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ABSTRACT

The ability to predict environmental noise levels from new developments is enhanced by the availability of new computer
models. Whilst the operational format of these models differs, the underlying theoretical basis is generally consistent and is
based on fundamental concepts which have stood the test of time. This paper examines the more important of these
fundamental models including the German standard VDI 2714/2720, the UK CONCAWE model, the Norwegian
NORDFORSK model and Australia’s ENM computer program.
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1.  INTRODUCTION

The prediction of noise in the environment takes the following general form;

1. Determine source power levels Lω

2. Compute total atmospheric attenuation for a given environment scenario by calculating the individual
attenuation components K i  as follows:

•  Geometric spreading

•  Enclosures

•  Barriers

•  Air absorption

•  Wind effects

•  Temperature gradient effects

•  Ground effects

•  Shielding by vegetation and buildings

3.  Compute the resultant sound pressure level at an environmental point using the following equation.

( )[ ]L L Kp W
arith

iall sources
= −∑∑log

(1)

The implementation of Equation 1 is achieved variously by the many different schemes which have proliferated in the last
twenty years.  Each country has developed its own methodologies based in part on theoretical bases and in part on the
interpretation of measured effects.  The most influential of these schemes are the German standard VDI 2714/2720, the
UK CONCAWE, the Norwegian NORDFORSK and Australia’s ENM.  The new ISO standard 9613 is based largely on the
methodologies of VDI2714/2720 and NORDFORSK and is therefore not considered separately in this paper.  The
following sections briefly describe the salient features of each model.

In this paper we depart from the usual convention, which dictates the use of consistent variable names for common
properties or metrics, to assist the reader  in making direct comparisons with the original documents if desired.  This is
particularly true of the German VDI standards which are written in the German language.
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2.  VDI 2714 / VDI 2720

In 1976 the draft of Guideline VDI2714 appeared which was often applied in the intervening years and was extensively
tested. Building on this, and because of some significant changes, another draft version (Green Paper 1986) was
published. The present final version of the guidelines (White Paper) is based on it.

For calculations, this guideline assumes weather conditions which are favourable to the radiation of sound, notably, a wind
speed of 1-3m/sec measured 5m above ground and down-wind from the source up to 1 hour after sunset and up to 1 hour
before sunrise. The consequence of this assumption is that sound rays cannot be considered to propagate radially and
linearly from the source - they are generally curved towards the ground with a radius of curvature equal to 5000m. This
particularly affects the calculation geometry for directivity, barriers and vegetation.

The sound pressure level at a receiver point located at a distance ' 'sm  from the centre point of a single sound source is
computed from Equation (2).

L L DI K D D D D D Ds W o s L BM D G e= + + − − − − − −  (2)

where,

LW , is the Sound Power Level,

DI , is the source Directivity Index,

Ko , the Solid Angle Reflection Index,

Ds , Attenuation due to geometric spreading,

DL , Air absorption factor,

DBM , Ground and Meteorology Attenuation,

DD , Attenuation Measure Due to Vegetation,

DG , Attenuation Measure Due to Built-up Areas,

De , Attenuation Measure Due to Barrier Shielding

In general, computations are made for octave bands or third-octave bands.

2.1.  SOUND POWER LEVEL

The method of calculating distance correction (described below) assumes that all sources are point type. By definition, a
point source is one whose largest extent in any direction is less than one-half the source- receiver distance sm . If this is not
satisfied, then the source must be broken up into smaller units which then individually must comply with the size limitation
stipulated.

This is not a serious limitation in practice because one would need to break up large sources in any event, in order to take
into account the possibility that different sections of the source may have different barrier effects.

The Sound Power Level of the source is to be calculated first by measuring close-in sound levels Ls  and using the
following equation;

L L K K DW s Q o s= − − + (3)

where,

Ko  and Ds  are the solid angle reflection and distance factor corrections respectively (described in the next
sections) and,

KQ is calculated according to whether the source is a line source or plane source. For line sources such as
pipelines and traffic (see Figure 1),
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Figure 1: Source Type Correction factors KQL for linear sound
sources, computed by
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Figure 2: Source type correction factors for vertically oriented radiating
planes
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For plane or area sources, two cases are considered as follows;

i) Vertically Oriented Plane Sources: such as large reflecting walls (see Figure 2) for which;
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(5)

As a rule, the approximate Equation 5 applies when K dBQF ≥ −10

ii) Horizontally Oriented Plane Sources: such as large industrial plant or building roofs for which;
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Figure 3: Source Type Correction factors for horizontally
oriented omnidirectional plane sources with the side ratio:

b l/ ,= 1 b l/ ,= 2 b l/ ,= 4 b l/ = 8



REF: AAS96 Renzo Tonin & Associates  Pty Ltd 7

Figure 4: Derivation of the essential angle for the directivity index.
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2..2.  DIRECTIVITY INDEX

The directivity index of a source, DI, is the difference between the measured sound pressure level in a specific direction of
radiation and the level which would have been produced at that point from an omnidirectional source of equal sound
power. The directivity index is normally frequency dependent.

The effect of ray curvature on directivity should be taken into consideration (see Figure 4). The figure shows that ray
curvature produces an effective directivity angle v  different from vo  which is the angle subtended by the vertical and the
straight line sm . The new directivity angle is calculated from the following equations;

v v v= −0 ∆  (7)

v s
h

o h
0 180= −arctan  (8)

∆v
s
R

s
m

m m= =arcsin arcsin
2 10000

(9)

 (R is taken conventionally in this guideline to be 5000m)

The directivity index DI at the angle v  is then determined from the directivity index of the source.

Source directivity also influences the insertion loss of barriers. When a barrier is placed between source and receiver, the
principal radiating direction then points towards the barrier edge and this may possibly result in a different value of the
directivity index compared to the case when no barrier is present.

2.3.  SOLID ANGLE REFLECTION INDEX Ko

Ko  takes the value 0, 3, 6, 9dB depending upon whether the source is bounded respectively by 0, 1, 2, or 3 close-by
mutually orthogonal sound reflecting planes.

2.4.  DISTANCE CORRECTION

The distance attenuation factor Ds  derived from omni-directional spherical propagation theory is

( ) ( )[ ]D s dB s dBs m m= = +10 4 20 112log logπ (10)

2.5.  AIR OBSORPTION

The correction for air absorption is calculated according to ISO 3891. The attenuation DL  is a function of the temperature
and humidity of the air and is very strongly dependent on frequency. It is proportional to the distance sm  of the sound path

D sL L m= α * (11)

In the case of octave bands, α L  is calculated from,

 ( ) ( )[ ]α L Octave f kHz f kHz dB m, . . . * /= + + −0 02 0 36 0 036 102 2 (12)

For octave bands above and including 2000Hz, the attenuation values are calculated at a frequency ‘f(kHz)’ which
corresponds to the lower third octave in the relevant octave band. This takes into account the attenuation within the band
itself which causes lower frequencies within each band to predominate.

2.6.  GROUND AND METEROLOGICAL ATTENUATION

Attenuations in sound pressure level can occur over large distances because of interference between the ground reflected
ray and the direct ray. This is especially true for the case of sound propagation over flat, open ground when the sound
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source and/or the receiving point are at low elevations. The decrease is often most noticeable in the frequency range from
200 to 600 Hz. At low frequencies (below 200 Hz) an increase in sound pressure level of up to 4dB  can also occur. 18,30

The attenuation produced by ground interference is further complicated by other effects such as atmospheric turbulence
and the directivity characteristics of the sound source. Because of the complex interaction between the ground and
meteorology, these influences are combined into a single attenuation factor DBM  determined in octave bands, as,

( )D D D D dBBM Oct B Q B A B S, , , ,= − + + (13)

which applies for the  range ( )10 h h sQ A+ <  and where,

hQ  is the source height above ground

hA  is the receiver height above ground

s  is the source-receiver distance along the ground (see Figure 5)

DB Q,  Accounts for the influence of the ground GQ  nearest the source and applies for a distance

s h sQ Q= ≤30 from the source,

DB A,  Accounts for the influence of the ground GA  nearest the receiver and applies for a distance
s h sA A= ≤30 from the receiver.

DBS Accounts for the influence of the ground GS in the region midway between source and receiver.
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Figure 5: Ground geometry for calculation of ground attenuation
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Because the influence of the ground under the source is incorporated in DB M Oct, , ,  when applying the correction

Ko specified in the previous sections, the value of Ko  should be reduced by 3dB  (i.e. the effect of one close-by surface
is already taken into account).

The values for D DB Q B A, ,, ,  and DB S,  are to be taken from Table 1. The ground attenuation is determined not only by the
distances s  and heights h  but also by the type of ground cover which is defined by a numeric value G . G  ranges from
0 = hard to 1 = soft ground and three regions are considered, namely, the source, receiver and mid area.

TABLE 1

FREQUENCY DEPENDENT GROUND ATTENUATION INDEX.

OCTAVE FREQUENCY Hz DB,Q  dB DB,A DB,S  dB

63 1.5 1.5 3m

125 1.5 - GQa(h) 1.5 - GAa(h) 3m (1-GS)

250 1.5 - GQb(h) 1.5 - GAb(h) 3m (1-GS)

500 1.5 - GQc(h) 1.5 - GAc(h) 3m (1-GS)

1000 1.5 - GQd(h) 1.5 - GAd(h) 3m (1-GS)

2000 1.5 (1-GQ) 1.5 (1-GA) 3m (1-GS)

4000 1.5 (1-GQ) 1.5 (1-GA) 3m (1-GS)

8000 1.5 (1-GQ) 1.5 (1-GA) 3m (1-GS)

Bitumen or water surfaces are to be classed as hard ( )G = 1 , tilled soil or grass as soft ( )G = 0 . The choice is

unequivocal in those cases where the ground within the ranges defined by the distances sQ  and sA  as well as in the
intermediate range is so uniform that it can be described by one number. When the ground type changes or ranges
overlap, an approximate mean value is to be used.

( )
m

h h
s

Q A= −
+

≥1
30

0 (14)

( ) ( ) ( ) ( )a h e e e eh s h s= + − + −− − − − − −

15 30 1 57 10 12 5 50 0 09 2 8 102 2 6 2

. . .. / . . * (15)

( ) ( )b h e eh s= + −− −15 8 6 10 09 502

. . . /  (16)

( ) ( )c h e eh s= + −− −15 14 0 10 46 502

. . . /  (17)

( ) ( )d h e eh s= + −− −15 50 10 9 502

. . . /  (18)

where h corresponds  to either the source height hQ  or the receiver height hA  as the case may be.

2.7.  ATTENUATION DUE TO VEGETATION

Sound dispersion due to trunks, branches and leaves together with absorption in soft ground influence the propagation of
sound; their combined effect results in an additional attenuation DD . Its magnitude depends on the type and density of the
vegetation, on the length sD  of the sound path in the growth and on the frequency;

D sD D D=α * (19)
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where,

( )αD f Hz dB m= 



0 006

1
3. ( ) /  (20)

and where,

sD  is computed from the distance between entry and exit point of the sound ray in the vegetation zone (see
Figure 6) up to a maximum distance of 200m,

f  is the octave or third-octave band centre frequency in Hz..
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Figure 6: Assumed path of the sound ray through vegetation and built up areas for sound spreading
down-wind and for temperature inversion.
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The height of the curved sound ray hx  above the straight line joining source and receiver is calculated at distances x
from the source using Equation 21.31

( )h
x s x

Rx =
−

2
(21)

The total height above ground hxG  at a distance x  from the source is given for level ground by Equation 22.

( ) ( )h x
s

h h
x s x

RxG A Q= − +
−

2
(22)

In this guideline computations are to be made using R m= 5000 .

The path length sD  of the sound ray through vegetation is simply calculated from

s x xX = −2 1 (23)

2.8.  ATTENUATION DUE TO BUILT-UP AREAS

Buildings, industrial complexes and comparable man-made obstacles can, by reflection, dispersion and absorption, cause
additional attenuation. At the same time, buildings disturb the development of near ground interferences and therefore the
ground and meteorological attenuation measures. DBM must be subtracted when computing the additional attenuation
DG (this is already incorporated in the equations that follow).

If there is direct line-of-sight between the source and receiver then DG = 0 . Otherwise;

( )D m B s D dB dBG G BM= ≥* * * 0  (24)

where,

m  is the reciprocal of the average building dimensions in plan,

B  the building density (i.e. fraction of land built upon) and

SG the path length as determined from Figure 6(b).

For residential areas, m = 01.  is taken as a maximum value. For commercial and industrial areas one computes with
smaller values of m .

In the case of traffic noise propagation through a built-up area located either side of the road, DG  is calculated in a
different way. In this case, one assumes that sound is radiated radially out from the road (as for a line source) and that
sound transmitted through the built-up area is the logarithmic sum of sound through gaps and over the top of buildings.
The attenuation is then;

( )D dBG
D DP e= − +− −10 10 101 0 0 1log . . (25)

where,

D p dB pP = − −





≤10 1
100%

90%log ,  being the proportion of built length to total length,

De  is the shielding attenuation of the buildings and is calculated in the manner described below by assuming, for
the purpose of the calculation, that all gaps between buildings are closed.

The following limits apply;

i) D DG BM+  (built-up area + ground) has an upper limit of 15dB ,

ii) D DG D+  (built-up area + vegetation) has an upper limit of 15dB .
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2.9.  BARRIER SHIELDING

The computation of the barrier shielding attenuation De  is taken from VDI 2720 Part 1. The attenuation of finite barriers

(of surface density greater than 10 2kg m/ ) is calculated by energy adding the contributions around the sides and over the
top of the barrier (see Figure 7);
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Figure 7: Sound propagation paths around a sound barrier
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( )D dBe
D De e= − + + >− −1 10 10 10 00 1 0 11 2log .... ., ,         (26)

If reflecting planes are present in the vicinity of the sound barrier (see Figure 7 (b)), a calculation with image sound sources
is to be made as is further discussed in the next section.

The shielding index Dz  is computed from Equation 27:

D C C C z K dBz = +





10 1
2

3log * .* *
λ ω (27)

where,

C1 3= , and,

C to2 20 40=

(NOTE: The proportionality factor C2  takes into account influences of the ground, diffuse scattering, multiple
reflections between barrier and sound source as well as the directivity index. For simple calculations and cautious
estimates as well as for refraction sideways around barriers, use a value of C2 20= . Where the source or
receiver are very close to the barrier, use a value of C2 20= . If ground reflection is not important (i.e. receiver
and barrier are far above the ground) then use a value C2 40= )

C3 1=

For single refraction on thin barriers corresponding to Figure 8 and generally for traffic noise as per references 32 and 33
and, in the cause of thick barriers (see Figure 9);

C
e

e

3

2

2

1
5

1
3

5
=

+ 



+ 



λ

λ
(28)

λ = sound wavelength

e = for a thick barrier, the distance between the first and last effective refraction edge.

z =path length difference;

For a single barrier (see Figure 8);

( )z a a d d a a sA Q A Q A Q m= + − + = + − (29)

If the obstacle does not extend above the source-receiver line, z  is to take a negative sign.
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Figure 8: Geometric quantities for the single refraction of a sound ray.
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Figure 9: Barrier geometry for determining the barrier value for multiple refraction caused by
thick or parallel thin sound barriers.
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For a thick barrier (see Figure 9), z  is calculated from;

z a e a sQ A m= + + − (30)

KW = correction factor to take into account ray curvature due to wind velocity and temperature gradients,

K
s

a a s
zW

W

Q A m= −








exp

* *1
2

(31)

where,

s mW = 2000 for z > 0 . This is valid for down-wind conditions for sources and receivers at heights of up to
several meters above flat ground and for source-receiver distances of up to 1000 m. 34,35,36

For refraction sideways around obstacles or z ≤ 0  then KW = 1. For distances between sound source and receiver of
less than 1000m, KW = 1

As a rule, the shielding index Dz  is not larger than 20dB for single refraction and not larger than 25dB for multiple
refraction.

The VDI prediction method is perhaps the first algorithm to observe the distinction between the screening index Dz  and
the barrier insertion loss De . The screening index Dz  is the sound level reduction caused by the screen without ground
interference, whereas De  is the insertion loss of the screen including the presence of the ground. The interposition of the
screen changes the ground effect geometry, usually reducing the attenuation value. Therefore, the value of the barrier
insertion loss is,

D D D dBe z BM= − ≥ 0 (32)

This is not true of diffraction sideways around barriers.

In computing the shielding index one may need to take into account not only the principal propagation path but also any
other paths caused by reflections.

The shielding effectiveness of highly-absorbing sound barriers is, in the case of barrier factors z m> 01.  equal to that of
normal reflecting barriers but increases for values of z m>1  at most by 2dB .37 For road and railway traffic, information is
available about the influence of multiple reflections between sound barrier and vehicle. 38,39

As shown by approximations with image sound sources, multiple reflections between two parallel reflecting areas (e.g.
between a shielding wall and a building) with the sound source in between, can be neglected in most applications.

2.10.  REFLECTIONS

If a large surface (e.g. wall, building facade) is present near the sound source or near the receiver location then the sound
reflected from it is accounted for by considering the reflecting area F as being replaced by the mirror image of the sound
source (shown by hatched lines in Figure 10). If the original sound source is shielded from a receiver but not the reflecting
surface, then the sound immission can be decisively influenced by the latter. Image sound sources are to be treated the
same as original sound sources.
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Figure 10: Reflection of a sound source according to DIN 18005 Part 1.
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Figure 11: Ray trace for computing the lower cut off frequency
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The sound power level of the image sound source is taken as being less than that of the original sound source because
part of the incident sound energy is lost in reflection by absorption and dispersion.

Where the absorption factor α oct <1 of the reflecting wall is known, the frequency dependent loss through absorption can
be calculated. The sound power level of the image source is then;

( )L L dBW oct age W oct oct, ,Im , log= + −10 1 α  (33)

The frequency f u  above which an area of smallest dimension l  must be considered as reflecting40 is computed from
Equation 34 and Figure 11.

( ) ( )f
c

l

d d

d d
u

R Q R A

R Q R A

=
+

2
2cos

, ,

, ,β
(34)

where,

f u = the  lower cut off frequency that is considered to influence sound reflection

c = speed of sound in air

dR Q, =distance between sound source and point of reflection

dR A, =distance between reflection point and point of receiver

l =smallest dimension of the reflecting surface

β =angle of incidence

The increase in sound level caused by reflection from an acoustically hard reflecting surface (e.g. ground) can be
calculated purely from the geometry of the situation by means of the following equation

( )
( )

K
s h h

s h h
dBo

Q A

Q A

= +
+ −

+ +















10 1
2 2

2 2log  (35)

The result of the calculation lies between the value 0dB  (for h h sA Q+ >>  ) and 3dB  (for h sA << or h sQ <<  ). This
applies also to a receiver close to walls.

If a linear source (e.g. a traffic artery) is closely built-up on both sides, the sound level is increased not only by the first
reflection but also through multiple reflections by the value DR multiple,  in accordance with Equation 36 (see also DIN 18005
Part 1 and Reference 41).

( )D h w dBR multiple, /= 4 (36)

 for h / .ω ≤= 08
where,

h  is the mean height of buildings along the road and,

w  is the mean distance between facades across the road.

2.11.  WIND

As wind and sound velocities are direction dependent and additive, sound propagation is faster with the wind and slower
against the wind. Because of friction of the air stream close to the ground, due to vegetation and buildings, the wind
velocity decreases with decreasing height. Therefore, as height increases the speed of propagation increases in the
direction of the wind and decreases in the direction against the wind. The fastest path described by the sound rays is
therefore with the wind towards the ground - and against the wind away from the ground in a curved fashion as shown in
Figures 12c and 12d.

When propagating against the wind, sound rays travelling beyond a certain distance do not reach the ground. This leads to
the formation of a sound shadow zone (Figures 12c,12d). After a transition range, commencing at the perimeter of the
shadow zone ,sound level attenuation of up to 30dB  can occur.
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Figure 12: Schematic representation of the influences of air temperature and wind on the spreading of sound.
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When propagating with the wind, the sound waves are convected towards the ground. This convection can partly or even
totally neutralise the attenuation effects of sound barriers.

The wind velocity gradient changes with location, with time and with elevation. This leads to strong local and temporal
fluctuations of the sound level which especially occur at great distances from small localised sound sources. A pronounced
directivity characteristic of the sound source can augment this effect.

Irregularities in the spreading of sound are also caused by atmospheric turbulence. Dispersion and absorption in swirls can
usually be neglected;42 exceptions are those sound sources with strong directivity and shadow zones.

2.12.  TEMPERATURE GRADIENT

Refraction of sound rays either towards or away from the ground also occurs because of temperature gradients in the
atmosphere. In contrast to wind, air temperature affects the sound velocity uniformly in all directions. In unstable weather
conditions the air temperature decreases with height because of the warming up of the ground during the day, creating a
negative temperature gradient. Because sound velocity rises with increasing temperature, the sound waves are diverted
away from the ground and a shadow zone emerges (Figure 12a).

In the case of stable air layering (temperature inversion) both temperature and sound velocity decrease with height. This
causes the sound rays to be refracted towards the ground (Figure 12b). If the air temperature field is inhomogeneous, as
for example over warmed up areas, turbulences evolves which leads to sound dispersion. If sound transverses such
zones, fluctuations in sound pressure levels may occur.

Unstable air layering (temperature lapse) normally occurs during sunny weather in daytime and is prevalent in summer.
Stable air layering (ground inversion) occurs on clear, windless evenings and nights and is prevalent in winter.

3  CONCAWE

In 1977, CONCAWE contracted Acoustic Technology Ltd of Southampton to review the available literature to date on
sound propagation in the atmosphere and to update the algorithms used in the petroleum consortium’s OCMA scheme.
The attenuation curves derived for OCMA were then a number of years old and were based on a limited number of noise
measurements conducted around two oil refineries. The CONCAWE model enables octave band sound pressure levels to
be calculated at a point in the environment for a given meteorological scenario rather than for an average scenario as
used in OCMA or a range of variations specified in VDI.

The literature survey review conducted in the CONCAWE study is quite extensive.15 Where possible, algorithms based on
theory were extracted for use in the model. In most cases, however, the then current theoretical approach was found to be
only new and with limited experimental validation. For this reason, the authors of the CONCAWE model apparently based
many of their algorithms on experimental data but structured in such a way as to conform to theoretical framework. This
was done particularly for the ground attenuation and all meteorological effects.

The resultant sound pressure level in any octave is expressed as:

[ ]L L D K K K K K K Kp Wall sources
= + − − − − − − −∑ 1 2 3 4 5 6 7

log
(37)

where

LW  = octave band sound power level re 10 12−  watts

D  = directivity index of source

K1  = attenuation due to geometric spreading

K2 = atmospheric absorption

K3  = attenuation due to ground effects

K4  = attenuation due to meteorological effects

K5 = correction for source height above ground

K6 = barrier shielding

K7 = in-plant screening
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The CONCAWE model considers the range of octave bands from 63Hz to 4KHz.

3.1  GEOMETRICAL SPREADING K1

In the first instance, the source is assumed to be in free space and with the ground absent. Only point sources are
considered and the distance attenuation is

K R1
210 4= log( )π (38)

3.2  ATMOSPHERIC ABSORPTION K2

The method of calculation of atmospheric absorption due to Sutherland16 was adopted by the American National
Standards17. The CONCAWE authors acknowledge this theory to be the best available for the purposes of calculating
atmospheric absorption losses of noise from industrial plant and quote it to be accurate to within  ± 10%  from 0o C  to
40o C . The choice of the correction term K2  is made by reference to seven tables of absorption data presented in third-
octave bands. They recommend the value for the lower third-octave band be used to typify results for the octave band or in
the case of pure tones, interpolation from one frequency band to the next is required.

3.3  ATTENUATION DUE TO GROUND EFFECTS K3

The CONCAWE model uses experimental data to account for ground attenuation rather than the more complex
theoretical model currently finding favour.18 Originally, an extensive body of attenuation data taken for aircraft runups at
two air-fields in England19,20 was used. However, it was found during the CONCAWE verification trials that this algorithm
overestimated the ground correction term and hence the model was revised to give an improved fit to the data measured
for three typical process plants in Europe.21 The ground correction term was separated from the total measured
attenuation by subtracting the geometrical and air absorption terms but only for data measured during neutral
meteorological conditions (zero wind and temperature gradient). Hence the ground effects term strictly applies for ground
cover similar to that of the process plants considered, namely, flat and undulating land typical of rural and residential areas.
The ground effects term K3  is derived from Figure 13. In the case of concrete covered ground or water, a value of -3 is
assumed for all frequencies.
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Figure 13: CONCAWE ground attenuation curves (category 4)
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3.4  ATTENUATION DUE TO METEOROLOGICAL EFFECTS K4

This is perhaps the most difficult of all algorithms to formulate as the theory is not well understood at present. the two
principal meteorological variables are wind and vertical  temperature gradient (a positive gradient is called temperature
inversion, zero gradient is neutral and a negative gradient is termed lapse). Intuitively, one expects that sound intensity
changes are related to a variation in density of hypothetical sound rays emanating from source. A refraction of the sound
rays results in changes to the ray density and hence to the sound intensity. It has been established22 that the curvature of
sound waves is mainly dependent on the vertical gradient of the speed of sound whether this be caused by wind gradients
or temperature gradients and Piercy, Embleton and Sutherland23 conclude from Parkin and Scholes measurements that
refraction due to vertical wind and temperature gradients produce equivalent acoustic effects which are essentially
additive.

Hence CONCAWE grade meteorological effects into six categories based on a combined vertical gradient. The
temperature gradient is coded in terms of a Pasquill Stability Category A-G shown in Table 2. Category A represents a
strong lapse condition (large temperature decrease with height) whereas category G represents a temperature inversion
as may be found on a calm starlit night.

The vertical temperature gradient so categorized is then combined with the magnitude of the wind vector measured at
ground level (i.e. the proportion of the wind vector pointing from source to receiver) using Table 3. This results in one of the
six meteorogical categories for which attenuations were experimentally obtained from the three European process plants
mentioned above. A typical correction is shown in Figure 14 for the 500Hz octave band.

TABLE 2

CONCAWE DETERMINATION OF PASQUILL STABILITY CATEGORY

FROM METEOROLOGICAL INFORMATION

WIND*

SPEED m/s

DAY TIME INCOMING SOLAR
RADIATION mW/cm2

1 HOUR
BEFORE

SUNSET OR
AFTER

SUNRISE

NIGHT TIME CLOUD
COVER (OCTAS)

>60 30-60 <30 O’CAST 0-3 4-7 8

≤ 1.5 A A-B B C D F or G** F D

2.0-2.5 A-B B C C D F E D

3.0-4.5 B C-C C C D E D D

5.0-6.0 C C-D D D D D D D

>6.0 D D D D D D D D

* Wind speed is measured to the nearest 0.5m/s

** Category G is restricted to night -time with less than 1 octa of cloud and a wind speed of less than 0.5m/s
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TABLE 3

CONCAWE DETERMINATION OF METEOROLOGICAL CATEGORY

METEOROLOGICAL

CATEGORY

PASQUILL STABILITY CATEGORY

A,B C,D,E F,G

1 v < -3.0 - -

2 -3.0 < v < -0.5 v < -3.0 -

3 -0.5 < v < +0.5 -3.0 < v < -0.5 v < -3.0

4* +0.5 < v < +3.0 -0.5 < v < +0.5 -3.0 < v < -0.5

5 v > 3.0 +0.5 < v < +3.0 -0.5 < v < +0.5

6 - v > 3.0 +0.5 < v < +3.0

*  Category with assumed zero meteorological influence

3.5  CORRECTION FOR SOURCE HEIGHT ABOVE GROUND K5

From the research literature, CONCAWE concluded that the ground effect decreases exponentially with an increase in
grazing angle from 0 degrees to a value of zero at angles greater than 5 degrees. However, an experiment by CONCAWE
of attenuation rates for various source and receiver heights did not appear to substantiate this algorithm. They have,
nevertheless, decided to retain it.
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Figure 14: CONCAWE meteorological curves for 500 Hz octave.
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3.6  BARRIER SHIELDING K6

The attenuation due to barriers is calculated using the method of Maekawa but modified to account for wind and
temperature gradients using the approach of De Jong etal 2 . This modification is basically a ray theory approach which
modifies the height of the source and receiver because of ray curvature resulting from wind gradients (this is discussed
further in section 5.6 ). However, the technique is also applicable to temperature gradients which also cause ray curvature.

The familiar Maekawa chart which relates to barrier attenuation is represented by the following sets of equations:

N path length difference= ± λ
2

 (39)

where N is the familiar Fresnel number, and λ  is the wavelength.

Then for

− ≤ < −0 3 0 02. .N K N N N6
2 3565 66 244 287= + + +.

− ≤ <0 02 10. .N K N N N6
2 3502 211 19 9 6 69= + + +. . . .

10 18 0. .≤ <N K N6 10 13= +log

N ≥ 18 0. K6 25= (40)

The algorithm ignores sound diffraction sideways around the edges of the barrier but one could of course calculate this
contribution and include it as a separate source.

3.7  IN-PLANT SHIELDING K7

CONCAWE concluded that, based on measurements conducted by others, shielding of sources by typical plant found in
refineries is negligible and hence K7  should be set to zero. Of course this may not be true close to the plant nor for large
solid shielding obstacles which may then be classed as barriers.

4.  NORDFORSK NOISE MODEL

The NORDFORSK Noise Model44 was developed by the Lydteknisk Laboratorium of Denmark in 1982 for the Danish
Environmental Protection Agency, the Norwegian Environmental Protection Agency and the Swedish Environmental
Board.

The sound pressure level at a receiver point is calculated according to the following equation;

L L L Lp W= + − ∑∆ ∆ϕ  (41)

where,

LW = sound power level, dB  re 10 12−  watts,

∆Lϕ = correction for direction effects in a horizontal plane, and

 ∑∆L = ∆ ∆ ∆ ∆ ∆ ∆ ∆L L L L L L Ld a r s v i g+ + + + + +

∆Ld = geometric spreading term

∆La = air absorption

∆Lr = reflecting obstacles

∆Ls = screening

∆Lv = vegetation
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∆Li = internal (in plant) scattering

∆Lg = ground effect

The attenuation parameters described above are computed in octave bands in the frequency range 63Hz to 8kHz and are
derived from a combination of theoretically and empirically determined relationships. No account is made of weather -
rather, it is assumed that the results pertain to energy mean values averaged over a variety of meteorological conditions as
in VDI2714. In fact the model has much in common with the German standard.

4.1  GEOMETRICAL SPREADING

Geometric Spreading Term = ( )10 4 2log πd (42)

where d  is the source-receiver distance. The formula implies spherical propagation away from the source. The effect of
the ground surface is taken into account in the last term, the ground attenuation (see below). Line sources can be
represented by one equivalent monopole or by a series of monopoles.

4.2  AIR ABSORPTION

∆La  is a correction taking into account the transmission losses due to energy dissipation and molecular relaxation in air.
∆La  is a function of the frequency, and its value depends upon the humidity, the static pressure, and the temperature of
the air.

Values of the atmospheric attenuation are calculated in accordance with the recommendations of the American National
Standard ‘Method for the Calculation of the Absorption of Sound by the Atmosphere’ ANSI S1.26 - 1978.

For planning purposes, it is recommended to assume a relative humidity RH of 70% and a temperature of 15oC.

The attenuation values corresponding to the lower 1/3rd octave band centre frequency of the respective octave band
should be chosen.

4.3  REFLECTING OBSTACLES

In the NORDFORSK prediction method, the effects of sound reflections from obstacles are treated by simple acoustical
mirror considerations. Usually it is sufficient to consider transmission paths involving one or two reflections. Tables are
provided to determine the energy reflection coefficient based on the location, size and type of obstacle.

4.4  SCREENING

The general principle in calculating the screening correction, ∆Ls , is to identify all screening obstacles between source
and immission point. Each obstacle is represented by a regularly shaped, thin screen. The calculation procedure depends
on the number of screens present.

Both vertical and horizontal transmission paths over and around the screens are considered. An approximately circular
transmission path with a curvature of 8 times the horizontal distance between the source and receiver is used.

This transmission path curvature is an empirically deduced feature which has not necessarily anything to do with
transmission path curvatures occurring eg. due to vertical gradients in wind speed and temperature. Among other thins eg.
the effect of turbulence in air near the edge of screens is included.

Point Q in Figure 15 corresponds to the intersection of a curved ray transmission path and the barrier, and is calculated
from

∆h d d
d

= 1 2

16
.
.

(43)

The vertical transmission path difference δv  is then

δv

ST TI SQ QI if k is below T

SI SQ QI ST TI if k is below T
=

+ − −

− − − −





 2 *
(44)
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The horizontal transmission paths δleft  and δright  are determined from straight line considerations only.

4.5  VEGETATION

A curved transmission path is considered. The transmission path height ∆h  above the straight line between the source
and the immission point is determined as for screens.

If this transmission path passes through dense vegetation of tress and bushes, a correction ∆Lv  is calculated.  The
vegetation height should exceed the height of the curved transmission path by 1m or more.

If the transmission path passes through a number of consecutive groups of trees and bushes, and each of these groups
visually blocks the transmission path, the effect of a maximum number of 4 groups is taken into account. A dense forest is
considered as a number of groups, each 50m of transmission path length dυ , passing through the forest representing
one group.

∆L nv v= *αυ  where (45)

nv  = number of groups of vegetation, and,

αυ  = attenuation coefficient per group (see Table 4).

If nv > 4 , nv  is set equal to 4.

TABLE 4

VALUES OFαυ PER GROUP OF HIGH AND DENSE VEGETATION

FREQUENCY Hz

63 125 250 500 1k 2k 4k 8k

COEFF 0 0 1 1 1 1 2 3

In wintertime, the values shown in the table above should be multiplied by 0.5.
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Figure 15: NORDFORSK geometric algorithm for determining barrier attenuation
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4.6  INTERNAL SCATTERING

Very little information is available concerning the effects of sound scattering inside industrial areas. Therefore, in situations
where these effects are considered important, it is recommended that attenuation measurements be carried out in
appropriate transmission path heights in situ. Parameters influencing sound transmission are type, density, diameter and
height of installations and or obstacles.

NORDFORSK provides a calculation method based on an attenuation in dB/m

∆ ∆L di i i= α * (46)

where,

α i = attenuation coefficient dB/m (see Table 5) and,

∆di = length of the part of the transmission path passing through the installation.

If ∆Li >10  then ∆Li  is set equal to 10.

TABLE 5

VALUES OF. α i  TO BE USED FOR OPEN STRUCTURE PROCESS
PLANTING PURPOSES

FREQUENCY Hz

63 125 250 500 1k 2k 4k 8k

COEFF 0.00 0.02 0.05 0.05 0.05 0.05 0.05 0.05

4.7  GROUND EFFECT

The correction ∆Lg  due to the effect of the ground is identical to VDI 2714 and is calculated as the sum of three terms,
each of which are related to the properties of different parts of the ground surface between the source and immission
point.

The values of the correction terms depend upon source and immission point height, type of ground surface, distance
between source and immission point and whether or not screening occurs along the transmission path.

Distinction is made between two types of ground surfaces, i.e. hard and porous. If a percentage of the ground surface is
porous and the rest is hard, the fraction of porous ground is used in the determination of the ground effect term.

The ground correction ∆Lg  in this prediction procedure consists of three contributions - a section of ground within 30
source height distances of the source, a section within 30 receiver height distances of the receiver, and the remaining
centre section.

5.   ENM - ENVIRONMENTAL NOISE MODEL

The Environmental Noise Model (ENM) was developed by RTA Technology Pty Ltd.45 The basic format of calculation is as
follows;

( )L L D A A A A A Ap wall sources
= + − − − − − −∑ 1 2 3 3 4 5

log
(47)

where,

Lw = sound power level dB re 10 12−  watts,

D  = source directivity,

A1  = geometric spreading,
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A2  = barrier attenuation

A3  = air absorption

A4  = wind and temperature effects

A5  = ground attenuation

ENM follows generally the methods used in CONCAWE. Where the two models deviate is in the extent of usage of theory
- ENM being a relatively new model takes advantage of recent developments in the theory of ground effect and the effect
of meteorology. The other notable difference is that ENM was produced as a computer program rather than a descriptive
set of algorithms. ENM works in both 1/3rd octave and 1/1 octave format from 25Hz to 20kHz.

5.1  SOUND POWER LEVEL Lw

The ENM program allows sources to be enclosed or unenclosed. If the source is unenclosed then the sound power level is
specified in the normal way. If the source (or a group of sources) is enclosed then one needs to specify both the sound
power levels of the sources and the acoustic properties of the enclosure walls.

Enclosures are defined as a collection of rectangular surfaces with an absorptive face on the side nearest the source and
having a sound transmission loss. The total power level of all sources within the enclosure is first determined. The total
sound pressure level inside the enclosure and close to the surface is

L L Q
r Absp inside W total, , log= + +





10
4

4
2π

(48)

where,

( )
Q
r4 2π

 is the direct field term and is approximately the reciprocal of the sum of all the surface areas comprising

the enclosure.

Abs is the total absorption within the enclosure and is obtained by summing the absorption of all surfaces
comprising the enclosure.

Assuming that the sound within the enclosure is mostly reverberant, the sound power ‘emitted’ through each enclosure
surface to a free field outside is

L L A TLW surface p inside, , log= − + −6 10  (49)

where the term ( )Lp inside, − 6  is approximately the sound intensity incident normal to the surface. The ‘emitted’ sound

intensity is then calculated by subtracting the sound transmission loss TL of the surface.26

5.2  DIRECTIVITY CORRECTION

A frequency independent directivity correction term is included in the ENM model and is based on either user-selected
angles or array co-ordinates recommended in ISO 3745 - 1977. These co-ordinates are points on the surface of a
hypothetical sphere whose center coincides with the acoustic center of the source. 25 The program interpolates values for
directions of source to receiver which do not coincide with these array co-ordinates.

Directivity of surfaces is specified in a similar manner to sources.

5.3  GEOMETRIC SPREADING A1

All sources are considered firstly in the absence of the ground, that is, as if they were suspended in a free field. Sources
are of three types: point, line and plane.

For point sources, the attenuation due to geometric spreading is that for spherical radiation.

( )A Rpo
1

210 4int log= π (50)

Line sources are treated as a collection of co-linear point sources in order to avoid problems caused when the angle
subtended with the line (see figure 16) is zero
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Figure 16: Geometry for determination of line and plane source algorithms
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For plane sources the sound pressure resulting from monopole radiation of a rectangular source of area A is (see Figure
16)

p W c
A r

dxdyA
2

2

1
4

= 








∫∫

ρ
π

(51)

where,

W  the total source power and

ρc  is the characteristic impedance of air measured at a point  which is a distance R from the source acoustic
center. The integration was performed numerically for different sized sources and for different angles subtended
with the plane. Variation of pressure with angle and plane aspect ratio was shown not to vary significantly for most
situations and so the results were condensed into a single non- dimensionalised curve shown in Figure 17. The
attenuation for plane sources is then calculated by determining the value of C from this figure, and hence,

( )A R Cplane
1

210 4= +log π (52)
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Figure 17: Correction term for sound pressure level determination of plane sources.
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5.4  BARRIER ATTENUATION A2

The Maekawa theory for predicting noise reduction from barriers is commonly used today. New developments in this field.
1, 27, 28, however, include the influence of the ground on both sides of the barrier. At certain frequencies, the ground effect
can become more important than the barrier attenuation and hence the results based on an ideal half infinite barrier can
be substantially in error. Other complications arise when the barrier is not infinitely wide, as is assumed by Maekawa's
theory. The usual method of calculating the noise contribution around the sides of the barriers by Maekawa's alogrithm can
be done29 but the complexities involved in a program such as ENM are quite significant. One would require a very
sophisticated sectioning algorithm to determine the width of barriers. In contrast, sectioning vertically is quite
straightforward.

Ground contours are digitised in the ENM program as a sequence of co-ordinates. The topography of the ground in a
straight line between the source and the receiver is determined by scanning co-ordinate pairs. A hypothetical thick barrier
is then constructed according to the maximum angle subtended to the topographical feature as viewed alternatively from
the source and receiver (see Figure 18). The Fresnel number N is then

( )N
A B C R

= ±
+ + −






λ
2

 (53)

and the CONCAWE approximation (Equation 40) is used to calculate the attenuation A2 .
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Figure 18: Geometry for calculation of the height of barriers.
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5.5  AIR ABSORPTION A3

The algorithm for the calculation of air absorption is based on American National Standard ANSI S1.26.17

The ENM program calculates the value of air absorption in third octaves and logarithmically sums the result to octaves
where required.

5.6  WIND AND TEMPERATURE EFFECTS A4

The effects of refraction of sound in the atmosphere can best be thought of in terms of sound ray propagation. Curvature
of sound ray paths is a result of variations in the speed of sound with height. Sound speed variations can either be caused
by changes in air density due to temperature or simply by the movement of the air medium itself. Intuitively, one would
expect that sonic speed variations caused by a combination of these two effects would be additive. Examination of
measurements conducted by Parkin and Scholes shows there is some evidence to support this theory.23 This principle is
assumed in the CONCAWE model as well.

Assume that the wind profile at low altitudes is determined by the ground surface roughness and may be expressed in the
following simplistic form.

( )u Z u Z= 0
ε (54)

where,

ε  takes a value between 0.11 and 0.36 depending upon the terrain category,

( )u Z  is the wind speed at height Z  and,

u0  is a constant.15

If one were to assume that meteorological data was taken at two ‘standard’ heights namely, at 1 metre and at 10 metres
then the wind gradient at 10 metres is

du
dZ

u= ε
10

(55)

Strictly, the wind gradient is a vector. Hence u  is the component of the wind in the direction from source to receiver and
measured at a height of 10 metres above ground level. u  is positive in the direction source to receiver and negative in the
reverse case.

For simplicity, it is assumed that the vertical temperature profile is linear i.e. the vertical temperature gradient is a constant.
The speed of sound is proportional to the temperature to the half power, or

c c T= 



0

1
2

273
(56)

The vertical sonic speed gradient is then

dc
dZ

dT
dZ dT

dZ
To

=

+ +





10 29

10 273
1
2

.
(57)

where,

dT
dz

 is the vertical temperature gradient, o C metres/ , and,

 To  is the ambient temperature at the 1 metre height.

A positive vertical temperature gradient (temperature increases with height) is termed a temperature inversion, a negative
temperature gradient is a lapse condition and a zero gradient is a neutral condition.

The radius of curvature for a sound wave propagating nearly parallel to the ground is given by2
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( )r c
total vertical sonic gradient

= 0  (58)

We will assume the total vertical sonic gradient is the arithmetic sum of the wind and temperature induced gradients and
hence,

r c
du
dZ

dc
dZ

=
+





0  (59)

where, if r  is positive then the rays are curved downwards and if r  is negative, then upwards.

In the case of open terrain, data from Parkin and Scholes20 as summarised by Piercy23 for observed excess attenuation of
ground borne aircraft noise measured under a variety of weather conditions was classified in terms of the total vertical
sonic gradient. Table 6 shows the value of attenuation so obtained for two source-receiver distances.

TABLE 6

VALUES OF EXCESS ATTENUATION A5 DUE TO WIND

AND TEMPERATURE EFFECTS

TOTAL VERTICAL FREQUENCY

SONIC GRADIENT 31.5 63 125 250 500 1k 2k 4k 8k 16k

110 metres

+0.075 -2 -2 -0.5 3 -2 -5 -2 -2 -2 -2

-0.075 1 1 2.5 0 2 6 10 6 6 6

616 metres

+0.075 -5 -5 -2 0 -9 -9 -6 -7 -7 -7

-0.075 5 5 6 4 7 7 7 6 6 6

Values of A4  are interpolated for other distances except that saturation is assumed to occur farther than 616 metres and
for values of total sonic gradient greater than 0.15.

Wind and temperature effects on barriers are treated in a similar manner to DeJong.2 In essence, the height of source and
receiver are modified to take into account the ray curvature. From Figure 19, assuming  a positive vertical sonic gradient.

h H rs b= − θ αsin (60)

l rs
' cos= θ α (61)

where,

Hb  = barrier height above the source

α = 
( )π θ

β
−

−
2

β =cos− 





1 h
A
b , and

θ = ± −
















 >−cos ,1

2

21
2

2A
r

r A  (saturation is assumed for high sonic gradients)

A  = source - barrier top distance
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NOTE: θ  takes the same sign as 
du
dZ

dc
dZ

+





These equations apply also to the receiver side of the barrier. Given new locations of source and receiver, the barrier
attenuation is recalculated using Equation 40.
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Figure 19: Geometry for calculation of effective source height assuming a positive vertical sonic gradient.
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5.7  GROUND ATTENUATION A5

Propagation of sound from a source placed above a semi-infinite ground plane has been extensively reviewed. Reference
to Figure 20 shows that specular reflection may be considered simply by creating an image of the sound in the ground.
The expression of the plane wave reflection coefficient Rp  may be written as

R

c
Z

c
Z

p
g

g

=

−






















+






















sin

sin

ϕ ρ

ϕ ρ
(62)

where,

ρc  is the characteristic impedance of air, 407 MKS Rayls

Zg  is the impedance of the ground surface and is given by

Z c f i f
g = +







 −





















− −

ρ ρ
ϕ

ρ
ϕ

1 0 0571 0 087
0 754 0 732

. .
. .

(63)

where f  is the frequency and ϕ  is the ground surface flow resistivity, MKS rays/m

Typical values of flow resistivity for various ground surfaces are shown in Table 7.

TABLE 7

FLOW RESISTIVITY VARIOUS SUFACES FOR USE IN GROUND ATTENUATION ALGORITHM
[after Reference 18]

DESCRIPTION OF SURFACE FLOW RESISTIVITY IN MKS RAYLS /m x103

Dry snow, new fallen 4” 15 to 30

Sugar snow 20 to 50

In forest, pine or hemlock 20 to 80

Grass: rough pasture, airport, public buildings, etc 150 to 300

Roadside dirt, ill-defined, small rocks up to 4” 300 to 800

Sandy silt, hard packed by vehicles 800 to 2500

“Clean” limestone chips, thick layer (1/2 to 1 inch mesh) 1500 to 4000

Old dirt roadway, fine stones (1/4” mesh) interstices filled 2000 to 4000

Earth, exposed and rain-packed 4000 to 8000

Quarry dust, fine, very hard packed by vehicles 5000 to 20,000

Asphalt, sealed by dust and use > 20,000



REF: AAS96 Renzo Tonin & Associates  Pty Ltd 47

Figure 20: Geometry for ground absorption algorithm.
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The sound pressure measured at the receiver is

( )

( ) ( )( )
( )

( )p e
kR

R e
k r r

R F e
k r r

ikR

p

ik r r

p

ik r r

= +
+

+ −
+











− − + − +1 2 1 2

1 2 1 2

1 ω  (64)

where,46

( ) ( )F i gω πω ω= −1 (65)

( ) ( )[ ]ω ρ ϕ= − + +





1
2

1 1 2

1
2i k r r c

Z
sin (66)

For small ( )ω ω < 3

( ) ( )
( )g e i

n

n

n
ω ω

π

ω
ω= − 





−

+
−

=

∞∑2 2 2

1 3 2 1

2

0 * *...*
(67)

For both real and imaginary parts of ω  greater than 6

( )F iω ω
ω ω

= −
−

+
−







05124
0 2753

01518
2 72472 2

.
.

.
.

(68)

For values of w where the real part is greater than 3 and the imaginary part is greater than 2,

( )F iω ω
ω ω ω

= −
−

+
−

+
−







0 4613
01902

01
17845

0 0029
552532 2 2

.
.

.
.

.
.

(69)

The first two terms of Equation 64 represent the direct and specularly reflected waves. For hard surface, these two terms
predominate and the result is an attenuation spectrum with regularly spaced nulls because of phase cancellation. For soft
surfaces, however, the third term of Equation 64 predominates and is a result of the mis-matching of the spherical
wavefronts of source and image at the ground surface. At the interface another wave called the ‘ground wave’ exists which
makes the sound pressure level close to the ground non zero.

The ground effect attenuation is then calculated from the following

( )A kR p5
2 210 10= − −log log (70)

which is the difference in magnitudes between the direct field in the absence of the ground and the total field in the
presence of the ground.

Figure 21 shows results of calculations with the ground resistivity as parameter. The ENM algorithm calculates values of
A6 at one seventh octaves and combines these to octaves.

In the ENM program, a ground type code is input along with other contour information. A vertical cross-section of the
ground is taken from each source to receiver point in order to calculate barrier effects. In the ENM model, a choice is
made to average the ground types in cases where there is not a single ground type. There is no physical justification for
this decision, rather, it a temporary measure to be replaced when more is known about the effects of changes in ground
types.
Whenever a barrier is interposed between source and receiver, the reflection angle ϕ  is calculated for two cases; first the
receiver is placed at the top of the barrier and ϕ s  is calculated on the source side. Secondly, the source is placed at the
top of the barrier and ϕ R  is calculated for the receiver side. The value of ϕ  is then taken to be the average of ϕ s and
ϕ R . Again, this methodology is taken to be a temporary measure until more is known about the performance of barriers in
the presence of the ground.
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Figure 21: Typical plot of ground attenuation algorithm result.
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6.   CONCLUSION

The noise prediction schemes reviewed in this paper represent only a small part of international methodologies available
today.  New computation noise models are now available which significantly extend the capabilities of the simple schemes
of the early seventies.  The accuracy of these models is only now being verified and reported.  It appears from the
literature that all available models have similar accuracy characteristics which is not surprising given their similar
theoretical basis.
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