

Example of a segmented terrain with one screen having one diffracting edge 

At this point it is assumed that the screen part of the terrain profile has already been identi-

fied and therefore that the number of segments before and after the screen which are con-

sidered reflecting segments are known. If the part of the input terrain forming the screen 

shape contains more than three ground points the screen shape is reduced to three points as 

described in Section 5.21. 

The screen is defined by the following point numbers in the terrain profile (numbered 1 to 

Nts+1 where Nts is the number of segments in the terrain profile). 

 iSCR,1 terrain point number closest to the source 

 iSCR,2 terrain point number closest to the receiver 

 iSCR,T terrain point number of the diffracting edge 
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Therefore, the line segment representing the wedge face closest to the source has the end 

coordinates W1 = (xiSCR,1,ziSCR,1) and T1 = (xiSCR,T,ziSCR,T) while the line segment represent-

ing the wedge face closest to the receiver has the end coordinates W1 = (xiSCR,2,ziSCR,2) and 

T1 = (xiSCR,T,ziSCR,T). Possible terrain points between point no. iSCR,1 and iSCR,T and be-

tween point no. iSCR,2 and iSCR,T are ignored. In this case the flow resistivity iSCR,T-1 is 

used as representative to the source side wedge face and iSCR,T is used as representative to 

the receiver side wedge face. In the example in Figure 21 iSCR,1 = 4, iSCR,2 = 6 and 

iSCR,S = 5. 

The number of reflecting segments before the screen will therefore be iSCR,1-1 numbered 

from NS1 = 1 to NS2 = iSCR,1-1 while the number of reflecting segments after the screen 

will be Nts+1-iSCR,2 numbered from NR1 = iSCR,2 to NR2 = Nts. 

The base model will now used for all combinations of segments of the source side (i1 = NS1 

to NS2) and on the receiver side (i2 = NR1 to NR2). For each case of i1 and i2 the coordinates 

to use in the base model are: 

 T1 = (xT,zT) = (xiSCR,T,ziSCR,T) 

 W1 = (x1,z1) = (xiSCR,1,ziSCR,1) 

 W2 = (x2,x2) = (xiSCR,2,ziSCR,2) 

 ZS = Z iSCR,T-1 

 ZR = Z iSCR,T 

 PS1 = (xS1,zS1) = (xi1,zi1) 

 PS2 = (xS2,zS2) = (xi1+1,zi1+1) 

 ZG1 = Zi1 

 w”1(f) = w”i1(f) 

 PR1 = (xR1,zR1) = (xi2,zi2) 

 PR2 = (xR2,zR2) = (xi2+1,zi2+1) 

 ZG2 = Zi2 

 w”2(f) = w”i2(f) 

The base model is used to calculate the screen effect pSCR and the ground effect pG. 

The former will be identical for all combinations of terrain segment and has to be calculat-

ed only once while the latter will vary for each combination of terrain terrain segments and 
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will be denoted pG,i1,i2 for segment i1 on the source side of the screen and i2 on the re-

ceiver side. 

Based on the sum of Fresnel-zone weights w”i1(f) = w”1(f) and w”i2(f) = w”2(f) on each 

side of the screen the Fresnel-zone weights are normalized as shown in Eq. (187) and the 

weights wQ1 and wQ2 used the base model are determined. 
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(187) 

Finally the sound pressure level L4 of Sub-model 4 for a terrain with one screen having 

one edge is calculated according to Eq. (188). 
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5.14 Sub-Model 5: Terrain with One Screen Having Two Edges 

If the terrain has been found to contain one screen with two significant diffracting edges, 

the terrain effect is calculated by Sub-model 5 described in this section. The description 

has been divided into two parts. In Section 5.14.1 the base model is described where there 

is one reflecting surface before the screen and one after the screen. In Section 5.14.2 the 

general model is described which can have any number of segments before and after the 

screen. 

5.14.1 Base Model 

In the base model there is one reflecting surface on each side of a wedge-shaped screen as 

shown in Figure 22. The wedge is defined by the points W1, T1, T2, and W2 and reflecting 

surfaces by PS1PR1 on the source side of the screen and by PS2PR2 on the receiver side. Si 

and Ri are the image of the source S and receiver R, respectively. T1 and T2 are the two 

diffracting edges. The rays shown in the figure are straight line rays corresponding to a 

non-refracting atmosphere. For refracting atmospheres the rays will be arcs of circles in-

stead as described in Section 5.5. 

 

T1

W1

W2

PS1 PS2

PR1

PR2

S

R

RiSi

T2

 

Figure 22 

Definition of geometry for the base model. 

In the base model the image method is used where the sound pressure at the receiver is the 

sum of coherent contributions from four rays as expressed by Eq. (189). p1 is the diffracted 

sound pressure at the receiver from the source. p2 is the diffracted sound pressure at the 

receiver from the image source, p3 is the diffracted sound pressure at the image receiver 
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from the source and p4 is the diffracted sound pressure at the image receiver from the im-

age source. The spherical wave reflection coefficients Q1 and Q2 on the source and receiv-

er side of the screen, respectively, are calculated as if the receiver is located at T1 when 

calculating Q1 or the source is located at T2 when calculating Q2. 

42132211
ˆˆˆˆˆˆˆˆˆ pQQpQpQpp   (189) 

In order to apply the Fresnel-zone interpolation principle described in Section 5.8 the 

propagation effect is obtained by expressing the sound pressure relative to the free-field 

sound pressure p0 and screen effect and ground effect are separated as shown in Eq.(190). 

Allthough not indicated all variables in the equation is a function of the frequency. In this 

equation p1,ff/p0 is the effect of the screen in free space and the term in brackets is the ef-

fect of the ground in excess of the screen effect. The reason for denoting the diffracted 

sound pressure from source to receiver p1,ff in the screen effect part of the equation and p1 

in ground effect is that different equivalent sound speed profiles are used in the two cases. 

The linearization used to calculate p1,ff is independent of the position of the reflecting 

ground surfaces before and after the screen.  
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If case of reduced efficiency of the ground reflection on the source or receiver side of the 

screen it may be necessary to modify Q1 and Q2. In Eq. (191) the modified values are de-

noted Q’1 and Q’2 and are obtained by multiplying the original values by a real number wQ 

between 0 and 1. The value 1 indicates a fully efficient ground reflection while 0 indicates 

no reflection at all. The calculation of wQ1 and wQ2 will be described in the general model 

in Section 5.14.2. As mentioned above the term outside the brackets is the effect of the 

screen in free space and is denoted pSCR while the term inside the brackets is the effect of 

the ground and is denoted pG.   
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(191) 

The first step is to determine the variables that have to be used to calculate the diffracted 

sound pressures p1,ff, p1, p2, p3 and p4 by the auxiliary function p2edge as shown in Eq. 

(192). ZS(f) and ZR(f) are the impedance of the source and receiver side wedge face. 
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 
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
 (192) 

To calculate the diffracted sound pressure the input variables in Eq. (192) which are de-

fined in Section 5.7.4 have to be determined. The screen is defined by the diffracting edge 

T1 = (xT1,xT1) and T2 = (xT1,xT1), the start of the wedge W1 = (x1,z1) closest  to source and  

the end of the wedge W2 = (x2,z2) closest  to receiver. The ground segment is defined by 

the end points PS1 = (xS1,zS1) and PS2 = (xS2,zS2) and the ground impedance ZG1(f) on the 

source side of the screen and by the end points PR1 = (xR1,zR1) and PR2 = (xR2,zR2) and the 

ground impedance ZG2(f) on the receiver side of the screen. 

The variables used to calculate p1,ff is determined according to Eqs. (193) through (195). 

dbase is defined in Eq. (9) and h”SCR is by determined by Eq. (22). When calculating p1,ff the 

equivalent linear sound speed profile is independent of the frequency. 
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 (193) 

The wedge angle 1 and diffraction angles 1S and 1R of the first wedge (T1) can now be 

determined by Eq. (194) on basis of the screen coordinates. 
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(194) 

The wedge angle 2 and diffraction angles 2S and 2R of the second wedge (T2) can be 

determined by Eq. (195) on basis of the screen coordinates. 
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(195) 

The numerical value of the screen effect pSCR is now determined by Eq. (196) where 

p1,ff(f) is calculated by Eq. (192) using the values of the input variables given in Eqs. (193) 

through (195). RSR is the source-receiver distance 

    SRffSCR Rfpfp ,1
ˆˆ   (196) 

In the calculation of p1 to p4 the linearization of the sound speed profile used to determine 

the diffraction angles will still be independent of the frequency in the same way as de-
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scribed for p1,ff but the travel times and travel distances in the ground effect calculation 

will depend on the frequency as described in Section 5.5.3. 

To calculate the sound pressures p1 to p4 in the ground attenuation part of Eq. (191) the 

first step is to determine the height h’S1 of the source S and the height h’R1 of the screen 

edge T above the terrain segment on the source side of the screen, and the distances d’1 

from S to T, d’11 from S to the start of the segment, and d’12 from S to the end of the seg-

ment measured along the terrain segment. This is done by the auxiliary function Seg-

mentVariables described in Section 5.23.15 as shown in Eq. (197). In the same way the 

height h’S2 of the screen edge S and the height h’R2 of the receiver R above the terrain 

segment on the receiver side of the screen, and the distances d’2 from T to R, d’21 from T 

to the start of the segment, and d’22 from T to the end of the segment measured along the 

terrain segment. This is also shown in Eq. (197). 
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 (197) 

When calculating the sound pressure p1 the diffraction angles are the same as used p1,ff. 

When calculating the sound pressures p2 to p4 diffraction angles 1Si and 2Ri for the image 

source and receiver have to be determined as shown in Eq. (198). The  angles are the 

same as calculated in Eqs. (194) and (195). Due to numerical difficulties in strong upward 

refraction cases the image point angles 11 and 22 in Eq. (198) may become larger than 

corresponding angles of the direct ray defined in Eqs. (194) and (195). This may lead to 

erroneuos results and in such cases the image point angle shall be set equal to the direct 

ray angle. 
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The travel times and travel distances used to calculate the sound pressures p2 to p4 are 

based on a frequency dependent linear sound speed profile and will therefore be a function 

of the frequency. 
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For the variables of the source side of the screen the modified frequency dependent equiv-

alent linear sound speed profile is determined by the function CalcEqSSPGround de-

scribed in Section 5.5.3 as shown in Eq. (199) for average refraction and for upper refrac-

tion (indicates by +). 
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The ray variables on the source side of the screen are determined for the direct ray and the 

reflected ray in Eq. (200) for average refraction and upper refraction using the procedures 

DirectRay and ReflectedRay described in Sections 5.5.4 and 5.5.5. NA indicates that a cal-

culated variable is not used. If the calculation by DirectRay shows that the receiver is in a 

shadow zone (ξS < 0 and d’1 > 0.95 dSZ,1 where dSZ,1 is the distance to the shadow zone as 

defined in Section 5.5.4) calculations by ReflectedRay are not carried out. The variables τ, 

R, ψG, and τ are in the following equations of this section a function of the frequency. 
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 (200) 

The travel time differences S and S+ for average and upper refraction are determined 

by Eq. (201). 
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The spherical-wave reflection coefficent Q1 for the terrain reflection on the source side of 

the screen is calculated by Eq. (202). 

 121
ˆ,,,ˆˆ

GGSS ZfQQ   (202) 

For the variables of the receiver side of the screen the modified frequency dependent 

equivalent linear sound speed profile is determined by Eq. (203) for average refraction and 

for upper refraction (indicates by +). 
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The ray variables on the receiver side are determined for the direct ray and the reflected 

ray in Eq. (204) for average and upper refraction using the procedures DirectRay and Re-

flectedRay described in Sections 5.5.4 and 5.5.5. NA indicates that a calculated variable is 

not used. If the calculation by DirectRay shows that the receiver is in a shadow zone (ξR < 

0 and d’2 > 0.95 dSZ,2 where dSZ,2 is the distance to the shadow zone as defined in Section 

5.5.4) calculations by ReflectedRay are not carried out. The variables τ, R, ψG, and τ are 

in the following equations of this section a function of the frequency. 
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The travel time differences R and R+ for average and upper refraction are determined 

by Eq. (205). 
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The spherical-wave reflection coefficent Q2 for the terrain reflection on the receiver side of 

the screen is calculated by Eq. (206). 

 222
ˆ,,,ˆˆ

GGRR ZfQQ   (206) 

If the size of terrain segment on the source and receiver side is not sufficient large the 

ground attenuation part pGof the propagation effect has to be corrected for the limited 

size of the segments. This is done by calculating the Fresnel-zone weights of each segment 

w1 and w2 as shown in Eq. (207). Subsequently the weights are modified when source or 

receiver is close to the extension of the segment. The modified weights are denoted w”1 

and w”2. The modifiers rS1, rR1, rS2, and rR2 are calculated as shown in Eq. (208) and (209). 

If source or receiver is below the extension of the segment the product of the modifiers 

becomes 0 which eliminates the problem of the Fresnel-zone weights w1 and w2 being un-

defined in this case. The Fresnel-zone weights are used in the general model described in 

Section 5.13.2. 
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If the propagation of the four rays in the image model was fully coherent the propagation 

effect could be determined by Eq. (191) but in order to take into account averaging and 

incoherent effects as described in Section 0, the coherence coefficient F2, F3, and F4 de-

scribing the coherence between ray no. 2, 3, and 4 respectively and the direct ray have to 

be determined. 

The coherence coefficient F2 of ray no. 2 is calculated by Eq. (210) where the coherence 

coefficients Ff, Fτ, Fc, and Fr are calculated as described in Section 0. 1 is the transversal 

separation calculated by Eq. (211), k0 is the wave number at the ground and r2 is the 

roughness of the source side terrain segment. In case of propagation through a scattering 
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zone Fs is the coherence coefficient calculated as described in Section 5.19. Otherwise Fs = 

1. 
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The coherence coefficient F3 of ray no. 3 is calculated by Eq. (212) where the coherence 

coefficients Ff, Fτ, Fc, and Fr are calculated as described in Section 0. 2 is the transversal 

separation calculated by Eq. (213), k0 is the wave number at the ground and r2 is the 

roughness of the receiver side terrain segment. 
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The coherence coefficient F4 of ray no. 4 is calculated by Eq. (214). 
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Now the propagation effect can be determined by Eq. (215) if shadow zone effects occur 

neither on the source side of the screen nor on the receiver side. 
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The incoherent reflection coefficients 1 and 2 in Eq. (215) are determined by Eq. (216). 
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If d’1 > 0.95dSZ,1 and d’2  0.95dSZ,2 shadow zone effects will occur on the source side of 

the screen and pG has to be calculated by Eq. (217) where pG
Eq.215 indicates the value 

calculated by Eq. (215) with modified values of Q1, p2 and p4. 
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If d’2 > 0.95dSZ,2 and d’1  0.95dSZ,1 shadow zone effects will occur on the receiver side of 

the screen and pG has to be calculated by Eq. (218) where pG
Eq.215 indicates the value 

calculated by Eq. (215) with modified values of Q2, p3 and p4. 
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If d’1 > 0.95dSZ,1 and d’2 > 0.95dSZ,2 shadow zone effects will occur on both sides of the 

screen and pG has to be calculated by Eq. (219) where pG
Eq.215 indicates the value cal-

culated by Eq. (215) with modified values of Q1, Q2 ,p2 , p3, and p4. 
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(219) 

5.14.2 General Model 

If the terrain has been found to contain one screen with two significant diffracting edge, 

the terrain effect is calculated by Sub-model 5 described in this section. An example of 

such a terrain is shown in Figure 23 where the three segments denoted 4-6 form a thick 

screen. The remaining five segments will be considered reflecting surfaces. Segments 1–3 

will form the surface on the source side of the screen while segments 7–8 form the surface 

on the receiver side. 

S R

1 2 3

4

5

7
8

6

 

Figure 23 

Example of a segmented terrain with one screen having two diffracting edges. 
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At this point it is assumed that the screen part of the terrain profile has already been identi-

fied and therefore that the number of segments before and after the screen which are con-

sidered reflecting segments are known. If the part of the input terrain forming the screen 

shape contains more than four ground points the screen shape is reduced to four points as 

described in Section 5.21. 

The screen is defined by the following point numbers in the terrain profile (numbered 1 to 

Nts+1 where Nts is the number of segments in the terrain profile). 

 iSCR,1 terrain point number closest to the source 

 iSCR,2 terrain point number closest to the receiver 

 iSCR,T1 terrain point number of the diffracting edge closest to source 

 iSCR,T2 terrain point number of the diffracting edge closest to receiver 

Therefore, the line segment representing the screen face closest to the source has the end 

coordinates W1 = (xiSCR,1, ziSCR,1) and T1 = (xiSCR,T1, ziSCR,T1) while the line segment repre-

senting the screen face closest to the receiver has the end coordinates W2 = (xiSCR,2, ziSCR,2) 

and T2 = (xiSCR,T2, ziSCR,T2). The line segment between T1 and T2 is the top of the screen. 

Possible terrain points between point no. iSCR,1 and iSCR,T1, between point no. iSCR,T1 

and iSCR,T2, and between point no. iSCR,T2 and iSCR,2 are ignored. In this case the 

flow resistivity iSCR,T1-1 is used as representative to the source side screen face and iSCR,T2 

is used as representative to the receiver side screen face. 

The number of reflecting segments before the screen will therefore be iSCR,1-1 numbered 

from NS1 = 1 to NS2 = iSCR,1-1 while the number of reflecting segments after the screen 

will be Nts+1-iSCR,2 numbered from NR1 = iSCR,2 to NR2 = Nts. 

The base model will now used for all combinations of segments of the source side (i1 = 

NS1 to NS2) and on the receiver side (i2 = NR1 to NR2). For each case of i1 and i2 the coor-

dinates to use in the base model are: 

 T1 = (xT1,zT1) = (xiSCR,T1,ziSCR,T1) 

 T2 = (xT2,zT2) = (xiSCR,T2,ziSCR,T2) 

 W1 = (x1,z1) = (xiSCR,1,ziSCR,1) 

 W2 = (x2,x2) = (xiSCR,2,ziSCR,2) 

 ZS = Z iSCR,T1-1 

 ZR = Z iSCR,T2 

 PS1 = (xS1,zS1) = (xi1,zi1) 
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 PS2 = (xS2,zS2) = (xi1+1,zi1+1) 

 ZG1 = Zi1 

 w”1(f) = w”i1(f) 

 PR1 = (xR1,zR1) = (xi2,zi2) 

 PR2 = (xR2,zR2) = (xi2+1,zi2+1) 

 ZG2 = Zi2 

 w”2(f) = w”i2(f) 

The base model is used to calculate the screen effect pSCR and the ground effect pG. 

The former will be identical for all combinations of terrain segment and has to be calculat-

ed only once while the latter will vary for each combination of terrain terrain segments and 

will be denoted pG,i1,i2 for segment i1 on the source side of the screen and i2 on the re-

ceiver side. 

Based on the sum of Fresnel-zone weights w”i1(f) = w”1(f) and w”i2(f) = w”2(f) on each 

side of the screen the Fresnel-zone weights are normalized as shown in Eq. (220) and the 

weights wQ1 and wQ2 used the base model are determined. 
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(220) 

Finally the sound pressure level L5 of Sub-model 5 for a terrain with one screen having 

two edges is calculated according to Eq. (221). 
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5.15 Sub-Model 6: Terrain with Two Screens 

If the terrain has been found to contain two screens, each with one significant diffracting 

edge, the terrain effect is calculated by Sub-model 6 described in this section. The descrip-

tion has been divided into two parts. In Section 5.15.1 the base model is described where 

there is one reflecting surface in the regions before the first screen, after the second screen, 

and between the screens. In Section 0 the general model is described which can have any 

number of segments in each region. 

5.15.1 Base Model 

In the base model there is one reflecting surface in source region before the first wedge-

shaped screen, in the receiver region after the second wedge-shaped screen, and in the 

middle region between the two screens as shown in Figure 24. The first wedge is defined 

by the points W11, T1, and W12 and the second wedge by the points W21, T2, and W22. The 

reflecting surfaces are defined by PS1PS2 in the source region, by PM1PM2 in the middle re-

gion of the screen and by PR1PR2 in the receiver region. Si and Ri are the image of the 

source S and receiver R reflected in the source and receiver segment, respectively. T1i and 

T2i are the image of T1 and T2 reflected in the middle segment, respectively. The rays 

shown in the figure are straight line rays corresponding to a non-refracting atmosphere. 

For refracting atmospheres the rays will be arcs of circles instead as described in Section 

5.5. 

 

T1

W11

W12

PS1 PS2

PR1

PR2

S

R

RiSi

T2

W22W21

PM1 PM2

 

Figure 24 

Definition of geometry for the base model. 

In the base model the so-called the image method is used where the sound pressure at the 

receiver is the sum of coherent contributions from eights rays as expressed by Eq. (222). p1 

is the diffracted sound pressure at the receiver from the source over the top of the screens. 

p2 is the diffracted sound pressure at the receiver from the image source, p3 is the diffract-

ed sound pressure at the image receiver from the source and p4 is the diffracted sound 
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pressure at the image receiver from the image source. p5 to p8 correspond to p1 to p4 but 

the rays are in this case reflected by the ground segment between the screens. The spheri-

cal wave reflection coefficient Q1 in the source region is calculated by replacing R with T1. 

Similarly, Q3 in the receiver region is calculated by replacing S with T2 and Q2 in the mid-

dle region is calculated by replacing S and R with T1 and T2. 

83217326215243133211
ˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆ pQQQpQQpQQpQpQQpQpQpp   (222) 

In order to apply the Fresnel-zone interpolation principle described in Section 5.8 the 

propagation effect is obtained by expressing the sound pressure relative to the free-field 

sound pressure p0 and screen effect and ground effect are separated as shown in Eq. (223). 

Allthough not indicated all variables in the equation are a function of the frequency. In this 

equation p1,ff/p0 is the effect of the screens in free space and the term in brackets is the ef-

fect of the ground in excess of the screen effect. The reason for denoting the diffracted 

sound pressure from source to receiver p1,ff in the screen effect part of the equation and p1 

in ground effect is that different equivalent sound speed profiles are used in the two cases. 

The linearization used to calculate p1,ff is independent of the position of the reflecting 

ground surfaces.  
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 (223) 

If case of reduced efficiency of the ground reflection on the source or receiver side of the 

screen it may be necessary to modify Q1 , Q2 and Q3. In Eq. (224) the modified values are 

denoted Q’1, Q’2 and Q’3 and are obtained by multiplying the original values by a real 

number wQ between 0 and 1. The value 1 indicates a fully efficient ground reflection while 

0 indicates no reflection at all. The calculation of wQ1, wQ1 and wQ3 will be described in the 

general model in Section 0. As mentioned above the term outside the brackets is the effect 

of the screen in free space and is denoted pSCR while the term inside the brackets is the ef-

fect of the ground and is denoted pG.   
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(224) 

The first step is to determine the variables that have to be used to calculate the diffracted 

sound pressures p1,ff, p1, p2, p3, p4, p5, p6, p7 and p8 by the auxiliary function p2wedge as 

shown in Eq. (225). Z1S(f), Z1R(f), Z2S(f) and Z2R(f) are the impedancees of the source and 

receiver side wedge face of the first and second screen, respectively. 
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To calculate the diffracted sound pressure the input variables in Eq. (225) which are de-

fined in Section 5.7.3 have to be determined. The first wedge-shaped screen are defined by 

the diffracting edge T1 = (xT1,zT1), the start of the wedge W11 = (x11,z11) closest  to source 

and  the end of the wedge W12 = (x12,z12) closest  to receiver. The second wedge-shaped 

screen are defined by the diffracting edge T2 = (xT2,zT2), the start of the wedge W21 = 

(x21,z21) closest  to source and  the end of the wedge W22 = (x22,z22) closest  to receiver.The 

source region ground segment is defined by the end points PS1 = (xS1,zS1) and PS2 = (xS2,zS2) 

and the ground impedance ZG1(f), the middle region ground segment by the end points PM1 

= (xM1,zM1) and PM2 = (xM2,zM2) and the ground impedance ZG2(f), and the receiver region 

ground segment by the end points PR1 = (xR1,zR1) and PR2 = (xR2,zR2) and the ground imped-

ance ZG3(f). 

The variables used to calculate p1,ff is determined according to Eqs. (226) to (228). h”SCR is 

determined by Eq. (22). When calculating p1,ff the equivalent linear sound speed profile is 

independent of the frequency. 
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 (226) 

The wedge angle 1 and diffraction angles 1S and 1R can now be determined by Eq. (227) 

on basis of the wedge coordinates of the first screen. 
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(227) 

The wedge angle 2 and diffraction angles 2S and 2R can now be determined by Eq. (228) 

on basis of the wedge coordinates of the first screen. 
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(228) 

The numerical value of the screen effect pSCR is now determined by Eq. (229) where 

p1,ff(f) is calculated by Eq. (225) using the values of the input variables given in Eqs. (226) 

through (228). RSR is the source-receiver distance 

    SRffSCR Rfpfp ,1
ˆˆ   (229) 

In the calculation of p1 to p8 the linearization of the sound speed profile used to determine 

the diffraction angles will still be independent of the frequency in the same way as de-

scribed for p1,ff but the travel times and travel distances in the ground effect calculation 

will depend on the frequency as described in Section 5.5.3. 

To calculate the sound pressures p1 to p8 in the ground attenuation part of Eq. (224) the 

first step is to determine the height h’S1 of the source S and the height h’R1 of the screen 

edge T1 above the terrain segment on the source side of the first screen and the distances 

d’1 from S to T1, d’11 from S to the start of the segment, and d’12 from S to the end of the 

segment measured along the terrain segment. This is done by the auxiliary function Seg-

mentVariables described in Section 5.23.15 as shown in Eq. (230). In the same way the 

height h’S2 of the screen edge T1 and the height h’R2 of the screen edge T2 above the terrain 

segment between the screens and the distances d’2 from T1 to T2, d’21 from T1 to the start 

of the segment, and d’22 from T1 to the end of the segment measured along the terrain 

segment. Finally, the height h’S3 of the screen edge T2 and the height h’R3 of the receiver R 

above the terrain segment on the receiver side of the second screen, and the distances d’3 

from T2 to R, d’31 from T2 to the start of the segment, and d’32 from T2 to the end of the 

segment measured along the terrain segment. This is also shown in Eq. (230). 
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When calculating the sound pressure p1 the diffraction angles are the same as used p1,ff. 

When calculating the sound pressures p2 to p8 diffraction angles Si and M1i of the first 

screen for the image source and image screen top T’2 have to be determined as shown in 

Eq. (231). The angles 1, 11, and 12 are the same as calculated in Eq. (227). Due to nu-

merical difficulties in strong upward refraction cases the image point angles 1 and 2 in 

Eq. (231) may become larger than corresponding angles of the direct ray defined in Eq. 

(227). This may lead to erroneuos results and in such cases the image point angle shall be 

set equal to the direct ray angle. 
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 (231) 

For the second screen the diffraction angles M2i and Ri for the image screen top T’1 and 

the image receiver have to be determined as shown in Eq. (232). The angles 2, 21, and 

22 are the same as calculated in Eq. (228). Due to numerical difficulties in strong upward 

refraction cases the image point angles 1 and 2 in Eq. (232) may become larger than cor-

responding angles of the direct ray defined in Eq. (228). This may lead to erroneuos results 

and in such cases the image point angle shall be set equal to the direct ray angle. 
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 (232) 

The travel times and travel distances used to calculate the sound pressures p2 to p8 are 

based on a frequency dependent linear sound speed profile and will therefore be a function 

of the frequency. 

For the variables of the source side of the first screen the modified frequency dependent 

equivalent linear sound speed profile is determined by the function CalcEqSSPGround 

described in Section 5.5.3 as shown in Eq. (233) for average refraction and for upper re-

fraction (indicates by +). 
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 (233) 

The ray variables on the source side of the first screen are determined for the direct ray and 

the reflected ray in Eq. (234) for average refraction and upper refraction using the proce-

dures DirectRay and ReflectedRay described in Sections 5.5.4 and 5.5.5. NA indicates that 

a calculated variable is not used. If the calculation by DirectRay shows that the screen 

edge T2 is in a shadow zone (ξS < 0 and d’1 > 0.95 dSZ,1 where dSZ,1 is the distance to the 

shadow zone as defined in Section 5.5.4) calculations by ReflectedRay are not carried out. 

The variables τ, R, ψG, and τ are in the following equations of this section a function of 

the frequency. 
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The travel time differences S and S+ for average and upper refraction are determined 

by Eq. (235). 
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The spherical-wave reflection coefficent Q1 for the terrain reflection on the source side of 

the screen is calculated by Eq. (236). 

 121
ˆ,,,ˆˆ

GGSS ZfQQ   (236) 

For the variables between the two screens the modified frequency dependent equivalent 

linear sound speed profile is determined by the function CalcEqSSPGround described in 

Section 5.5.3 as shown in Eq. 237 for average refraction and for upper refraction (indicates 

by +). 
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The ray variables between the two screens are determined for the direct ray and the re-

flected ray in Eq. (238) for average and upper refraction using the procedures DirectRay 

and ReflectedRay described in Sections 5.5.4 and 5.5.5. NA indicates that a calculated var-

iable is not used. If the calculation by DirectRay shows that the receiver is in a shadow 

zone (ξM < 0 and d’2 > 0.95 dSZ,2 where dSZ,2 is the distance to the shadow zone as defined 

in Section 5.5.4) calculations by ReflectedRay are not carried out. The variables τ, R, ψG, 

and τ are in the following equations of this section a function of the frequency. 
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The travel time differences M and M+ for average and upper refraction are determined 

by Eq. (239). 
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The spherical-wave reflection coefficent Q2 for the terrain reflection on the receiver side of 

the screen is calculated by Eq. (240). 
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For the variables of the receiver side of the second screen the modified frequency depend-

ent equivalent linear sound speed profile is determined by Eq. (241) for average refraction 

and for upper refraction (indicates by +). 
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The ray variables on the receiver side are determined for the direct ray and the reflected 

ray in Eq. (242) for average and upper refraction using the procedures DirectRay and Re-

flectedRay described in Sections 5.5.4 and 5.5.5. NA indicates that a calculated variable is 

not used. If the calculation by DirectRay shows that the receiver is in a shadow zone (ξR < 

0 and d’3 > 0.95 dSZ,3 where dSZ,3 is the distance to the shadow zone as defined in Section 

5.5.4) calculations by ReflectedRay are not carried out. The variables τ, R, ψG, and τ are 

in the following equations of this section a function of the frequency. 
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The travel time differences R and R+ for average and upper refraction are determined 

by Eq. (243). 
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The spherical-wave reflection coefficent Q3 for the terrain reflection on the receiver side of 

the screen is calculated by Eq. (244). 
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If the size of terrain segment on the source and receiver side is not sufficient large the 

ground attenuation part pGof the propagation effect has to be corrected for the limited 

size of the segments. This is done by calculating the Fresnel-zone weights of each segment 

w1, w2 and w3 as shown in Eq. (245). Subsequently the weights are modified when source 

or receiver is close to the extension of the segment. The modified weights are denoted w”1, 

w”2 and w”3. The modifiers rS1, rR1, rS2, rR2, rS3, and rR3 are calculated as shown in Eqs. 

(246) to (248). If source or receiver is below the extension of the segment the product of 

the modifiers becomes 0 which eliminates the problem of the Fresnel-zone weights w1, w2 

and w3 being undefined in this case. The Fresnel-zone weights are used in the general 

model described in Section 0. 
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If the propagation of the eight rays in the image model was fully coherent the propagation 

effect could be determined by Eq. (224) but in order to take into account averaging and 

incoherent effects as described in Section 0, the coherence coefficient F2, to F8 describing 

the coherence between ray no. 2 to 8 respectively and the direct ray have to be determined. 

The coherence coefficient F2 of ray no. 2 is calculated by Eq. (249) where the coherence 

coefficients Ff, Fτ, Fc, and Fr are calculated as described in Section 0. 1 is the transversal 

separation calculated by Eq. (250), k0 is the wave number at the ground and r2 is the 

roughness of the source side terrain segment. In case of propagation through a scattering 

zone Fs is the coherence coefficient calculated as described in Section 5.19. Otherwise Fs 

= 1. 
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The coherence coefficient F3 of ray no. 3 is calculated by Eq. (251). 3 is the transversal 

separation calculated by Eq. (252), k0 is the wave number at the ground and r3 is the 

roughness of the receiver side terrain segment. 
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The coherence coefficient F4 of ray no. 4 is calculated by Eq. (253). 
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The coherence coefficient F5 of ray no. 5 is calculated by Eq. (254). 2 is the transversal 

separation calculated by Eq. (255), k0 is the wave number at the ground and r2 is the 

roughness of the terrain segment between the screens. 
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The coherence coefficient F6 of ray no. 6 is calculated by Eq. (256). 
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The coherence coefficient F7 of ray no. 7 is calculated by Eq. (257). 
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The coherence coefficient F8 of ray no. 8 is calculated by Eq. (258). 
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Now the propagation effect can be determined by Eq. (259) if there are no shadow zone 

effects before, after or between the screens. 
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(259) 

The incoherent reflection coefficients 1, 2 and 3 in Eq. (259) are determined by Eq. 

(260). 
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 (260) 

If d’1 > 0.95 dSZ,1 and d’2  0.95dSZ,2 and d’3  0.95dSZ,3 shadow zone effects will occur on 

the source side of the screen and pG has to be calculated by Eq. (261) where pG
Eq.259 

indicates the value calculated by Eq. (259) with modified values of Q1 and p2, p4, p6, and 

p8. 
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 (261) 

If d’3 > 0.95dSZ,2 and d’1  0.95dSZ,1 and d’2  0.95dSZ,2 shadow zone effects will occur on 

the receiver side of the second screen and pG has to be calculated by Eq. (262) where 

pG
Eq.259 indicates the value calculated by Eq. (259) with modified values of Q3 and p3. 
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 (262) 

If d’1 > 0.95dSZ,1 and d’2  0.95dSZ,2 and d’3 > 0.95dSZ,3 shadow zone effects will on the 

source side of the first screen and on the receiver side of the second screen and pG has to 

be calculated by Eq. (263) where pG
Eq.259 indicates the value calculated by Eq. (259) 

with modified values of Q1, Q3 ,p2 , p3, p4, p6 , p7, and p8. 
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If d’2 > 0.95 dSZ,2 and d’1  0.95dSZ,2 and d’3  0.95dSZ,3 shadow zone effects will occur on 

the between the screens and pG has to be calculated by Eq. (264) where pG
Eq.259 indi-

cates the value calculated by Eq. (259) with modified values of Q2 and p5. 
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 (264) 

If d’1 > 0.95dSZ,1 and d’2 > 0.95dSZ,2 and d’3  0.95dSZ,3 shadow zone effects will occur on 

the source side of the first screen and between the screens and pG has to be calculated by 

Eq. (265) where pG
Eq.259 indicates the value calculated by Eq. (259) with modified val-

ues of Q1, Q2 , ,p2 , p4, p5, p6 , p7, and p8. 
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 (265) 

If d’1  0.95dSZ,1 and d’2 > 0.95dSZ,2 and d’3 > 0.95dSZ,3 shadow zone effects will occur on 

the receiver side of the second screen and between the screens and pG has to be calculat-

ed by Eq. (266) where pG
Eq.259 indicates the value calculated by Eq. (259) with modified 

values of Q1, Q2 , ,p3 , p4, p5, p6 , p7, and p8. 
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If d’1 > 0.95dSZ,1 and d’2 > 0.95dSZ,2 and d’3 > 0.95dSZ,3 shadow zone effects will occur in 

all three regions and pG has to be calculated by Eq. (267) where pG
Eq.259 indicates the 

value calculated by Eq. (259) with modified values of Q1, Q2, Q3, and p2 to p8. 
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(267) 

5.15.2 General Model 

If the terrain has been found to contain two wedge-shaped screens, the terrain effect is cal-

culated by Sub-model 6 described in this section. An example of such a terrain is shown in 

Figure 25 where the two segments denoted 4 and 5 form the first wedge-shaped screen and 

the two segments denoted 8 and 9 form the second wedge-shaped screen. The remaining 

seven segments will be considered reflecting surfaces. Segments 1–3 form the surface on 

the source side of the first screen, segments 6–7 will form the surface between the screens 

while segments 10–11 form the surface on the receiver side of the second screen. 
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Figure 25 

Example of a segmented terrain with one screen having one diffracting edge. 

At this point it is assumed that the screen part of the terrain profile has already been identi-

fied and therefore that the number of segments before and after the screen which are con-

sidered reflecting segments are known. If the part of the input terrain forming the screen 

shape contains more than three ground points the screen shape is reduced to three points 

each as described in Section 5.21.  

The screens are defined by the following point numbers in the terrain profile (numbered 1 

to Nts+1 where Nts is the number of segments in the terrain profile). 

 iSCR,11 first screen, terrain point number closest to the source 

 iSCR,12 first screen, terrain point number closest to the receiver 

 iSCR,T1 first screen, terrain point number of the diffracting edge 

 iSCR,21 second screen, terrain point number closest to the source 

 iSCR,22 second screen, terrain point number closest to the receiver 

 iSCR,T2 second screen, terrain point number of the diffracting edge 

For the first screen, the line segment representing the wedge face closest to the source has 

the end coordinates W11 = (xiSCR,11, ziSCR,11) and T1 = (xiSCR,T1, ziSCR,T1) while the line seg-

ment representing the wedge face closest to the receiver has the end coordinates W12 = 

(xiSCR,12, ziSCR,12) and T1 = (xiSCR,T1, ziSCR,T1). Possible terrain points between point no. 
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iSCR,11 and iSCR,T1 and between point no. iSCR,12 and iSCR,T1 are ignored. In this 

case the flow resistivity iSCR,T1-1 and roughness riSCR,T1-1 are used as representatives to the 

source side wedge face and iSCR,T1 and riSCR,T1 are used as representatives to the receiver 

side wedge face. 

For the second screen, the line segment representing the wedge face closest to the source 

has the end coordinates W21 = (xiSCR,21, ziSCR,21) and T2 = (xiSCR,T2, ziSCR,T2) while the line 

segment representing the wedge face closest to the receiver has the end coordinates W22 = 

(xiSCR,22, ziSCR,22) and T2 = (xiSCR,T2, ziSCR,T2). Possible terrain points between point no. 

iSCR,21 and iSCR,T2 and between point no. iSCR,22 and iSCR,T2 are ignored. In this 

case the flow resistivity iSCR,T2-1 and roughness riSCR,T2-1 are used as representatives to the 

source side wedge face and iSCR,T2 and riSCR,T2-1 are used as representatives to the receiver 

side wedge face. 

The number of reflecting segments before the first screen will therefore be iSCR,11-1 

numbered from NS1 = 1 to NS2 = iSCR,11-1, and the number of reflecting segments be-

tween the screens will therefore be iSCR,12- iSCR,21numbered from NM1= iSCR,12 to 

NM2 = iSCR,21-1  while the number of reflecting segments after the screen will be Nts+1-

iSCR,22 numbered from NR1 = iSCR,22 to NR2 = Nts. 

The base model will now used for all combinations of segments of the source side (i1 = NS1 

to NS2), source side (i2 = NM1 to NM2) and on the receiver side (i3 = NR1 to NR2). For each 

case of i1, i2 and i3 the coordinates to use in the base model are: 

 T1 = (xT1,zT1) = (xiSCR,T1,ziSCR,T1) 

 W11 = (x11,z11) = (xiSCR,11,ziSCR,11) 

 W12 = (x12,x12) = (xiSCR,12,ziSCR,12) 

 T2 = (xT2,zT2) = (xiSCR,T2,ziSCR,T2) 

 W21 = (x21,z21) = (xiSCR,21,ziSCR,21) 

 W22 = (x22,z22) = (xiSCR,22,ziSCR,22) 

 ZS1 = Z iSCR,T1-1 

 ZR1 = Z iSCR,T1 

 ZS2 = Z iSCR,T2-1 

 ZR2 = Z iSCR,T2 

 PS1 = (xS1,zS1) = (xi1,zi1) 

 PS2 = (xS2,zS2) = (xi1+1,zi1+1) 

 ZG1 = Zi1 

 w”1(f) = w”i1(f) 
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 PM1 = (xM1,zM1) = (xi2,zi2) 

 PM2 = (xM2,zM2) = (xi2+1,zi2+1) 

 ZG2 = Zi2 

 w”2(f) = w”i2(f) 

 PR1 = (xR1,zR1) = (xi3,zi3) 

 PR2 = (xR2,zR2) = (xi3+1,zi3+1) 

 ZG3 = Zi3 

 w”3(f) = w”i3(f) 

The base model is used to calculate the screen effect pSCR and the ground effect pG. 

The former will be identical for all combinations of terrain segment and has to be calculat-

ed only once while the latter will vary for each combination of terrain terrain segments and 

will be denoted pG,i1,i2,i3 for segment i1, i2 and i3 on the source side of the screen, be-

tween the screens and on the receiver side, respectively. 

Based on the sum of Fresnel-zone weights w”i1(f) = w”1(f), w”i2(f) = w”2(f) and w”i3(f) = 

w”3(f) on each side of the screens the Fresnel-zone weights are normalized as shown in 

Eqs. (268) and (270) and the weights wQ1, wQ2 and wQ3 used the base model are deter-

mined. 
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Finally the sound pressure level L6 of Sub-model 6 for a terrain with two screens is cal-

culated according to Eq. (270). 
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5.16 Sub-Model 7: Contribution from Turbulence Scattering behind Screens 

The sound reduction of screens is limited by the energy scattered into the shadow zone of 

the screen from atmospheric turbulence. In the Nord2000 method the contribution of scat-

tered energy in case of a non-refractive atmosphere depends on the distances R1 and R2 

and the height he measured relative to the source-receiver line as defined in Figure 26. The 

wind and temperature turbulences are described by the turbulence strengths Cv
2 and CT

2, 
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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 26 

Definition of geometrical parameters for calculation of turbulent scattering in the shadow 

zone of a single edge screen. 

In the Nord2000 work the original model was found to underestimate the contribution 

from turbulent scattering. Therefore, the effective turbulence strength parameters Cve
2 and 

CTe
2 were introduced as shown in Eq. (271). 

22

22
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10

TTe

vve

CC

CC




 (271) 

The sound pressure level contribution Lws from wind turbulence relative to the free field 

level is given by Eq. (272) where f is the frequency, H is the auxiliary function defined in 

Section 5.23.8, and Coft the auxiliary function defined in Section 5.23.1. Lws0 is the nor-

malized scattered sound pressure level from the wind turbulence disregarding the ground. 

Lws0 is determined by linear interpolation in the two-dimensional Table 6 with input pa-

rameters 40R2/R1 and 40he/R1. Due to the lack of reciprocity in Table 6 the value L’wS0 = 

Lws0(R1,R2,he) + 10 log(R1/40) is also calculated the case where source and receiver are in-

terchanged and the maximum value is used as shown in Eq. (272). When the parameters 

are outside the values in the table, the neareast values of the parameters are used. CSR is a 

correction which shall account for reflections in the ground surface before and after the 

screen and is the ground effect part of Eq. (188) limited downwards to a value of 1. 
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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 6 

Normalized scattered level Lws0 from wind turbulence. 

Similarly, the sound pressure level contribution Lts from temperature turbulence relative 

to the free field level is given by Eq. (273). Lts0 is the normalized scattered sound pressure 
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level from the temperature turbulence disregarding the ground. Lts0 is determined by linear 

interpolation in Table 7. 
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 (273) 

 

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 7 

Normalized scattered level Lts0 from temperature turbulence. 

Finally, Lws and Lts are added incoherently as shown in Eq. (274). 

 1010

7 1010log10 tsws LL
L


  (274) 

In case of a refractive atmosphere the variables R1, R2 and he are determined by Eq. (275) 

where RS and RR are defined in Eq. (161) while 1, 2, S, and R are defined in Eq. 

(162). 
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If two screens are included (Sub-model 5 and 6) the parameters R1, R2 and he are deter-

mined for an equivalent single screen top T as shown in Figure 27 where T1 and T2 are the 

two screen edges (may be two screens or one screen with two edges). The point T can be 

determined as described below. CSR is in this case approximated by the ground effect part 

of the double edge effect screen effect pG. (gå i detaljer med dette når sub-model 6 er be-

skrevet). Firstly, the parameters are calculated for T1 and T2 in Eq. (276) 
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Figure 27 

Definition of geometrical parameters for calculation of turbulent scattering in the shadow 

zone of two screens or a double edge screen. 
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The parameters corresponding to the equivalent screen top can now be determined by Eq. 

(393). 
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(277) 

In the combined model described in Section 5.21.6 the Sub-model 7 is referred to as Sub-

model 7,1 in the one edge case and Sub-model 7,2 in the two edge case. 

5.17 Sub-Model 8: Multiple Ground Reflections 

In the Sub-models 1 to 6 described above the number of rays in the models are fixed even 

in case of strong downward refraction. In case of strong downward refraction and long 

propagation distances rays may be reflected by the ground more than once on the way to 

the receiver. This phenomenon is called multiple ground reflections. If multiple ground 

reflections occur the number of rays will increase beyond the number which is included in 

submodel 1 to 6. 

The purpose of Sub-model 8 is to calculate the contribution to the sound levels from rays 

not included in submodel 1 to 6. 

The method used in the present sub-model has been developed for a logarithmic sound 

speed profile as shown in Eq. (278) and for propagation over flat terrain. 
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The first step is to determine the approximate number of rays N (decimal number) by Eq. 

(279) where d is the horizontal propagation distance, hmax is the maximum value of the 

source height hS and the receiver height hR and A and C are the weather coefficients in Eq. 

(278). 
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(279) 

For a value of N less than 4 the contribution from additional rays are ignored whereas the 

contribution will be calculated as described in the following for values of N greater than 4. 
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The number N is divided in an integer part Ni (N is rounded down) and a fractional part 

N as shown in Eq. (280). 

NNN i   (280) 

Reflected rays are categorised by different orders, where the order n is the number of re-

flections of a specific ray. The order n for ray number M is determined as shown in Eq. 

(281) which also defines the maximum order nmax. The function Int is a function which 

returns the integer part of the argument. 
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The contribution Lmulti from multiple reflections is calculated according to Eq. (282). The 

equation contains two solutions Lmulti,hf and Lmulti,lf which shall be used at high and low 

frequencies, respectively. R(n) is the reflection coefficient and Aray(n) is the ray tube area 

for a ray of order n. The high frequency solution corresponds to uncorrelated summation 

of the ray contributions and the low frequency solution to correlated summation. Refer-

ence [2] contains a discussion of the transition between the two solutions but a safe princi-

ple was not found within the Nord2000 project. For normal purposes where the medium 

and high frequency range determines the A-weighted sound pressure level it is recom-

mended to apply the high frequency solution. However, in cases where low frequency 

propagation is important the low frequency solution giving higher values of Lmulti should 

be used instead.  
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The values R(n) and Aray(n) are detemined as shown in Eq. (283). dsegm(i) is defined in 

Section 5.4.1, ray = 0.00001 and c(z) is determined by Eq. (278). 
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The method described above is valid for propagation over flat terrain with a logarithmic 

sound speed profile defined by the weather coefficents A and C. In the general case where 

the vertical sound speed profile also may contain a linear part defined by the weather coef-

ficient B as shown Eq. (2) and where the terrain may be non-flat, some interpretation is 

needed before the method can be applied. 

In the case where the weather coefficient B is not zero, the combined refraction of the log-

arithmic and linear profile calculated by auxiliary function RayCurvature and expressed by 

the radius of curvature RA,B as shown in Eq. (284). The value A’ in a purely logarithmic 

sound speed profil giving the same value of RA,B are determined by Eq. (284) and used in 

Eq. (278). 
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If the terrain is flat with screens, hmax in Eq. (279) is determined by the maximum value of 

the source, receiver and screen heights. 

If the terrain is non-flat, the heights of source, receiver and screens are determined relative 

to the terrain baseline and hmax is defined as the maximum value of these heights. If the 

average deviation of the terrain from the terrain baseline is less than 0 (meaning that the 

terrain on average is lower than the baseline indicating a valley shaped terrain), hmax is 

modified by adding the numerical value of the deviation. This is expressed in Eq. (285). 

hbase(i) and dsegm(i) are defined in Section 5.4.1. 
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5.18 Sub-Model 9: Air Absorption 

The propagation effect of air absorption is calculated on the basis of ISO 9613-1 which 

predicts pure-tone attenuation in one third octave bands. The prediction according to ISO 

is based on the frequency f, the air temperature tair (C), the relative humidity RH (%), and 

the atmospheric pressure (prel = pa/pr) relative to the reference atmospheric pressure (atm). 

The attenuation  in dB/m at the frequency f in dB is calculated by Eq. (286). 
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(286) 

 

The propagation effect of air absorption La for each one-third octave band can now be 

determined by Eq. (287) where A0 is the one-third octave band air attenuation for centre 

frequency f0 and propagation path length R 
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5.19 Sub-Model 10: Scattering Zones 

A scattering zone is an area which contains so many interfering objects that almost all di-

rect sound from source to receiver is blocked. Instead, the sound arrives at the receiver af-

ter a large number of reflections and diffractions. In such cases the complex propagation is 

described using statistical approaches (statistical scattering methods). 

The Nordtest method ([1] and [2]) contains solutions for housing areas and forests but in 

the Nordtest method it has been decided only to apply the method for forests. The reason is 

that most computer programs is handling propagation in housing areas by directly includ-

ing all ray paths reflected by buildings. The method is therefore not likely to be used in 

housing areas at the same time as the calculation accuracy is not well known.  The 

Nord2000 method [1] also includes a method for combining varying types of scattering 

zones (mixed housing areas and forests and varying scattering zone variable. This has also 

been omitted from the Nordtest method. 

According to Eq. (1) the propagation effect of terrain Lt and scattering zones Ls shall be 

calculated separately. However, the calculation of Lt may be affected by the existence of 

a scattering zone giving a reduction in coherence coefficients. 

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 28 and Figure 29. 

When the source-receiver is not blocked by obstacles (in excess of the scattering zones), 

Rsc is measured along the source-receiver sound path as shown in Figure 28. When the 

source-receiver is blocked, Rsc is measured along the sound path over the top of the obsta-

cles using the “rubber band” principle shown in Figure 29. When a screen inside a scatter-

ing zone cannot be considered 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 defining the sound path used to determine Rsc. 

 

Zone no. 1

RSC,1 RSC,2

Zone no. 2

R

S

 

Figure 28 
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Propagation path used to determine the scattering zone path length Rsc when the line of 

sight is unblocked by terrain or screens. 

RSC,1 RSC,2

Screen 2
Screen 1

R

S

 

Figure 29 

Propagation path used to determine the scattering zone path length Rsc when the  

line-of-sight is blocked by terrain or screens. 

The coherence coefficient Fs corresponding to scattering to be used when calculating the 

terrain effect Lt is determined by Eq. (288). 

TkF fs 1  (288) 

The variable T in Eq. (288) is calculated by Eq. (289) where nQ is given by Eq. (290). Rsc 

is the total sound path length of the scattering zones (Rsc = Rsc,i where Rsc,i is the sound 

path length of the i’th scattering zone). 
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kf is determined by Table 8. The parameter ka is the product of the wave number k and the 

mean stem radius a. Linear interpolation is used to determine kf for other values of ka than 

those shown in the table.  

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 



 

 

AV 1106/07 

Page 126 of 177 

DELTA 

Acoustics & Electronics 

Table 8 

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 forests (or other dense vegetation) nQ is determined by Eq. (290) where n” is 

the density of trees (m-2) and a is the mean stem radius (m). 

"2annQ   (290) 

The propagation effect of the scattering zone Ls is calculated by Eq. (291) where kf and T 

are as defined above. Ae(Rsc) is a level correction due to scattering. Ls has been limited 

downwards to a value of -15 dB.  
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In Eq. (291) h’ is the normalised scatter obstacle height defined by h’ = nQh where h is the 

average scatter obstacle height.  is the absorption coefficient of the scatter obstacles 

(normally in the range 0.1 - 0.4). R’ is the normalised effective distance through the scat-

tering zone defined by R’ = nQRsc. L(h’,,R’) is determined from the three-dimensional 

Table 9 with parameters h’, , and R’ using cubic interpolation. 

 

R’ 
h’=0.01 h’=0.1 h’=1 

=0 =0.2 =0.4 =0 =0.2 =0.4 =0 =0.2 =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 
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Table 9 

Table for determining L(h’,,R’) for a scattering zone. 

In the scattering zone method described above it is assumed that the height of the scatter-

ing zone is sufficiently large. 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 considerable change in Rsc and therefore a 

large discontinuity. To avoid this, a transition principle has been developed which will be 

described in the following. In the transition principle 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 30. In case of refraction the ray path from S to R 

is an arc of a circle and the Fresnel ellipsoid is bended along the ray path. However, as the 

approach is very approximate the calculation of the volumes is simplified.  

 

R

S

x1,1

x1,2 x2,1

x2,2

x  

Figure 30 

Limited height of the scattering zone within half of the Fresnel ellipsoid above the sound 

ray in case of a non-refractive atmosphere. 

The height of the sound ray zray(x) and the ray path lengths R1(x) and R2(x) to the source 

and receiver, respectively, are determined by Eq. (292).  
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The intersection between the y-plane and the Fresnel ellipsoid which is an ellipse is re-

placed by the circumscribed rectangle with height and width to each side of the sound ray 
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of rFz(x) as shown in Figure 31. rFz(x) is half the width of Fresnel ellipsoid at x calculated 

according to Eq. (293) using the auxiliary function CalcFZd.  is the wavelength and the 

calculation is based on a fraction F = 1/8. 

 

y

r (x)Fz

r (x)Fz

r (x)Fz

rayr (x)Fz

 

Figure 31 

Simplified Fresnel shape in the y-plane. 
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Now the modified value R’sc can be determined by Eq. (294) based on the volume of the 

simplified Fresnel-shape VFz and the scattering volume Vsc inside the shape. x1 and x2 is 

the start and end coordinate of the intersection between the sound ray and the scattering 

belt. If there is more than one scattering zone along the propagation path only values of x 

inside the scattering zones are included in the integration in Eq. (294). The modified value 

R’sc is used instead of Rsc in the method described above. The integrals are solved approx-

imately using the trapezoidal rule after having divided the volume in vertical strips in the 

x- as well as the y-direction. The maximum width of the strips depends on the shape of 

volume but a simple approach is to use 100 strips placed equidistanly in the two directions 

which is assumed to be sufficiently accurate for all practical cases. 
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(294) 

5.20 Sub-Model 11: Reflection Effect 

Sound reflected from an obstacle such as a building facade or a noise screen is dealt with 

by introducing a reflection path from the source S via the reflection point O to the receiver 

R as shown in Figure 1 in Section 5.3.4 where the input variables used in Sub-model 11 

are defined. The reflection point is at the intersection between the straight line from the 

image source S’ to the receiver R and the plane which contains the reflecting surface. 

Therefore, the reflection point may be outside the real surface.  

The propagation effect of the reflection path is predicted by the same propagation model 

used for the direct path on basis of the propagation parameters determined along the re-

flection path. However, the propagation effects in Eq. (1) also include a propagation effect 

Lr which is a correction for the efficiency of the reflection. 

As the direction of propagation is changing at the reflection point O, the weather coeffi-

cients A and B in Eq. (2) may also change at the reflection point due to the wind effects. 

Based on the input variables defined in Section 5.3.4 A and B are determined by Eq. (295). 

This principle can easily be extented to more than one reflection in which case the varying 

values of A and B for each part of the reflection path are weighted by its length d.  
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 (295) 

The correction Lr depends on the size of the reflector and reflection coefficient of the re-

flecting surface as shown in Eq. (296). The first term in the equation is a correction for the 

effective energy reflection coefficient E and the second term is a correction for the “effec-
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tive” size of the reflecting surface. If the reflector placed over a terrain surface the “effec-

tive” size is the combination of the reflector itself and the image of the reflector in the ter-

rain surface. Srefl is the area of the “effective” surface within the Fresnel-zone in the plane 

of reflection and SFz is the total area of the Fresnel-zone. Srefl is determined on basis of the 

input varables zr,upp, zr,low, dr,l, and dr,r defined in Section 5.3.4. In order to avoid unneces-

sary calculation of Srefl and SFz a reflecting surface is ignored if the point of reflection is 

more than 2 m outside one of the surface edges. 
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For a reflecting surface with a frequency dependent absorption coefficient  the energy 

reflection coefficient E is calculated by Eq. (297). 

   ffE  1  (297) 

In order to calculate SFz and Srefl the position of the Fresnel-zone around the reflection 

point O = (xO,zO) has to be determined (xO = d1). If the reflector is vertical (the method is 

applicable also for non-vertical reflectors but a description has not been included in the 

present Nordtest standard due to the substantial complexity of the geometrical calcula-

tions) The coordinate xO is easily determined by the intersection between the line S’R and 

the reflector as shown in Figure 1. The coordinate zO is more difficult to calculate as the 

ray path is circular but can be determined on basis of Eq. (298) giving the height hO,base of 

O above the terrain baseline. R1 and R2 are lengths of the ray path from O to S and R, re-

specively, as defined in Figure 32. 
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The dimension dFZ(f) of the Fresnel-zone above, below, left or right of O can be deter-

mined by Eq. (299) where r is the angle between the ray path at O and the direction to the 

Fresnel-zone border under consideration, F = 1/8, and  is the wavelength. 

    FRRCalcFZdfd rFZ ,,, 21  (299) 

As mentioned in Section 5.8 the Fresnel zone is in the Nord2000 method geometrically 

simplified by using the circumscribed rectangle symmetrically placed around the major 

axis of the Fresnel ellipse. If d >> hS+hR which most often is fulfilled at the same time as 

the reflector is assumed to be vertical, the two axes of the ellipse can be assumed to be 

horisontal and vertical which simplifies the geometrical calculations. 
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Figure 32 

Geometrical definition of a reflection ray path. 

A difference in directivity between the direct and reflected sound path is assumed to be 

incorporated in LW in Eq. (1). 

The reflected sound is added incoherently to the direct sound. 

Irregularly shaped obstacles may be divided into a number of sub-surfaces which each ful-

fils the requirement of being a plane surface, and the overall effect is obtained by a simple 

incoherent summation of the contributions from all surfaces. 

5.21 Interpretation of Terrain 

Before the sound pressure level can be determined by the combined model described in 

Section 5.21.6 the terrain must be characterized as one of the following sub-models: 

1. Flat terrain with one type of surface 

2. Flat terrain with more than one type of surface 

3. Non-flat terrain without screens 

4. Terrain with one screen having one edge 
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5. Terrain with one screen having two edges 

6. Terrain with two screens 

The result may also be a combination of the six sub-models where the calculation is car-

ried by two or more sub-models and where the final results is obtained by interpolation 

between the sub-model results. 

In the following models will be mentioned which are a combination of the sub-models 

shown above. These are: 

 The “Flat” model with the propagation effect Lflat is either the model for flat terrain 

with one type of surface or with more than one type of surface (Sub-models 1 or 2) 

 The “NoScreen” model with the propagation effect Lnoscr is a combination of the 

“Non-flat terrain without screens” model (Sub-model 3) and the “Flat terrain” model. 

 The “OneScreen” model with the propagation effect Lscr1 may be a combination of 

the two one screen models (Sub-models 4 and 5).  

 The “Screen” model with the propagation effect Lscr may be a combination of the 

three screen models (Sub-models 4, 5, and 6). 

The first step will therefore be to make an interpretation of the terrain to determine if a part 

of the terrain is a screen. If so, the most efficient screen is found (is denoted the primary 

screen in the method). If the terrain contains more than one screen, the second most effi-

cient screen is then found (is denoted the secondary screen in the method). Screens other 

than the two most efficient screens are ignored and the terrain segments forming these 

screens are considered simple ground reflection segments. If the screen shape of the pri-

mary and secondary screen has more than one edge it is determined which edge is the most 

efficient edge. If only one screen has been found it is investigated if the screen shape has 

more than one efficient edge. Such an edge will be denoted the secondary edge. Finally the 

primary screen shape and a possible secondary screen will be simplified to include only 

the primary edge and a possible secondary edge in the primary screen. 

5.21.1 Determination of a Primary Edge of a Primary Screen 

The presence of a screen in the terrain profile is only possible if the number of terrain 

segment Nts (=nxz-1) exceeds one. If this is the case, the procedure described in the fol-

lowing is used for determining the most efficient edge of the primary screen. 

Each point in the terrain except the first and last point and points at or below the terrain 

baseline (hbase(i)  0 where i is the number of the point) are considered a potential diffrac-

tion point. To determine the most efficient diffraction point the path length difference ℓ0 

for a non-reacting atmosphere is calculated by Eq. (300) where the terrain point considered 

is Pi = (xi,zi) and zm is the height of the line of sight SR at xi. The use of the auxiliary func-



 

 

AV 1106/07 

Page 133 of 177 

DELTA 

Acoustics & Electronics 

tion H(x) will cause ℓ to be greater than zero if Pi is above the line SR (zi-zm > 0) and less 

than zero if Pi is below the line. 

  

  S

SR

Si
SRm

iimi

z
xx

xx
zzz

where

SRRPSPzzH







 0

 
(300) 

The point no. i with the largest value of ℓ0 will be defined as the most efficient edge of 

the primary screen. Later in the procedure this edge may turn out to be inefficient in which 

case the screen is ignored. The point is denoted T1 = (xT1,zT1). 

When T1 has been determined, the next step will be to determine the efficiency of the dif-

fraction point. This is done by calculating a transition parameter denoted rscr1. This param-

eter will be determined on basis of the path length difference ℓ including the effect of 

refraction and on the distance hbase,T1 of T1 to the terrain baseline. 

ℓ is calculated by Eq. (301) where RS and RR are the source and receiver ray path length 

calculated by Eq. (161) and S and R are the diffraction angles calculated by Eq. (162). 

    RSRSRSRSRS RRRRRRSign   cos222  (301) 

The efficiency of the diffraction point T1 is determined based on three criterions: 

1) ℓ’ shall be sufficiently large where ℓ’ = max(ℓ,ℓ0) 

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 the sound field at the screen 

The first criterion is based on an interpolation parameter rℓ() determined according to 

Eq. (302). A value of rℓ equal to 1 indicates full screening effect and 0 indicates insignifi-

cant screening effect. rℓ is a function of the wavelength .  
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r  (302) 

The second criterion is based on an interpolation parameter r() determined according to 

Eq. (303). A value of r equal to 0 and 1 indicates no screening and full screening, respec-

tively. hSCR = hbase(iT1) is the perpendicular distance from PT1 to the terrain baseline. 

 
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r  (303) 

The third criterion is based on an interpolation parameter rFz() determined according to 

Eq. (304). A value of r equal to 0 and 1 indicates no screening and full screening, respec-

tively. hSCR is defined in the same way as in Eq. (337) and the effective width of the sound 

field is quantified by half the width of the Fresnel-zone hFz(f) determined by the auxiliary 

function CalcFZd using af fraction of the wavelength F = 0.5.  
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(304) 

The three transition parameters are finally combined into the screen transition parameter 

rscr1(f) calculated by Eq. (339). 

       frfrfrfr Fzscr 1  (305) 
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For screens below the line-of-sight the parameter rℓ will reduce the efficiency of a screen 

at high frequencies whereas r and rFz will reduce the efficiency at low frequencies. 

The purpose of transition parameter rscr is used to combine the “NoScreen” model and the 

“Screen” model as shown in Eq. (340). 

          fLfrfLfrfL noscrscrscrscr  11 1  (306) 

If rscr1(f) is greater than zero at at least one frequency it will be necessary to make calcula-

tions by  the “Screen” model. In this case it will be necessary to define which part of the 

terrain shall be interpreted as the “screen shape”. The start of the screen is defined as the 

non-convex point closest to T1 on the source side of T1 and the end of the screen is defined 

as the non-convex point closest to T1 on the receiver side of T1. Whether a point is convex 

or non-convex is determined by the auxiliary function Convex(i). The start point of the 

screen is denoted W1 and the end point W2. 

5.21.2 Determination of a Primary Edge of a Secondary Screen 

If a primary screen was found in Section 5.21.1 and rscr1(f) is greater than zero at at least 

one frequency the next step will be to search for a secondary screen. 

Each point in the terrain except the first and last point, the points being a part of the prima-

ry screen shape, and points at or below the terrain baseline (hbase(i)  0 where i is the num-

ber of the point) the point is considered a potential diffraction point in the secondary 

screen. To determine the most efficient diffraction point the path length difference ℓ has 

to be determined by a procedure slighly modified compared to the procedure used for the 

primary screen. 

If ℓ calculated in Section 5.21.1 for the primary edge of the primary screen is less than 

zero T1 is below the line SR. In this case the first step will be to determine the point T1’ = 

(xT1,zT1’) on the line SR vertically above T1 as shown in Fig. 24. 



 

 

AV 1106/07 

Page 136 of 177 

DELTA 

Acoustics & Electronics 

S
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Figure 33 

Definition of T1’ in cases where T1 is below the line SR 

The procedure is now to determine the path length difference ℓ0 on the source and on re-

ceiver side of the screen. This is done using a procedure similar to the one described in 

Section 5.21.1 where ℓ0 is calculated according Eq. (300). However, when calculating 

the maximum value of ℓ0 on the source side the point R is replaced by T1 or T1’ if T1 is 

below the line SR. In the same way, when calculating the maximum value of ℓ0 on the 

receiver side of the screen the point S is replaced by T1 or T1’ if T1 is below the line SR. 

The point giving the maximum value of ℓ0 is defined as the primary diffracting edge of 

the secondary screen and is denoted T2 = (xT2,zT2). 

When T2 has been determined, the next step is to determine the efficiency of the diffrac-

tion point. This is done by calculating a transition parameter denoted rSCR2. This parameter 

will be determined on basis of the path length difference ℓ including the effect of refrac-

tion and on the distance hbase(iT2) of T2 to the terrain baseline. 

ℓ is calculated by Eq. (307) where R’S and R’R are ray path length determined on basis of 

RS, RM, RR in Eq. (226) and ’S and ’R are the diffraction angles determined on basis of 

1S and 1R in Eq. (227) and 2S and 2R in Eq. (228). If the secondary screen is the screen 

closest to the receiver R’S = RM, RR’ = RR, ’S = 2S og ’R = 2R. If the secondary screen is 

the screen closest to the source R’S = RS, RR’ = RM, ’S = 1S og ’R = 1R. 

    RSRSRSRSRS RRRRRRSign   cos222  (307) 
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The efficiency of the diffraction point T2 is based on the three criterions described in Sec-

tion 5.21.1 and a fourth criterion saying that the distance between T1 and T2 shall be suffi-

ciently large compared to the wavelength. The interpolation parameters rℓ(), r(), and 

rFz() corresponding to the three criterions are calculated by Eqs. (302) through (304) in 

the same way as for the primary edge of the primary screen but for T2 instead of T1. The 

interpolation parameters are in this case denoted rℓ2(), r2(), and rFz2(), respectively 

The interpolation parameter rw() corresponding to the fourth criterion is determined by 

Eq. (308). 
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(308) 

The four interpolation parameters are finally combined into the transition parameter of the 

secondary screen rscr2(f) calculated by Eq. (309). 

         frfrfrfrfr wFzscr 2222   (309) 

The purpose of transition parameter rscr2 is to combine the result of Sub-model 6 (terrain 

with screens) and the result by the “OneScreen” model (Sub-model 4 or a combination of 

Sub-model 4 and 5) as shown in Eq. (310). 

          fLfrfLfrfL scrscrscrscr 1262 1   (310) 

If rscr2(f) is greater than zero at at least one frequency it will be necessary to make calcula-

tions by Sub-model 6. In this case it will be necessary to define which part of the terrain 

shall be interpreted as the “secondary screen shape”. The start of the screen is defined as 

the non-convex point closest to T2 on the source side of T2 and the end of the screen is de-

fined as the non-convex point closest to T2 on the receiver side of T2. Whether a point is 

convex or non-convex is determined by the auxiliary function Convex(i).  

5.21.3 Determination of a Secondary Edge of the Primary Screen 

If a secondary screen was found as described in Section 5.21.2 and rscr2(f) is equal to one at 

all frequencies, the “Screen” model is covered by Sub-model 6 (terrain with two screens). 

Otherwise, the next step will be to search for a secondary edge of the primary screen. 

The selection of a secondary edge and the determination of the efficiency of the edge fol-

low by and large the same principles used for the primary edge of the secondary screen. 

The main difference is that only points in the primary screen shape are considered with the 
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exclusion of W1, W2 and T1. Therefore, if the primary screen shape consists of 3 points 

there is no secondary edge. If the primary screen shape consists of more than 3 points, the 

point with largest path length difference ℓ0 has to be selected in the same way as for the 

primary edge of the secondary screen (if the screen shape consists of four points the selec-

tion becomes simple as only one possible point exists). This point point is denoted T12 = 

(xT12,zT12). 

The interpolation parameters rℓ(), r(), rFz(), and rw() are calculated in the same way 

as for the secondary screen as described in Section 5.21.2 but T2 is replaced by T12. The 

interpolation parameters are in this case denoted rℓ12(), r12(), rFz12(), and rw12(), re-

spectively. The determination of the transition parameter rscr12 of the secondary edge con-

tains two more modifiers r’12() and r’Fz12(). The purpose of the extra modifiers is to 

quantify that the shape T1, T12, W (=W1 or W2) deviates significantly from the straight line 

T1 to W from a propagation point of view. 

 

 

Figure 34 

Definition of h’SCR12 used for determination of r’12 and r’Fz12. 

In order to determine the height h’SCR12 defined in Figure 34, the point P0 is determined by 

Eq. (311) if T12 is on the source side of T1. If T12 is on the receiver side of T1 S has to be 

replaced by R and W1 by W2. 

112

112

12

012 WT
WT

ST
PT   (311) 

If P0 = (x0,z0) h’SCR12 can be calculated by Eq. (312). 
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   12121100121212 ,,,,,,, TTTTSCRTT zxzxzxNormLinehzx   (312) 

Finally r’12() and r’Fz12() are calculated according to Eq. (303) and (304). In the equa-

tions hSCR = h’SCR12 and hFz() is determined by Eq. (313). 
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 (313) 

The six interpolation parameters are finally combined into the transition parameter of the 

secondary edge rscr12(f) calculated by Eq. (314). 

             frfrfrfrfrfrfr FzwFzscr 12121212121212
    (314) 

The purpose of transition parameter rscr12 is to combine the results by Sub-model 4 and 5 

into a result by the “OneScreen” model and as shown in Eq. (315). 

          fLfrfLfrfL scrscrscr 4125121 1   (315) 

5.21.4 Determination of Terrain Flatness 

In the Section Determination of a Primary Edge of a Primary Screen the transition between 

the “NoScreen” and “Screen” model is described. The “NoScreen” model itself is a com-

bination of the “Flat” model (Sub-model 1 or 2) and the “Non-flat terrain without screens” 

model (Sub-model 3). The transition between the “NoScreen” and “Screen” model is 

quantified by the transition parameter rflat. 

Before determining rflat the equivalent flat terrain has to be determined as described in Sec-

tion 5.21.5. Then the source height hSe, receiver height hRe and distance along the terrain de 

measured relative to the equivalent flat terrain can be determined as shown in Eq. (316). 
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 (316) 

The interpolation parameter rf(f) defining the “flatness” of the terrain can now be calculat-

ed by Eq. (317) where R2 is the increase in path length if the flat terrain is displaced by 

downwards by h. h is the average height of the terrain above the equivalent flat terrain 

calculated in Section 5.21.5. Eq. (317) is only used in the frequency range 25 Hz to 2000 
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Hz. At higher frequencies the value at 2000 Hz is used to avoid that the terrain always will 

be interpreted as being non-flat at very high frequencies. rf = 1 indicates a flat terrain while 

rf = 0 indicates a non-flat terrain. 
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(317) 

Due to the fact that rf according to Eq. (317) in most cases will be 1 at very low frequen-

cies even in cases of a highly concavely shaped terrain where submodel 3 for non-flat is 

known to produce better result, the transition parameter is modified as shown in Eq. (393) 

based on a the sum of Fresnel-zone weights for concave segments and the concave part of 

the transition segments in Sub-model 3.  
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(318) 

The purpose of transition parameter rflat is to combine the results by the “Flat” model (Sub-

model 1 or 2) and Sub-model 3 for non-flat terrain without screens as shown in Eq. (319). 

          fLfrfLfrfL flatflatflatnoscr 31   (319) 

5.21.5 Equivalent Flat Terrain 

The equivalent flat terrain is defined as the flat terrain giving the best fit to a non-flat ter-

rain using the least squares method.  
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The equivalent flat terrain is defined by the coefficients  and  as shown in Eq. (320). 

xz    (320) 

The first step when determining the parameters  and  is to calculate the mean value of x 

and z as shown in Eq. (321). 
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Then  and  can be determined as shown in Eq. (322). 
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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) as shown in Eq. 

(323). Ai is calculated as shown in the following. 
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For each segment the vertical height of the terrain relative to the equivalent flat terrain hi at 

the start of the segment and hi+1 at the end of the segment are determined by Eq. (324). 
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If hi and hi+1 have the same sign ( 01 iihh ) indicating that the segment and the equivalent 

flat terrain do not intersect, Ai is calculated by Eq. (325). If Ai<0, Ai is set to 0 when ap-

plied in Eq. (323). 

 ii
ii

i xx
hh

A 


 


1
1

2
 (325) 

If hi and hi+1 have opposite signs ( 01 iihh ) indicating that the segment and the equiva-

lent flat terrain intersects, Ai is calculated by Eq. (326). If Ai<0, Ai is set to 0 when applied 

in Eq. (323). 
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(326) 

Instead of characterizing the equivalent flat terrain by the coefficients  and , the terrain 

can also be characterized by start and end coordinates as defined as shown in Eq. (327). 
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SSGe

xz

xx
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xx













 (327) 

5.21.6 Finite Screens 

As already stated in Section 2 screens are in the Nordtest standard method assumed to 

have infinite horizontal length perpendicular to the direction of propagation. However, if a 

screen has a finite horizontal size a significant contribution of sound may propagate later-

ally from source to receiver around the vertical edges of the screen. This can be taken into 

account as described in the informative Annex E. It is in general recommended to ignore 

lateral diffraction in case of moving sources due to the averaging caused by the movement. 

In some cases the height of the screen may vary laterally. For such screens the calculation 

is performed for a screen height determined by the average height within the significant 

part of the screen. The significant part of the screen is defined by the part of the screen 

which is inside the horizontal limits of the Fresnel-zone around the propagation path as 

shown in Figure 35. 
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RS

a)

b)

Significant part

Significant part

Pr

Pl

P0

Pr

Pl

P0

 

Figure 35 

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

The width of the Fresnel-zone defined by the distance d() from P0 to Pl or Pr is deter-

mined by Eq. (328) where  is the angle between the line SR and P0Pl or P0Pr. The con-

stant 0.4 corresponds approximately to a frequency of 250 Hz and a fraction F of the 

wavelength equal to ½. 

   4.0,,, 00  RPSPCalcFZdd   (328) 

5.22 Compound Model 

The sound pressure level LR at the receiver is for each frequency band predicted according 

to Eq. (329). 

           fLfLfLfLLfLfL rstadWR   (329) 

Ld is the effect of free field attenuation in a homogeneous atmosphere due to spherical 

spreading of the sound energy and is calculated by Eq. (330). 
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 24log10 RLd   (330) 

La(f) is the effect of air absorption calculated by Sub-model 9 as shown in Eq. (331). 

   fLfLa 9  (331) 

Lt(f) is the propagation effect of ground and screens. Lt(f) is combined of several sub-

models as shown in Eq. (332). 

             
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                
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(332) 

Ls(f) is the propagation effect of a scattering zone (mainly forest and other vegetation) 

calculated by Sub-model 10 as shown in Eq. (333). Another propagation effect of a scat-

tering zone is that the coherence between rays are reduced in the ground and screen model 

used to predict Lt(f). This is quantified by the coherence coefficient Fs(f). 

 
 






otherwise

pathnpropagatioalongzonescatteringfL
fLs

0

10
 (333) 

Lr(f) is the propagation effect of a reflector calculated by Sub-model 11 as shown in Eq. 

(334). 

 
 






otherwise

pathreflectionaispathnpropagatiofL
fLr

0

11
 (334) 

5.23 Auxiliary Functions 

This section contains a number of auxiliary functions used to solve a number of calcula-

tion problems in the method. 

5.23.1 Coft 

The function Coft calculates the adiabatic sound speed c (m/s) in dry air at the temperature 

t (°C). 

The sound speed c is calculated by Eq. (335). 
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  15.27305.20  ttCoftc  (335) 

5.23.2 Convex 

The function Convex determines whether two terrain segments intersecting at Pi = (xi,zi) in 

the terrain profile form a convex shape (angle between segments above ) as shown i Eq. 

(336) where i is the terrain point number and bcvx is a logical variable (1 means convex 

intersection, 0 if concave or straight). 

    0001.0,,,,,)( 1111   iiiiiicvx zxzxzxVertDistHiConvexib  (336) 

The value 0.0001 has been introduced to avoid numerical problems in the calculations. 

5.23.3 Exp’ 

The function Exp’ is a practically modified exponential function. The function is modified 

to be zero below the argument -2. The function is defined in Eq. (337). 

 
 

   
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









20

121exp2

1exp

pex

x

xx

xx

xy  (337) 

5.23.4 CalcFZd 

The function CalcFZd is used to calculate the distance from the reflection point O within 

the Fresnel-zone to a point on the elliptic Fresnel-zone in direction  as shown in Figure 

36. S and R are the foci of the ellipse and rS = |SO| and rR = |RO|. 

S

P

d



0 RrS rR

 

Figure 36 

Definition of calculation parameters. 

The function CalcFZd is defined by Eq. (338) where F is the product of a fraction F 

and the wavelength . 

 



 

 

AV 1106/07 

Page 146 of 177 

DELTA 

Acoustics & Electronics 

  FrrCalcFZdd RS ,,,  (338) 

The distance d = OPis calculated as shown in Eq. (339). 
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









 (339) 

5.23.5 FresnelZoneSize 

The function FresnelZoneSize calculates the size of a Fresnel-zone of a reflecting plane 

assuming a non-refracting atmosphere. The function is defined by Eq. (340). 

   FhhdeSizeFresnelZonbaa RS ,,,,, 21   (340) 

where 

d is the distance from image source S’ to receiver R measured along the reflection 

plane 

hS is the height of the source above the plane 

hR is the height of the receiver above the plane 

F is the product of a fraction F and the wavelength  

a1 is the distance from the reflection point O to the source side Fresnel-zone border-

line in the direction of propagation 

a2 is the distance from the reflection point O to the receiver side Fresnel-zone bor-

derline in the direction of propagation 

b is half the width of the Fresnel-zone perpendicular to the direction of propagation  

The variables are defined in Figure 37. 
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hS

P1 G

rR

rS

a1

a2

S’

R

hR

d

O

  

Figure 37 

Definition of variables used when calculating the size of the Fresnel-zone in case of reflec-

tion by a plane surface. 

The variables a1, a2, and b are calculated by Eqs. (341) to (343). 

  FrrCalcFZdOPa GRS ,,,11   (341) 

  FrrCalcFZdOPa GRS ,,,22   (342) 
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 (343) 

In Eqs. (341) to (343) rS, rR and ψG are determined as shown in Eq. (344). 
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5.23.6 FresnelZoneW 

The function FresnelZoneW calculates the frequency dependent Fresnel-zone weight of a 

ground segment assuming a refracting atmosphere. The function is defined by Eq. (345). 

    021 ,,,,,,,,,,, cFddhhdeWFresnelZondhhdfw RSreflRS 


 (345) 

where 

d is the horizontal distance measured along the extended ground segment from 

source S to receiver R 

hS is the height of S above the extended ground segment (if hS < 0.01, hS = 0.01 is 

used instead) 

hR is the height of R above the extended ground segment (if hR < 0.01, hR = 0.01 is 

used instead) 

d1 is the horizontal distance measured along the extended ground segment from 

source S to end point of the ground segment closest to S 

d2 is the horizontal distance measured along the extended ground segment from 

source S to end point of the ground segment closest to R 

F is the product of a fraction F and the wavelength  

ξ is the relative sound speed gradient in the equivalent linear sound speed profile 

c0 is the sound speed at the ground in the equivalent linear sound speed profile 

reflRS dhhd


,,,  are the modified propagation variables corresponding to the modified 

source S’ and receiver position R’ when the curved ray case is transformed into the 

straight ray case as described in the following. 

The first step is to determine the position of the reflection point defined by the horizontal 

distance drefl measured along the extended ground segment from source S, the grazing re-

flection angle ψG, and the ray path distances from source to reflection point RS and from 

receiver to reflection point RR taking into account the effect of refraction. This is done ac-

cording to Eq. (346) if the receiver is not in the shadow zone (is determined by Eq. (43) in 

Section 5.5.4). 

   0, ,,,,,,,,,,, chhdayReflectedRdNANARRNANA RSdreflGRS    (346) 

The variables are shown in Figure 38. 
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RS

RR

RR
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Figure 38 

Definition of variables when determining of the Fresnel-zone weight in case of refraction 

(circular rays). 

If the receiver is in the shadow zone the variables are instead determined by Eq. (347). 
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 (347) 

In order to calculate the size of the Fresnel-zone by the auxiliary function FresnelZoneSize 

valid for a non-refracting atmosphere the curved ray case is transformed into the straight 

ray case by determining modified source and receiver positions S’ and R’ as indicated in 

Figure 38. The modified variables d’, h’S, h’R and d’refl are calculated by Eq. (348). d’refl is 
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horizontal distance from the modified source S’ to the reflection point measured along the 

extended ground segment. 

 
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





 (348) 

Now the position of the Fresnel-zone borders in the direction of propagation relative to the 

reflection point can be determined by Eq. (349) and (350). d1,Fz and d2,Fz are the horizontal 

frequency dependent distance measured along the extended ground segment from source S 

to end point of the ground segment closest to S and R, respectively.  

      FhhdeSizeFresnelZonNAfafa RS ,,,,, 21   (349) 

   

   fadfd

fadfd
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


 (350) 

The frequency dependent Fresnel-zone weight w(f) can now be determined by Eq. (351). 
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1

0

 (351) 

5.23.7 FresnelZoneWm 

The function FresnelZoneWm calculates a modified Fresnel-zone weight w’(f) of a ground 

segment assuming a refracting atmosphere. The function is defined by Eq. (352). 

   021 ,,,,,,, cFddhhdeWmFresnelZonfw RS   (352) 

The input variables are the same as for the function FresnelZoneW described in Section 

5.23.6. The procedure for calculating the weight is the same as described in Section 5.23.6 

except that the Eq. (351) has been replaced by Eq. (353). According to the principle in Eq. 

(353) the contribution to the Fresnel-zone weight on each side of the reflection point is the 

same size. 
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 (353) 

5.23.8 H 

The function H(x) is Heavisides step function calculated as shown in Eq. (354). 
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00

01

x

x
xH  (354) 

5.23.9 HeightOfCircularRay 

The function HeightOfCircularRay calculates the height of a circular ray. As shown in 

Figure 39 the ray starts at the point (0,h1) and ends at the point (d,h2). The curvature of the 

ray corresponds to a relative sound speed gradient ξ. The function calculates the height of 

the ray h0 at point P0 in the horizontal distance d0 from the start of the ray as defined in Eq. 

(355). The function also calculates the lengths of the ray R1 and R2 from P0 to the starting 

and end points, respectively. 
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h1

h0

h2

d0

d
  

Figure 39 

Definition of geometrical parameters in the function HeightOfCircularRay. 

   021210 ,,,,,, dhhdrcularRayHeightOfCiRRh   (355) 

In order to normalise the problem to the solution given in Section 5.5.4, the parameters ’, 

d0’, h1’ and h are defined as shown in Eqs. (356) to (361). 
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121 ,:0 dddhhhh   (361) 

Now the height h0 can be determined by Eqs. (362) to (367) where Sign(x) is the signum 

function. (x0,z0) is the centre of circular ray with radius of curvature Rc. 
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    00 sin zRSignh c    (367) 

Finally, R1 and R2 can be calculated by Eq. (368). 

 

 2002

0011

2
2

1
1

,,,

,,,0

2
arcsin2

2
arcsin2

hdhdLengthr

hdhLengthr

where

R

r
RR

R

r
RR

c

c

c

c





























 

(368) 

5.23.10 ImagePoint 

The function ImagePoint calculates the coordinates of the image Pimage of a point P reflect-

ed in a line P1P2 as shown in Eq. (369). 

   yxyxyxLengthyx ii ,,,,,, 2211  (369) 

where 

P = (x,y) 

P1 = (x1,y1) 

P2 = (x2,y2) 

Pimage = (xi,yi) 

The coordinates of Pimage is calculated by Eq. (370). 
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5.23.11 Length 

The function Length calculates the length of a line P1P2 as shown in Eq. (371). 

 2211 ,,, yxyxLengthd   (371) 

where 

P1 = (x1,y1) 

P2 = (x2,y2) 

d is the distance between P1 and P2 

The distance d is calculated by Eq. (372) 

   2

12

2

12 yyxxd   (372) 

5.23.12 MinConcaveHeight 

The function MinConcaveHeight calculates the smallest source or receiver height where 

the end point of the ground segment closest to the source or receiver point under consider-

ation is at the border of the Fresnel-zone. This height which depends on the frequency is 

used in Sub-model 3 (non-flat terrain without screening effects) to determine whether a 

segment is concave or not. The principle is illustrated in Figure 40 for the source case. 
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S

hS,FZ

PS

d2d1
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R

hR

hR

R’ 

Figure 40 

Definition of the principle for calculating the minimum source height hS,Fz of a concave 

segment and definition of variables used in the calculation. 

The function is defined by Eq. (373) where the variables hR, d1 and d = d1 + d2 are defined 

in Figure 40 and where  is the wavelength. The same function is used to calculate hR,Fz by 

interchanging S and R. 

   ,,, 1, ddhHeightMinConcavefh RFzS   (373) 

If Eq. (374) is fulfilled hS,Fz(f) is set equal to . Otherwise hS,Fz is calculated by Eq. (375) 

where F = 1/16. The variables A, B, C, x1 and x2 in Eq. (375) are a function of the fre-

quency although not indicated. 

Fhhd RR  22

2  (374) 
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5.23.13 NormLine 

The function NormLine determines the projection of a point P onto a line P1P2 and the 

signed distance to the directed line as shown in Eq. (376). 

   yxyxyxNormLinedyx ,,,,,,, 221100   (376) 

where 

P = (x,y) 

P1 = (x1,y1) 

P2 = (x2,y2) 

P0 = (x0,y0) is the projection point 

d is the signed distance to the line. Positive and negative values indicate that the 

point P is left or right of the line, respectively. 

The projection point P0 and the distance d is calculated by Eq. (377). 
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 (377) 

5.23.14 PhaseDiffFreq 

The function PhaseDiffFreq calculates a frequency f corresponding to a phase difference 

 between direct sound and sound reflected by flat ground in case of straight line propa-

gation (homogeneous atmosphere) as shown in Eq. (378) where d is the horizontal propa-

gation distance, hS is the source height, hR is the receiver height, ZG(f) is the terrain imped-

ance as a function of the one-third octave band frequency from 25 Hz to 10 kHz, and the c0 

is the sound speed at the ground. 

   ,),(ˆ,,, 0cfZhhdreqPhaseDiffFf GRS  (378) 
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The phase shift (f) is calculated at the frequency f by Eq. (379) where arg is the argu-

ment of the plane-wave reflection coefficient Rp (complex number).  given by Eq. (379) 

is increasing with the frequency. 
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 (379) 

The problem of determining the frequency f corresponding to the phase shift  using Eq. 

(379) can only be solved by iteration. In order to reduce the calculation time the recom-

mended procedure is to calculate  at the one-third octave band frequencies until  is 

within the range of two neighbouring frequencies (denoted f1 and f2). Interpolation with 

the logarithmic frequency is used to obtain the value f corresponding  as shown in Eq. 

(380). 

 
 

   
      112
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1 loglogloglog fff
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f
f 









  (380) 

If  is greater than (10 kHz), linear extrapolation based on the values at 8 and 10 kHz 

is used up to 100 kHz. Above 100 kHz the value at 100 kHz is used. If  is less than 

(25 Hz), logarithmic extrapolation is used as shown by Eq. (381). 

 Hzf 2525 








   (381) 

5.23.15 SegmentVariables 

The function SegmentVariables determines the geometrical variables needed for a terrain 

segment as defined in Eq. (382) where (xS,zS) are the source coordinates, (xR,zR) are the 

receiver coordinates, and (x1,z1) and (x2,z2) are the segment end coordinates (x2 > x1). 

   221121 ,,,,,,,,,,, zxzxzxzxiablesSegmentVarddhhd RRSSRS   (382) 

The calculated variables are: 

d’ is the horizontal distance measured along the extended ground segment from 

source S to receiver R 

h’S is the perpendicular distance from S to the extended ground segment 
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h’R is the perpendicular distance from R to the extended ground segment 

d’1 is the signed distance measured along the extended ground segment from source 

S to end point (x1,z1). d’1 = 0 means (x1,z1) is below the source while d’1 = d’ means 

below the receiver 

d’2 is the signed distance measured along the extended ground segment from source 

S to end point (x2,z2) 

The variables are calculated as shown in Eq. (383). 
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(383) 

5.23.16 ShadowZoneShielding 

The function ShadowZoneShielding determines the part of the attenuation in a meteorolog-

ical shadow zone that is called the shadow zone shielding in the Nord2000 method as de-

fined in Eq. (384).  

   SZRSSZ dchhdfShieldingShadowZonefL 0,,,,,   (384) 

where 

f is the frequency 

d is the horizontal source-receiver distance 

hS is the source height 

hR is the receiver height 
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ξ is the relative sound speed gradient in the equivalent linear sound speed profile 

c0 is the sound speed at the ground in the equivalent linear sound speed profile 

dSZ is shadow zone distance defined in Section 5.5.4.  

The shadow zone shielding contribution is based on the attenuation of an equivalent 

wedge. The geometry of the wedge is defined in Figure 41. The height of the wedge hSZ is 

determined as illustrated in Figure 42 and depends on the curvature of a source-receiver 

ray.  

RSZ

RSR

hSZ

dSZ

RS

  

Figure 41 

Equivalent wedge used to calculate the shadow zone shielding contribution. 

 

S R

dSZ

hSZ

  

Figure 42 

Ray defining the equivalent wedge used to calculated the shadow zone shielding contribu-

tion. 

To determine hSZ a frequency dependent relative sound speed profile ξSZ is determined by 

Eq. (385). 
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The next step is to determine the height of the ray hSZ at the horizontal distance dSZ using 

the auxiliary function HeightOf CircularRay. hSZ depends on the frequency as shown in 

Eq. (386). 
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    SZSZSZ dfhhdrcularRayHeightOfCifh ,,,, 21   (386) 

Finally the attenuation is calculated by Eq. (387). 
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(387) 

5.23.17 Sign 

The function Sign(x) is the signum calculated as shown in Eq. (388). 
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5.23.18 VertDist 

The function VertDist determines the vertical signed height z from a point P to a directed 

line P1P2 as shown in Eq. (389). 

 zxzxzxVertDistz ,,,,, 2211  (389) 

where 

P = (x,z) 



 

 

AV 1106/07 

Page 161 of 177 

DELTA 

Acoustics & Electronics 

P1 = (x1,y1) 

P2 = (x2,y2) 

z is the signed vertical height above the line. Positive and negative values indicate 

that the point P is above or below the directed line (x2 > x1), respectively. 

The height z d is calculated by Eq. (390). 
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1
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xx

xx
zzzzz




  (390) 

5.23.19 WedgeCross 

The function WedgeCross determines the top point of the equivalent wedge defined by two 

non-adjacent ground segments as shown in Eq. (391). It is required that x1<x2<x3<x4. The 

geometrical variables are defined in Figure 43 and the coordinates (x0,z0) are calculated as 

shown in Eq. (392). 

   4433221100 ,,,,,,,, zxzxzxzxWedgeCrosszx   (391) 

where 

(x1,z1) is the start point of the source side segment 

(x2,z2) is the end point of the source side segment  

(x3,z3) is the start point of the receiver side segment 

(x3,z3) is the end point of the receiver side segment 

(x0,z0) is the top point of the equivalent wedge 

 

(x ,z )0 0

(x ,z )3 3

2

(x ,z )4 4

(x ,z )2 2

1

(x ,z )1 1

  

Figure 43 

Definition of equivalent wedge detemined by two non-adjacent ground segments. 
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 (392) 

5.23.20 Other Auxiliary Functions 

Some auxiliary functions have been defined throughout the sections of Nordtest method 

and is therefore not mentioned in Section 5.23. These functions are mentioned in Table 10 

below with a reference to the section where they have been described. 
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Name of the function Section 

CalcEqSSP 5.5.2 

CalcEqSSPGround 5.5.3 

Dwedge 5.7.2 

Dwedge0 5.7.5 

DirectRay 5.5.4 

p2edge 5.7.4 

p2wedge 5.7.3 

pwedge 5.7.1 

pwedge0 5.7.5 

RayCurvature 5.5.7 

ReflectedRay 5.5.5 

TravelTimeDiff 5.5.6 

Ff(....) 5.9.1 

Fτ(....) 5.9.2 

Fc(....) 5.9.3 

Fr(....) 5.9.4 

Fs(....) 5.19 

 ....ˆ
GZ  5.6.2 

 ....Q̂  5.6.3 

 ....ˆ
iR  5.6.4 

 ....ˆ
pR  5.6.5 

Table 10 

Sections where auxiliary functions are described which are in Section 5.23. 
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  Annex A (Informative) 

  Composite Noise Sources 

Most often “real” noise sources cannot be approximated by a single point source. In this 

case the real source which is denoted the extended source in the Nord2000 methodology 

has to be approximated by a number of incoherent point sources. Subsequently a calcula-

tion is performed for each sub-source and the sound pressure levels of the sub-sources are 

added incoherently. 

Another case where the use of a single point source is insufficient is moving sources (e. g. 

road or railway traffic). A moving source sometimes called an incoherent line source can 

be approximated by a number of source points along the source track. A suitable incre-

mental distance, angle 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 segment 

where the source point is placed in the middle. A discussion of the topic can be found in 

[1]. 
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  Annex B (Informative) 

  Determination of the Simplified Terrain from the Actual Terrain 

A method has been outlined in ref. [1] for approximating any real terrain shapes possibly 

defined on basis of digital elevation data by a segmented terrain. When using the method, 

artificial screens should be preferably be ignored. 

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

having the maximum perpendicular distance rmax to the line between the first and the last 

ground point P1 and P2 will become a new ground point in the segmented terrain. The 

principle is illustrated in Figure 47. 

 

PP1

rmax

P2

P  

Figure 44 

“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 consists of 

three segments. 

This process may be repeated to any degree of perfection but each time a new point is add-

ed, an existing segment is replaced by two new segments. As the calculation time of the 

Nord2000 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. 
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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 a distance dependent requirement as e. g. 

shown in Eq. (393) 

 The length of the segments dsegm fulfils a distance dependent requirement as e. g. 

shown in Eq. (393) 

 The maximum number of segments is Nts,max. For most purposes Nts,max = 10 seems 

to be a reasonable choice. 
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 (393) 

The outlined procedure shall only be considered a proposal and the requirement in Eq. 

(393) depends on the purpose of the calculations. If a more efficient procedure can be de-

veloped, such a method should be used instead. 

The “maximum deviation principle” described above is applicable if no part of the terrain 

is causing significant shielding effects. If one or more parts of the terrain produce screen-

ing effects the screen or screens has to be identified and the “screen shape” has to be de-

termined and simplified as described in Section 5.21. The rest of the terrain between 

source and screen, between screen and receiver and between the two screens in the double 

screen case is simplified using the “maximum deviation principle”. When simplifying the 

terrain between source and the screen closest to source the receiver is replaced by the top 

of the screen. When simplifying the terrain between the receiver and the screen closest to 

receiver the source is replaced by the top of the screen. When simplifying the terrain be-

tween two screens source and receiver are replaced by the screen tops. Where the maxi-

mum number of segments Nts,max for terrain with no significant shielding effects is recom-

mended to be in the order of 10, an order of 5 is recommended for terrain before, after or 

between screens. 
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  Annex C (Informative) 

  Other Impedance Models 

Only the Delany and Bazley impedance model described in Section 5.6.2 is used in the 

Nord2000 mehod and the frequency dependent sound speed profile linearization principle 

described in Section 5.5.3 is closely related to this impedance model. The use of the 

Nord2000 method has shown that other impedance models can be applied with a reasona-

ble accuracy. However, a preliminary investigation shows that a frequency independent 

linearization similar to hard surfaces should be preferred in the whole frequency range un-

til this topic has been investigated more closely. 
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  Annex D (Informative) 

  Change in Vertical Source Emission Angle due to Refraction 

If the noise source has a vertical directivity it has been assumed so far when applying the 

Nord2000 method that the vertical source emission angle is defined by the direction from 

the source to the receiver. In case of refraction this is a reasonable assumption when the 

vertical directivity is not too strong or when the refraction is moderate. However, in cases 

of strong vertical directivity and strong refraction this may not necessarily be true. In such 

cases it can be necessary to correct the vertical source emission angle for the effect of re-

fraction. A simplified method for estimating the effect of atmospheric refraction on the 

source emission angle can be found in the DELTA report AV 1025/06: “Change in Source 

Emission Angle due to Refraction, Simplified Method”. The method determines the verti-

cal change in source emission angle in relation to the source emission angle of a non-

refracting atmosphere. 



 

 

AV 1106/07 

Page 170 of 177 

DELTA 

Acoustics & Electronics 

  Annex E (Informative) 

  Lateral Diffraction of Finite Screens 

In Sub-models 4-6 described in Section 5.13 through 5.15 which include screen effects 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 diffracted laterally around the vertical edges of the screen. In Nord2000 this phe-

nomena is called lateral diffraction. Figure 45 shows the basic case where a finite screen 

blocks the direct propagation but where sound is diffracted around the vertical edges re-

ducing the efficiency of the screen compared to an infinite screen. Figure 46 shows anoth-

er importent case where the direct line from source to receiver is unblocked but where a 

part of the sound field is affected by the finite screen which will increase the attenuation at 

the receiver compared to a situation where the screen is ignored. Both cases are included 

in the Nord2000 method. 

 

S

R

P1

P2  

Figure 45 

Finite screen with vertical edges at P1 to P2 blocking the propagation plane from the 

source S to the receiver R (top view). 
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S

R
P1

P2

 

Figure 46 

Finite screen with vertical edges at P1 to P2 outside the propagation plane from the source 

S to the receiver R (top view). 

The contribution from lateral diffraction is taken into account by adding additional propa-

gation paths as shown in Figure 47. Such a propagation path is in the method called a lat-

eral diffraction path. Normally two lateral diffraction paths are added for each end of the 

finite screen as shown in the figure (Plane 1 and 2). The path is going from S to R via P1 or 

P2. 

 

S

R

P1

P2

Plane 1

Plane SR Plane 2

 
Figure 47 

Lateral dispersion paths for the case where the direct source receiver path is blocked by 

the finite screen. 
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The sound pressure is calculated for each lateral diffraction path using the comprehensive 

propagation model with propagation parameters measured along the vertical propagation 

planes and added after a correction for the screening effect of the vertical edges. 

The sound pressure level from a lateral diffraction path is predicted by the same propaga-

tion model used for the direct path on basis of the propagation parameters determined 

along the lateral diffraction path but ignoring the finite screen. However, the propagation 

effects in Eq. (1) will in this case also include the propagation effect Lv which is a cor-

rection for diffraction around the vertical edge. The sound pressures corresponding to lat-

eral diffraction path 1 and 2 (plane 1 and 2) and the direct propagation path (Plane SR) are 

denoted p1, p2, and pSR, respectively. 

 

S

R

P1

P2

Plane 1

Plane SR Plane 2

 

Figure 48 

Definition of vertical propagation planes in case of a blocked direct propagation plane 

(top view). 

If the lateral diffraction paths are far away from the direct propagation path the sound level 

from the three propagation paths shall be added incoherently but if the paths are very close 

to each other the contributions shall be added coherently. This is done according to Eq. 

(394). The weights w1, w2, and wSR depend on the correction for lateral diffractions (Ll in 

Eq. (1) is equal to 20 log(w)) and F1 and F2 are coherence coefficients which accounts for 

the coherence between the lateral diffraction paths and the direct path.  

    2

22

2

2

2

11

2

1

2

222111

2
11 pwFpwFpwFpwFpwp SRSR   (394) 
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Before determining the weights wSR, w1 and w2 and the coherence coefficients F1 and F2 a 

number of variables used in the calculations have to be defined. Figure 49 defines the ge-

ometry used to calculate the variables for 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. The variables rS, rR, S, R, ,  in Figure 49 and other variables necessary for the 

calculation are determined by Eq. (395). 

 

PS PR

P1

R

S

rRrS

S R

rSR



 

Figure 49 

Definition of parameters S, R, , rS and rR to be used in  the diffraction calculation and 

the transversal separation  to be used in calculation of Fc. 
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(395) 

The weight w1 can now be determined by Eq. (396) as the diffracted sound pressure rela-

tive to the free-field pressure (p0 = 1/rSR). The diffracted sound pressure is calculated by 

the auxiliary function pwedge0 for a non-reflecting wedge. 

 

0

1

,,,,,,,,,0

p

rrrfpwedge
w RSSRRSSRRS 

  (396) 

The coherence coefficients F1 is calculated by Eq. (397) where Ff is the coherence coeffi-

cient due to frequency band averaging (see Section 5.9.1) and Fc is the coherence coeffi-

cient due to turbulence (see Section 5.9.3). 

     SRmeanmeanTvcSRRSf rctCCfFfFfF ,,,,,,, 22

1    (397) 

The weight w2 and the coherence coefficient F2 corresponding to the contribution of sound 

diffracted around the right vertical 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 by Eq. (398). 
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   2

22

2

11

2

2

2

12211 1 wFwFwwwFwFwSR   (398) 

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 unblocked direct propagation and the screen left of the source-

receiver line, the sound pressure is calculated for the three vertical propagation planes de-

fined in Figure 50. P1 is the more remote of the two edges in the sense that it is the edge 

giving the largest sound pressure reduction. Plane SR is the direct propagation plane from 

the source to the receiver and Plane 1 and Plane 2 are defined as the lateral propagation 

paths 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 lateral propagation parameters while plane 2 

includes the screen. The corresponding sound pressures are denoted pSR, p1 and p2. 
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P1
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Plane 2

Plane SR

 

Figure 50 

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. (394) but in this 

case the weights w1 are in the same way calculated by Eq. (396) whereas wSR are calculat-

ed by Eq.(399). The input variables of the function pwedge0 correspond to edge P2. 

 
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Finally, w2 is calculated by Eq. (400) 

   2

2

2

11

22

12112 1 SRSRSR wFwFwwwFwFw   (400) 

The same principle is used if the screen is right of the source-receiver line and P1 is again 

defined as the more remote of the two edges in the sense that it is the edge giving the larg-

est sound pressure reduction.  

If the uncertainties introduced by using the incoherent summation (F1 = F2 = 0) can be ac-

cepted in cases where one of the vertical screen edges are close to the direct propagation 

plane it may be considered to apply this simplification. 

Lateral diffraction can normally be ignored in case of moving sources due to the averaging 

caused by the movement. 
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  Annex F 

  Solution of Integral in Eq. (19) 

The average sound speedc between the heights hS and hR is determined by Eq. (19). The 

equation contains an integral which is solved as shown below in this Annex. In the solu-

tion it is assumed that the vertical sound speed profile is defined by Eq. (2). 
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Eq. (401) can divided into three integral terms as shown in Eq. (402). 

 



















R

S

R

S

R

S

h

hSR

h

hSR

h

hSR

dzC
hh

dzBz
hh

dz
z

z
A

hh
c

11
1ln

1

0

 (402) 

Each term is then solved as shown in Eq. (403). 
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