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Summary

The Harmonoise model for predicting environmental noise is expected to provide a basis for the development of
a future method for environmental noise mapping in Europe. In this article a detailed description is presented of
all steps involved in a calculation with the Harmonoise sound propagation model. The description is restricted
to point-to-point propagation, which is a basic element of a full (engineering) model for environmental noise.
The description provides all details that are required for developing a computer code for the Harmonoise point-
to-point model. The development and the theoretical justification of the model was described by D. van Maercke
and J. Defrance in Acta Acustica united with Acustica 93 (2007) 201-212. In the present article some recent im-
provements of the model are included. Numerical examples are also presented. Results of the Harmonoise model
are compared with results of the Nord2000 model, and also with accurate reference results. Also included are
reference results that illustrate the effect of linearizing logarithmic wind profiles, which is relevant as Harmonoise
and Nord2000 assume linearized wind profiles.

PACS no. 43.28.En, 43.28.Fp, 43.50.Rq, 43.50.Sr

1. Introduction

To regulate and control the harmful effects of environ-
mental noise, the European Commission requires that EU
Member States produce noise maps for road traffic noise,
rail traffic noise, aircraft noise, and industry noise [1]. The
noise maps should be represented by exposure distribu-
tions of the inhabitants. The first round of EU noise map-
ping took place in 2007/2008 and the next round will be in
2012.

A problem with the EU noise maps is that there is
not (yet) a standard European model for calculating the
sound levels. For the EU noise maps of 2007/2008 var-
ious national calculation models have been used, which
makes the comparison of noise maps from different Mem-
ber States rather ambiguous. To solve the problem the
European Commission is currently investigating the pos-
sibilities to develop a common European model for fu-
ture noise mapping rounds. Such a model may be based
on the models Harmonoise and/or Nord2000. The Har-
monoise model was developed in the European projects
Harmonoise and Imagine [2]. The Nord2000 model was
developed in a Scandinavian project [3, 4].

As a contribution to the above European development,
this article presents a description of all steps involved
in a calculation with the Harmonoise sound propagation
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model. The description is restricted to point-to-point prop-
agation. The practical problem of representing an ex-
tended source (a road for example) by a number of point
sources is not addressed here. Also the problem of reflec-
tions by vertical surfaces (facades, noise barriers), which
may be formulated by means of image sources, is not ad-
dressed in detail.

The formulas for the various calculation steps are pre-
sented without derivation or justification. Information on
the background of the formulas can be found in refer-
ence [5]. The description presented here includes modifi-
cations of the Harmonoise model applied during the Imag-
ine project and also recent modifications and optimizations
of the model that were applied after a series of test calcu-
lations. For simplicity we refer to the model as the Har-
monoise model. The most important differences compared
to the model described in reference [5] are in the transition
model (section 2.4.3) and in the calculation of the effect of
atmospheric refraction (section 2.5).

The model description presented here provides all de-
tails that are required for developing a computer code for
the Harmonoise point-to-point model. The completeness
of the description was verified by comparing results of two
independent computer codes (one developed in Grenoble
and one in Delft).

In this article some numerical examples of point-to-
point calculations are also presented. Results of the Har-
monoise model are compared with results of the Nord2000
model, and also with accurate reference results. Also in-
cluded are reference results that illustrate the effect of lin-
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earizing logarithmic wind profiles, which is relevant as
Harmonoise and Nord2000 assume linearized wind pro-
files (or more general, sound speed profiles). The numeri-
cal examples and comparisons were previously reported in
[6], while similar comparisons were reported in [7].

The description of the Harmonoise sound propagation
model is presented in section 2 and the numerical exam-
ples and comparisons are presented in section 3.

2. Description of the Harmonoise sound
propagation model

In section 2.1 the set-up of the Harmonoise model is de-
scribed, with basic quantities such as source level, propa-
gation attenuation, and excess attenuation. In section 2.2
a recursive calculation scheme for the excess attenuation
is described. The excess attenuation consists of diffraction
attenuation and ground attenuation, which are calculated
with formulas presented in sections 2.3 and 2.4, respec-
tively. Section 2.5 describes how atmospheric refraction is
taken into account in the model. Section 2.6 describes the
effect of scattering of sound waves by atmospheric turbu-
lence.

2.1. Setup of the Harmonoise model

A situation is considered with a sound source and a re-
ceiver. The sound level L at the receiver is written as
the sum of a source level Loy and a propagation term

ALprop P

L = Lyource + ALprop- (D

Strictly speaking the propagation term ALy, is equal to
minus the propagation attenuation, but for simplicity this
quantity will be referred to as the propagation attenuation.
The propagation attenuation is written as

ALprop = ALgeo + ALyir + ALexcess (2)

with geometrical attenuation A Ly, attenuation due to air
absorption AL, = —ayt, excess attenuation A Leycess,
where r is the source-receiver distance and ay; is the air
absorption coefficient in dB/m, which is calculated with
ISO 9613-1 [8]. The geometrical attenuation depends on
the type of source; for a point source it is ALg, =
-10 10g10(47rr2), but for a line source (segment) a differ-
ent formula applies.

It follows from equations (1) and (2) that the excess
attenuation can be defined as a level difference,

ALcycess = L — Liree., (3)

where Liee = Lsource + A Lgeo + ALy, is the sound level at
the receiver in free-field conditions (no ground, no obsta-
cles, no wind, and no temperature gradients).

The excess attenuation accounts for complex propaga-
tion effects such as atmospheric refraction and turbulence
scattering, ground reflection, and screening (diffraction)
by obstacles. For the calculation of the excess attenuation
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Figure 1. Example of a point-to-point propagation geometry,
with source S,, receiver R,, and a ground profile with vertices
P.

it is assumed that the source can be represented by one
or more point sources. For example, a line source is first
represented by a set of line segments, and next each seg-
ment is represented by a point source at the centre of the
segment for the calculation of the excess attenuation.

The remainder of section 2 describes the calculation of
the excess attenuation for sound propagation from a point
source to a receiver.

2.2. Excess attenuation

2.2.1. Ground profile and atmospheric refraction

The model assumes a ground profile between the source
and the receiver that consists of N straight line segments
with end points P, withi =0, 1, ..., N (see Figure 1). The
xz coordinates of the vertices P; are (x;, z;), with the con-
dition x;1; > x;. The ground segments are labelled with
index k =0, 1, ..., N — 1. The first ground segment is
Py — Py, the second segment is P; — P, etc.

The source S, is located at position (xg, zo + Hs) and
the receiver R, is located at position (xy, zy + Hg), with
(local) source and receiver heights Hg and Hg. Subscript
r is used to distinguish real source .S, and real receiver R,
from general source S and general receiver R, which may
be the real source/receiver or a secondary source/receiver
at a diffraction edge. The source and receiver heights are
subject to statistical uncertainties as described in section
2.4.1.

The effect of atmospheric refraction is taken into ac-
count by a curvature of the ground profile (see [9], for
example), as described in section 2.5. A coordinate trans-
formation is applied to the ground vertices P, while the
source and the receiver remain at heights Hg and Hp
above the transformed vertices Py and Py, respectively
(with height measured along the transformed z-axis).

2.2.2. Diffraction, reflection, and scattering
The excess attenuation in equation (2) is written as

ALexcess = 1010g10 (IOAL/IO + 1OALscal/10>’ (4)

where AL represents sound that reaches the receiver by
diffraction and reflection by the ground profile, and A L.,
represents sound that reaches the receiver by scattering at
turbulent fluctuations in the atmosphere.

The term Ly, is specified in section 2.6. The term AL
is described in the remainder of this section and sections
2.3 and 2.4.
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2.2.3. Recursive calculation scheme for excess attenua-
tion

The excess attenuation AL is determined with a recursive
calculation scheme, which is described in this section.

Basically, the calculation scheme divides the ground
profile into a number of ground sections between diffrac-
tion edges, and the excess attenuation is calculated as a
sum of two types of contributions:

1. diffraction attenuations corresponding to the diffraction
edges,

2. ground attenuations corresponding to the ground sec-
tions.

For the example shown in Figure 1, the diffraction edges
are P,, Ps, and Ps and the ground sections are Py — P,
P2 - P5, P5 - P6, and P6 - Pg.

The calculation consists of three steps.

Step 1) From the ground vertices P, (x;, z;) the set of
points Py, (x;, z; + H;) is derived, with Hy = Hg, Hy =
Hg,and H;, = Ofori =1,..., N — 1. This implies:
B*={Sr,P1,P2 ,,,,, PN—I:Rr} fori=0,..., N.

Step 2) Indices i and j are initialized: i = 0 and j = N.

Step 3) The excess attenuation AL = AL(P;, P;) is cal-
culated.

First the set of points P, with i < k < j above the line
from source point P, to receiver point P, is determined.

If the set of points Py is empty, the result AL of step
3 is equal to the ground attenuation ALg(P;, P;). In this
case there are no diffraction edges above the line from the
source to the receiver.

If the set of points Py is not empty, then the following
two (sub)steps are performed.

i) From the set of points Py, the point P, with the largest
path length difference

6(Pis, Py, Pjx) = d(Pis, Pi) + d(P, Pj)

is selected, where d(P, Q) is the distance between
points P and Q.

ii) The result AL of step 3 is given by
ALp(Py, P, Pjx) + AL(P;, P) + AL(Pc, Py),  (6)

where the term A L represents a diffraction attenuation
for the sound path P,,—P;—P;, and the last two terms are
determined by repeated application of step 3.

The first time step 3 is performed, P, and P;, correspond
to the real source S, and the real receiver R,, respectively.
The next times, however, P, and/or P;, correspond to a
secondary source S at a diffraction edge and/or a sec-
ondary receiver R at a diffraction edge, respectively.

The calculation of the diffraction attenuation AL p is de-
scribed in section 2.3. The calculation of the ground atten-
uation A L is described in section 2.4.
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2.2.4. Frequency and wavelength

The excess attenuation, and also the attenuation due to air
absorption in equation (2), are functions of the frequency
f. With the Harmonoise model, the attenuations are eval-
uated at centre frequencies of frequency bands. The centre
frequencies are indicated as f,,, withn =1,2,.... For ex-
ample, one may use the 27 one-third octave bands from
25Hz to 10kHz (f; = 25 Hz, f>7 = 10kHz). The effect of
frequency band averaging is considered in section 2.4.1.

The wavelength is given by the relation A = ¢o/ f, with
sound speed ¢y. The sound speed is a function of the ab-
solute temperature T (in Kelvin): ¢y = creA/ T/ Tret, With
cref = 331 m/s and Tref = 273 K (cf. section 2.5). For T =
288 K the sound speed is 340 m/s.

The wavenumber is given by k = 2z f /cy.

2.3. Diffraction attenuation

The diffraction attenuation ALp(S, P, R) is calculated
with the following formula due to Deygout [10] for the
situation shown in Figure 2:

ALp(Np) = @)
0 for Np < —0.25,
—6+ 124/—Nfr for — 025 < Nr <0,
—6—124/Nr for0< N <0.25,
-8 —84/Nr for0.25 < Np <1,
—16 — 10log Nf for Np > 1,

with Fresnel number
Np =268/A. (@)

Here 6 is a (signed) path length difference between the
diffracted path S—P—R and the direct path S—R, as speci-
fied below.

Use is made of distances ds and dgr and diffraction
angles Os and O, indicated in Figure 2, and angle 8 =
05 + 0. Diffraction angles 8¢ and O are measured with
respect to the vertical line at point P, counter clockwise
for the source S (or the image source S’) and clockwise
for the receiver R (or the image receiver R’). Image source
S’ and image receiver R’ are used in section 2.4. Angle 6
satisfies 0 < 6 < 4r, if one considers all possible posi-
tions of the (image) source and the (image) receiver. Two
regions are distinguished: 6 < 7 and 6 > x.

For 6 < =, parameter 6 is given by the usual geometrical
definition of the (signed) path length difference,

6=—(ds+dr—dg), €))
with direct path length
dg = \/d?g +dy —2dsdg cos 6. (10)

Parameter 6 is negative for 6 < z, and zero for 6 = x.
For & > =z, an analytical continuation of the geometri-
cal definition of parameter 6 is used (which closely agrees
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Figure 2. Diffraction geometry with source .S, receiver R, and
diffraction edge P (the grey area is a part of a ground profile as
shown in Figure 1). Indicated are diffraction angles s and 6,
distance dg between S and P, and distance dr between P and
R. Also indicated are image source .S and image receiver R'.

with the usual geometrical definition for 7 < 6 < 1.57,
but remains valid for 8 > 1.57):

5= dy(36 + 3¢Y) (11)

with

dg =

|
QU
)
+
QU
=

12)

13)

I
QU
]
+
QU
=
—
S~)
|
~

From ALp a (normalized) diffracted sound pressure am-
plitude pp is calculated,

eikda
Pp = —IOALD/ZO, (14)
dy
where d; is defined above for 8 < z and 6 > z. Amplitude
pp is used for the calculation of the ground attenuation, as
described in section 2.4.

2.4. Ground attenuation

2.4.1. Concave ground model

Geometry For each ground segment a local dh coordi-
nate system is used, with the origin at the normal projec-
tion of the source on (the extension of) the segment, the
d axis along the segment in the receiver direction and the
h axis perpendicular to it (see Figure 3). The h coordi-
nates of the source and the receiver are hg and hg, respec-
tively (local heights hg and hg should be distinguished
from global heights Hg and Hg used in section 2.2).

Three types of ground segments are distinguished, de-

pending on the signs of hg and hg:

e concave segments, with 4g > 0 and hg > 0,

e convex segments, with hg < O or hg < 0,

e hull segments, with 4g = 0 and hg = 0.

An example of a hull segment is Ps—Ps in Figure 1.

In general, the ground between two successive diffrac-
tion edges may contain concave segments, convex seg-
ments, and hull segments.

In this section (section 2.4.1), only situations with con-
cave segments and / or hull segments are considered. In
section 2.4.3 situations with convex segments are consid-
ered. To distinguish the two types of situations, the ground
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ground
segment

Figure 3. Basic reflection geometry for a ground segment, with
source .S, image source .S”, and receiver R. The reflection point
is outside the finite ground segment in this example. The local dh
coordinate system is also indicated, with dimensions Ay, hg, and
d SR-

Figure 4. Geometry with two diffraction edges W) and W, be-
tween the source .S, and the receiver R,.

attenuation AL is labelled with indices ¢ and ¢, respec-
tively (¢ = concave ground model of section 2.4.1, t =
transition model of section 2.4.3): ALg. is described in
section 2.4.1 and A Lg; is described in section 2.4.3.

The formulae below are used to calculate the ground
attenuation ALg.(P;, P;) for propagation from a (sec-
ondary) source at position P, (x;, z; + H;) to a (secondary)
receiver at position Pj.(x;, z; + H;) over ground profile
Pe(xy, zi) withk =1i,..., J (see section 2.2.3).

The distinction between real source or receiver and sec-
ondary source or receiver is illustrated by considering the
geometry shown in Figure 4, with two diffraction edges
W1 and W5. In this case the ground attenuation is calcu-
lated for three ground sections:

a) the section between S, and Wy, with P, = S, and P; =
wi,
b) the section between W) and W5, with P, = W; and

P =W,

c) the section between W, and R,, with P, = W5 and P; =

R..

Ground attenuation  The ground attenuation A L, is cal-
culated as a weighted average of two different ground at-
tenuations:

i) ground attenuation A Lg g, for relatively flat ground,
ii) ground attenuation AL yayiey for valley-shaped terrain.
The expression given below for flat ground reduces to a
well known result for the case of a homogeneous finite-
impedance ground. This expression fails for propagation
over valley-shaped terrain, and a more realistic expression
for this case is given below.
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The expression for A Lg, is

ALg: = FGALG fiar + (1 — FG)ALG valtey (15)

with
Fo = 1—e /%, (16)
XGg = Nw/ 1+(f/fc)2: (17)
j-1
N, = Zwk. (18)
k=i

Here wy are modified Fresnel weights of the ground seg-
ments and f, is a transition frequency. These quantities are
specified in section 2.4.2.

Ground attenuation A Lg g4 s given:

Jj—1

ALGan = ), wiALg ak, (19)
k=i
with
ALg gk = 10log,, ( |1+ CDeox | (20)
+(1-CH|D0i ),
and ground attenuation A Lg valiey 1S given by
j—1 2
ALG vaiey = 101og;q <‘ 1+ ) weCe DO | (21)

k=i
j—-1

+ Y wi(1 = C))| D0y |2),
k=i

where

e (O, is a spherical-wave reflection coefficient (see sec-
tion 2.4.1),

e D, is a geometrical weighting factor (see section 2.4.1),

e ()} is a coherence factor (see section 2.4.1),

e w; is a modified Fresnel weight (see section 2.4.2).

The summations in equations (19) and (21) are over the

ground segments k = i,..., Jj — 1 between the source

and the receiver. The expression for the ground attenuation

for flat ground is well known. The expression for valley-

shaped terrain is based on work preformed in [3] and [11].

Spherical-wave reflection coefficient 'The spherical-wave
reflection coefficient O, must be calculated for the ground
segments k = i, ..., j — 1. For simplicity, subscript k is
omitted in this section.

The solution of Chien and Soroka [12] for the spherical-
wave reflection coefficient has been slightly modified to
obtain a solution that is more realistic for grazing propa-
gation.

The modified solution is

0 =R,+(1-R,)Fy, (22)

where R, = (Zcosa — 1)/(Zcosa + 1) is the plane-
wave reflection coefficient, « is the reflection angle with
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respect to the normal on the surface, Z is the normalized
ground impedance, Fy is the boundary-loss factor given
by Chien and Soroka, (this factor is a complex function
of geometrical parameters, the normalized impedance, and
the frequency; the function is specified in [12]; see [13] for
numerical evaluation of Fp), and ng is given by

ng =1-0.7exp (= hn/hc). (23)

with h, = (hs + hg)/2 and hg = A/32. For ng = 1
equation (22) reduces to the solution of Chien and Soroka.
It should be noted that the finite size of a ground segment
is ignored for the calculation of Q (see Figure 3).

Geometrical weighting factor The geometrical weight-
ing factor Dj accounts for differences in free field and
diffracted field between direct sources/receivers and im-
age sources/receivers. For the calculation of the geometri-
cal weighting factor Dy, four cases are distinguished. The
four cases include three cases corresponding to the three
ground sections (a—c) described before and one case with-
out diffraction.

Case I. i=0andj= N (no diffraction).
In this case we have
pr(S. .. R
= (24)
pF(Sr’ Rr)
with
o ikd(S.R)
S, R)=—. 25
Pr( ) 45 R) (25)

Here S, is the image source of source S, corresponding
to ground segment k, indicated in Figure 3.

Case 2.
before).
In this case the factor Dy is given by

_ po(S, P Ry)
pF(Sr: I)j’ Rr) '

i =0and j < N (for example, case a described

K (26)

where pp is given by equation (14).

Case 3. i>0andj = N (for example, case c described
before).
In this case the factor Dy is given by
pD(Sr» Pi: R/rk)
k= —a— (27
pD(SI" Pi’ RI‘)

Here R, is the image receiver of receiver R, correspond-
ing to ground segment k.

Case 4.
before).
In this case the factor Dy is given by

i>0and j < N (for example, case b described

po(S,. P, P,,) pp(P!,, P, R,)
pD(Sr) Pi, P[) pD(Pi’ })j’ R'") .

Dy = (28)

Here Pl’ . and Pj’ . are the image vertices of vertices P; and
P;, respectively, corresponding to ground segment k.
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Coherence factor The coherence factor Cy is a real num-
ber between zero and one, given by

C = C,Cp, (29)

where subscript k has been omitted for simplicity. Factors
C, and C; account for fluctuations of the phase difference
between direct sound and reflected sound.

Factor C,, is given by

Co=exp( - 302). (30)

where o, is the standard deviation of the fluctuation of the
phase difference @, which is calculated with the relation

D

21 f 2hsh
¢ = k[d(S', R) - d(S, R)| ~ 2z DS R

Co SR

with Dgg = d(S, R). From equation (31) it follows that
o, depends on the standard deviations ¢, 6¢,, Opggs Ohg>
and oy, of the quantities f, co, Dsg, hs, and hg, respec-
tively, by the following relation:

Oy \2 or\2 O \2 Gy \2
(3)=(F)+E)+(5) o
@ f <o ®
ODsr \? Ohs \2 Ohp \2
(o) + () +(Gr)
Dgsr hs hg
where @ = k[d(S’, R) —d(S, R)] is used in the denomina-
tor on the left-hand-side. The first term on the right-hand-
side is used to account for frequency band integration (the
excess attenuation is calculated only at centre frequencies

of one-third octave bands; see section 2.2.4). This term is
given by

or 1Af 1
fo3f 3
with B = 1/3 in the case of one-third octave bands (and
B = 1in the case of octave bands).

In the second term, a default value of zero is used for o,
(so this term is neglected, since fluctuations of the sound
speed are taken into account separately by coherence fac-
tor Cp). In the third term, a default value of zero is used
for op,, (so this term is neglected). In the fourth term and
the fifth term, the standard deviations oy, and oy, are in-
put parameters of the model, which should be specified in
combination with the heights hg and hg. The fourth term
is taken into account only for the case i = 0 (in which the
source is the real source); for the case i > 0 (in which the
source is a secondary source) the fourth term is neglected.
Analogously, the fifth term is taken into account only for
the case j = N, and neglected for j < N.

An upper limit of 1 is applied to the fourth term and the
fifth term: Fourth term = min(1,(cy,/h $)?) and fifth term
= min(1,(64,/hgr)?).

Factor C, in equation (29) is given by

(23/2 _ 2—3/2)’ (33)

3
Cy = exp ( - gDTYTk2P5/3DSR>, (34)
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Figure 5. Illustration of the Fresnel ellipsoid for a sound ray from
a source .S to a receiver R above a reflecting plane (light grey
area). The image source .S” is also indicated.

with

Cr )2 22 ( Cw >2
=|l==) +=(—). 35

T < T 3 Co ( )
where D7 = 0.364 is a constant, Cy, and Cr are turbu-
lence structure parameters for wind speed and temperature
fluctuations, respectively, and p is equal to half the mean
separation of the direct and reflected ray paths,

_ hshg
r= h5+hR‘

(36)

In the case of a hull segment we have hg = 0 and hg = 0,
and equation (36) is replaced with p = 0.

In practice, it is difficult to measure or predict the tur-
bulence structure parameters Cy, and Cr. Therefore, y7 is
considered as an input parameter of the model. A typical
value of y for ‘moderate turbulence’ is 5 - 107°.

2.4.2. Fresnel weights

This section describes the calculation of the modified Fres-
nel weights wy, which were introduced in section 2.4.1.
The calculation proceeds in two steps. First ‘unmodified’
Fresnel weights are calculated as described below. Using
the unmodified Fresnel weights, modified Fresnel weights
are calculated as described later in this section.

Fresnel weighting The Fresnel ellipsoid for a reflected
ray path is a three-dimensional surface that consists of the
set of points P satisfying

d(S',P)+d(P,R) =d(S'.R)+ A/nF, (37

where d(P, Q) is the distance between points P and Q (in
three dimensions). The ellipsoid is illustrated in Figure 5.
The Fresnel parameter np is given by

np = 8. (38)

(For the modified Fresnel weights described later a fre-
quency-dependent Fresnel parameter nr is used, which is
given in equation 59).

The Fresnel ellipse is defined as the intersection of the
Fresnel ellipsoid and the reflecting plane (see Figure 6). A

67



ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 97 (2011)

Figure 6. [llustration of the Fresnel ellipse and the local Ad coor-
dinate system. The ellipse has centre F and axes with lengths 2a
and 2b. The centre does not coincide with the point of specular
reflection.

local dh coordinate system is used, with the origin at the
normal projection of the source on the plane (see Figure 6
and Figure 3). The local source coordinates are (0, hg) and
the local receiver coordinates are (dsg, hgr).

The d coordinate of the centre F of the Fresnel ellipse

is given by
d W2 — h?
dF=%<1+% , (39)
D= —dsp

and parameter a, i.e. half the long axis of the ellipse (see
Figure 6), is given by

2 2 2 2
| | D*+ (D% - D%)? —2D%(D% + D3)

a= = (40)
2
2 D2 —dgp
Here we have introduced the following quantities:
D = A/nF+\/(hS+hR)2+d§R, 41)
2 2 2
DL =+ 1, 42)
Dy = (dsg —dp)’ + . (43)

In general, a Fresnel weight of a ground region is equal
to the area of the region that lies within the Fresnel el-
lipse divided by the total area of the Fresnel ellipse. Here
the calculation is performed in two dimensions, so each
ground segment represents a strip that is infinitely long in
the third dimension.

The Fresnel weight wg of a ground segment k extend-
ing from d = d| to d = d, is given by

wik = Fy(&2) — Fo(&1), (44)

with function F, given by

Fy(x) = (45)
0 forx < —1,
1—2L(cos!(x) —xV1—x2) for —1<x<1,

1 forx > 1,

and parameter &,, given by

_dy—dy
===

Em (m=12). (46)
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Since the model uses no segments to the left of the source
and to the right of the receiver, equation (45) must be mod-
ified for the first segment and the last segment:
F,, = 0 for the left-end point of the first segment (‘foot
point’ of the source),
F,, = 1 for the right-end point of the last segment (‘foot
point’ of the receiver).
This ensures that the relation Y wr, = 1 is satisfied for a
homogeneous infinite flat ground surface, as required.
Equations (45) and (46) imply Fy = 0.5 for £ = 0, or
d = dr, which means that the Fresnel weighting is centred
at the centre of the Fresnel ellipse. It has been found that
this approach works fairly well at low frequency, but re-
quires modification at high frequency (see [5]). The mod-
ified Fresnel weighting described below is centred at a
point that lies between the centre of the Fresnel ellipse and
the specular reflection point.

Modified Fresnel weighting It has been found that the
Fresnel weights described before work well at low fre-
quencies but yield less accurate results at high frequency.
Therefore, modified Fresnel weights wy are used for the
calculation of the ground effect for concave ground, de-
scribed in section 2.4.1. The modified Fresnel weights wy
are given by a similar expression as the Fresnel weights
(44) but with modified arguments &, ,

wi = F,(&) — F, (&), 47
with
’ ém - §C
Em &0 (m=12), (48)
dc —d
Ec = %) (49)
dc = a(f)dr + (1 —a(f))dsp. (50)
dsp = dSRhS_i_hR: (51)
V]

= |1 — , 52
a(f) l + (fc> ] (52)

Sfe = \/fminfmax- (53)

For hull segments hs and hgr are zero, and equation (51)
is replaced with dsp = 0.5dsR.

The modified Fresnel weighting is centred at the point
d = dc¢, which according to equation (50) lies between
the centre of the Fresnel ellipse (point F at d = dp) and
the specular reflection point (d = dsp), depending on the
frequency.

Frequency f. depends on frequencies fui, and fiax,
which are defined by (a unique solution is obtained by an
approach described at the end of this section)

1
(omax(fmin) = E”: (54)

Pmax(fmax) = 7, (55)

where @nax 1s the maximum phase difference between di-
rect and reflected sound,

Pmax () = maxe { @i ()}, (56)
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with
o (f) = arg(Qx) + k[d(S,, R) —d(S, R)|], (57)

where arg(Q) is the phase shift upon reflection (i.e. the
imaginary part of the complex reflection coefficient Q).
Notation max; in equation (56) means that the largest
value from the values for all ground segments k between
the (secondary) source and the (secondary) receiver is
used (i < k < j), where two types of segments are ex-
cluded:

i) convex segments,

ii) segments with zero Fresnel weight wr given by equa-
tion (44).

The meaning of equations (54) and (55) is that the phase
difference @m,x is equal to z/2 for frequency fu;, and
equal to z for frequency fimax. In the model, however, only
centre frequencies of frequency bands (e.g. one-third oc-
tave bands) are considered. Therefore, the following cal-
culation scheme is used to determine fi, and fiax.

For fumin, first the lowest centre frequency f, with
@i (fn) = m/2 is determined. Next fi,;, is calculated by
linear interpolation,

7[/2 - (p(fn—l)
fmm fn—l+(fn fn_l)¢(fn)_¢(fn—1)
forn > 1.Forn =1, fin = fu is used.

For fmax the calculation is analogous, with z /2 replaced
with 7.

The Fresnel parameter np for the modified Fresnel
weights is given by

(58)

np = 32[1 —exp(f/ /7). (59)
where f, is the transition frequency (53).

2.4.3. Transition model

In sections 2.4.1 and 2.4.2 the calculation of the ground at-
tenuation was described for situations without convex seg-
ments, i.e. situations with only concave segments or hull
segments. This section describes the calculation for situa-
tions with one or more convex segments.

Convex segments This section describes the calculation
of quantities Q, Dy, C, and wy for a convex segment
with hg < O and hg > O (see Figure 7). The calculation for
a convex segment with Ag > 0 and hg < 0 is analogous.
The quantities Qy, Dy, Ci, and wy are calculated in the
same way as for concave segments, using equations (22)—
(59), with two modifications:
1) the source S is replaced with the image source .S, so hg
is replaced with —hg,
ii) the geometrical weighting factor D; as described in
section 2.4.1 is multiplied with the factor

pp(S. X, R)/pp(S. X, R), (60)

where X is the specular reflection point indicated in Fig-
ure 7, S is the original source position (not yet replaced
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‘? o R
."’J h
-hg : X (R
S ground
segment |
. R

Figure 7. Geometry with convex ground segment, with hg < 0
and hg > 0. For the calculation of the ground effect, the specular
reflection point X is used as a diffraction edge.

P i+3

i+1

Figure 8. Example of a situation with a convex segment (P4 —
Pi1») between secondary source S and secondary receiver R.
Vertex P, is used as diffraction edge below the line S'R in this
case.

with .S”) and pp is the diffraction amplitude given by equa-
tion (14).

For the diffraction amplitude pp(.S, X, R) in equation
(60), the diffraction angle 6 is equal to z. This implies
pp(S, X, R) = 1hpp(S, R) since ALp = —6dB for N =
0 and 8 = x. For the diffraction amplitude pp (S, X, R') in
equation (60), the diffraction angle 6 is larger than 7.

Ground attenuation In this section the calculation of
the ground attenuation A Lg,(F;, P;) introduced in section
2.4.1 is described. This ground attenuation applies to a
ground profile P, (k = i,..., J) with at least one convex
segment

First one determines the diffraction edge P, below the
line SR that has the smallest path length difference defined
by equation (5). In the search for diffraction edge Py only
left end-points of convex segments with hg < 0 and right
end-points of convex segments with hg < 0 are included.
Diffraction edge P, corresponds roughly to the ‘highest
peak’ below the line S R. Figure 8 shows an example, in
which point P, is the diffraction edge P;.

The ground attenuation A Lg,(P;, P)) is given by

ALg = yAL + (1 — y)AL,, (61)
with AL, = ALp(S, Pc, R) + ALg(P, Py)

+ ALg: (P, P)), (62)
ALy, = ALgc(P;, P)), (63)

where A Lp is the diffraction attenuation described in sec-
tion 2.3 and AL, is the ground attenuation described in
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section 2.4.1, taking into account the modified calculation
of quantities Qy, Dy, C, and wy for convex segments as
described at the beginning of section 2.4.3.

Factor y in equation (61) is given by

r=r+0-y)d- ) (64)

with factors y; and y, described below. Quantity y; ac-
counts for the ‘balance’ between reflection and diffraction
by the ground segments. Factor y, is included to achieve
continuity at the line of sight.

For the calculation of factors y; and y», quantities &g;f
and Ogpek 4 are used. Quantity dg;r is the path length differ-
ence 6(.5, P, R) between the diffracted path S—P;,—R and
the direct path S—R, as defined by equation (5),

ogif = 6(S, P¢, R). (65)

Quantity Jgpel x is defined as follows, for all ground seg-
ments k between S and R:

Sspekk = d(.S;. R) — d(S, R), (66)

where .S is the image source corresponding to ground seg-
ment k. For concave segments, Sgpex ¢ 1S the path length
difference of reflected path S—X;—R and the direct path
S—R, where X} is the specular reflection point for ground
segment k (which may be outside the finite ground seg-
ment k). For convex segments, Sgpek « 1S negative (the re-
placement hg — —hg or hg — —hg is not used for the
calculation of Sgpek x ). Quantity Sspek avg i defined as

j—1
Zk:i Wi 5spek,k

5spek,zwg = -1 (67)
k=i Wk
Quantity y, is given by
_J 1—exp ( - 1/112) forr; >0,
o= { 1 for 7; < 0, (68)
with
5spek avg — (Sdif
= 69
7y /8 (69)
Quantity y, is given by
_ [ 1-exp(—1/13) form, >0,
X2 = { 1 for 7, <0, (70)
with
Odif
= ) 71
2= /64 b

2.5. Atmospheric refraction

As indicated in section 2.2.1, the effect of atmospheric
refraction is taken into account by applying a coordinate
transformation to the ground vertices P;, while the source
and the receiver remain at heights Hg and Hy vertically
above the transformed vertices Py and Py, respectively
(with height measured along the transformed z-axis).
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Before the coordinate transformation is applied, the
segmentation of the ground should be refined in some
cases. The maximum segment length dgeg max 1S 50m for
source-receiver distances Dgg between 150m and 1 km,
Dgr/20 for distances larger than 1km, and Dgg/3 for
distances smaller than 150 m. Segments with length die,
larger than dyeg max are divided into smaller segments of
length d., /M, where M is the smallest integer such that
dseg /M is smaller than or equal to dgcg max-

For the effect of atmospheric refraction, a linear vertical
profile of the effective sound speed is assumed:

C

c(z) = o <1 +Ré> 72)

where ¢ is the sound speed introduced in section 2.2.4
and R. is a constant. This profile corresponds to circular
ray paths with a radius of curvature approximately equal to
|R.|. Height z in equation (72) corresponds to the vertical
z coordinate indicated in Figure 1.

To take into account the effect of atmospheric refrac-
tion (in an indirect way), a coordinate transformation is
applied to the system such that circular ray paths trans-
form into straight lines. The calculation scheme described
in the previous sections (which was based on straight ray
paths) is applied to the transformed system.

The coordinate transformation is the following confor-
mal mapping in the complex plane:

w=x+iz - w=x+iZ, (73)
C(w —wy)

ro _Cw=wo) 74

v C+(w—wpy) 74

with
H H
wo = X0+ XN iZo-I— s+zn+ R’ (75)
2 2

C = iCy, (76)
Hq¢+ H

Co =2 <% + RC> . (77)

Here (x0,z0 + Hs) and (xn,zny + Hpg) are the (x,z)
coordinates of the source and the receiver, respectively
(see section 2.2.1). If this conformal mapping is applied
to the two-dimensional wave equation with non-constant
sound speed c(z), a transformed wave equation in the x'z’
plane is obtained with a sound speed that is constant in
good approximation for source-receiver distances d(.S, R)
up to about 0.2|R.|. This implies that the sound speed
gradient ¢ /|R.| should not exceed 0.2¢y/d(S, R), which
yields 0.23 s~! for d(S, R) = 300 m. This limitation is sat-
isfied in the cases considered in section 3. The condition
d(S, R) < 0.2|R.| can also be written as |R.| > 5d(S, R).
So the model should only be applied to cases in which |R,|
is larger than five times the source-receiver distance.
Equations (73) to (77) give
ng”
s Sy (78)
x""+(Co+2")

, C x//2 + z//2 + Z”C
7 = o( i 0), (79)
x"* + (Co + Z")z
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Table I. Specification for 16 cases of the ground flow resistivity
in kPa s/m? (hard = o) and the atmospheric wind profile (zero:
non-refracting atmosphere, lin: a = 0.2 57!, lin/log: a = 0.177 s/,

b=1ms).

case ground wind
1 hard Zero
2 100 Zero
3 hard lin
4 100 lin
5 20000 Zero
6 20 zero
7 200 Zero
8 200 Zero
9 100 lin/log
10 100 Zero
11 hard lin/log
12 hard Zero
13 100 lin/log
14 100 Zero
15 hard lin/log
16 hard Zero

with
x"=x_xO+TxN (80)
" 2o+ Hs+zv + H
=g s+ anN R 1)

2

Finally, x" is redefined as x and 7’ is redefined as z, and
the calculation scheme described in the previous sections
is applied.

2.6. Scattering by atmospheric turbulence

The effect of scattering of sound waves by atmospheric
turbulence is accounted for by adding a scattering term to
the excess attenuation, as indicated in equation (4). The
scattering term is given by

ALgy = 25+ 1010g10 yr + 3]0g10 ﬁ

DR hor
100

+ 101log, (82)
where parameter T was introduced in section 2.4.1 and
D nor 18 the horizontal distance between the (real) source
and the (real) receiver. Due to the last term in equation
(82), the scattering term increases with increasing distance
DR hor-

3. Numerical examples

In this section numerical examples are presented for point-
to-point propagation, partly based on previous reports [6,
7]. Results of the Harmonoise model are compared with
results of the Nord2000 model [3] and accurate reference
results.
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Figure 9. Geometries of 16 cases (S = source, R = receiver).

Calculations were performed for the 16 cases specified
in Table I. The calculation geometries are shown in Fig-
ure 9. Figure 10 and Figure 11 show the results of the cal-
culations, in terms of 1/3-octave band spectra of the ex-
cess attenuation. Parameters of the calculations are speci-
fied below for each case.

In all cases, the effect of frequency band averaging
through the coherence factor C was included, while other
effects of coherence loss were not included. In the refer-
ence calculations, averaging over 4 frequencies per 1/3-
octave band was performed. For the sound speed ¢y a
value of 340 m/s was assumed, corresponding to a tem-
perature of 288 K. The effect of scattering by atmospheric
turbulence was ignored. For atmospheric refraction, vari-
ous wind profiles were assumed, while temperature gradi-
ents were ignored. Consequently, the sound speed profile
is equal to the sum of sound speed c¢( and the wind speed
profile.

In case 1 we have the following parameters: source-
receiver distance 75 m, source height 0.75 m, and receiver
height 5m. A hard (rigid) ground and a non-refracting at-
mosphere (no wind) were assumed. Figure 10 shows that
results of Harmonoise (HAR) and Nord2000 (N2K) agree
with a reference solution (REF), which in this case is an
analytical solution [9] for a point source above a hard
ground surface.

Case 2 is similar to case 1, except for the ground: an
absorbing ground with a flow resistivity of 100 kPa s/m?
was assumed. The ground impedance was calculated from
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Figure 10. Results for cases 1-8 (HAR = Harmonoise, N2K =
Nord2000, and REF = reference solution).

the flow resistivity with the Delany and Bazley model [14]
for a semi-infinite porous medium (in all cases). The refer-
ence solution is an analytical solution [9] for a point source
above an impedance surface. There is good agreement be-
tween the three solutions.

Case 3 is similar to case 1, except for the atmosphere: a
linear sound speed profile ¢ = ¢y + az was assumed, with a
=0.2s7!. The ground interference minimum at 1600 Hz in
case 1 is shifted to 1250 Hz in case 3. There is good agree-
ment between the three solutions. The reference solution
was calculated with a Greens Function Parabolic Equation
(PE) model [9], and was restricted to frequencies up to
2500 Hz for reasons of computational time and memory.

Case 4 is similar to case 2, but again a linear sound
speed profile was assumed. There is good agreement be-
tween the three solutions.

Case 5 is similar to case 1, but now a 6 m high barrier
has been included at 30 m from the source, and an ab-
sorbing ground with flow resistivity 20000 kPa s/m? was
assumed. The reference solution was calculated with a
Boundary Element Method, and was restricted to frequen-
cies up to 1000 Hz for reasons of computational time and
memory. There is good agreement between the three solu-
tions.

In case 6 we have the following parameters: source-
receiver distance 75m, source height 0.75m with re-
spect to a 3m high berm, and receiver height Sm. A
highly absorbing ground was assumed, with flow resis-
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Figure 11. Results for cases 9-16 (REFa = PE for logarithmic
profile, REFb = PE for range-dependent profile). Symbols and
lines are defined by the legends in the graphs for the cases 11
and 13.

tivity 20 kPas/m?. The reference solution was calculated
with a Boundary Element Method. Deviations from the
reference solution are slightly larger for Nord2000 than
for Harmonoise, at mid and high frequencies.

In case 7 the source-receiver distance is 60 m, while the
ground has an irregular profile and a flow resistivity of
200 kPa s/m?. The reference solution was calculated with
a Boundary Element Method. At low frequency Nord2000
deviates a few decibels from the reference solution.

Case 8 is similar to case 7, but with a slightly modified
geometry. Harmonoise and Nord2000 deviate from the ref-
erence solution above 1 kHz, but here the excess attenua-
tion is lower than —20 dB, and in this range deviations are
usually irrelevant in practice due to sound paths not in-
cluded here. At low frequency smaller deviations occur.

For cases 9, 11, 13, and 15 (described below), results are
presented that illustrate the effect of linearizing the sound
speed profile. The linear profile may be considered as an
approximation of the (more realistic) logarithmic profile
¢ =co~+bln(1 + z/z0), with parameters b and zg = 0.1 m.
For the calculations presented in this article a value of
1 m/s was used for parameter b.

In the Harmonoise and Imagine projects a method was
developed to calculate the gradient a = ¢/ R, of the lin-
ear profile (see equation 72), in such a way that one may
expect results (excess attenuations) that agree as much
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as possible for the logarithmic and the linear profile. The
scheme was based on the condition that the circular sound
ray (sound rays are circle segments for a linear profile)
should pass through the source and receiver positions and
through the highest point of the sound ray for the logarith-
mic profile. The resulting formula for the gradient a of the
linearized profile is

a=cy(VB*-AC-B)/C,

with A = 1 +tan’?60 — y%, B = hp (1 +tan? ), and C =
3, (1 + tan? 6) + (d/2)? (the formula is valid for b > 0).
Here the following quantities are used: tand = (hr —

hs)/dsg, b = (hs + h) /2, d = [ + (hs = he)

k = +/b/(2rcy), and y = (1+4k?)/(1 —4k?), where hg is
the source height, Ay is the receiver height, and dgg is the
horizontal distance between the source and the receiver.
Substitution of the values of the parameters for cases 9,
11, 13, and 15 yields a = 0.177 s~

In case 9 we have the following parameters: source-
receiver distance 300 m, source height 0.75 m, and receiver
height 2 m. An absorbing ground was assumed. Two PE
reference solutions are included, one for a logarithmic
sound speed profile with b = 1 m/s (REFa), and one for
the linearized profile with gradient a = 0.177 s~ (REF)
that was also used for the Harmonoise and Nord2000 so-
lutions. For the linear profile, Harmonoise agrees slightly
better with the reference solution than Nord2000 does,
but the high excess attenuation of 15dB at 2kHz is not
reproduced by Harmonoise and Nord2000. For the loga-
rithmic profile (REFa), however, excess attenuations are
considerably lower (5-15dB for 500-2000 Hz). Conse-
quently, Harmonoise and Nord2000 agree slightly better
with REFa than with REF, but deviations are still up to
10dB.

Case 10 is similar to case 9, but now a non-refracting
atmosphere is assumed. In this case there is perfect agree-
ment between the three solutions. The reference solution is
an analytical solution [9] for a point source above a ground
surface (also in cases 12, 14, and 16). We verified that the
PE method yields accurate agreement with the analytical
solution.

Case 11 is also similar to case 9, but now a hard (rigid)
ground is assumed. Again two PE reference solutions are
included: one for the logarithmic profile (REFa) and one
for the linearized profile (REF). The solutions REF and
REFa show excess attenuations above 10dB for a much
wider frequency range than for case 9. The Harmonoise
solution agrees better with the reference solutions REF
and REFa than Nord2000 does, although there are con-
siderable deviations at high frequency. It is surprising that
Harmonoise follows the reference solutions so well until
500 Hz, as the high excess attenuation levels are partly due
to multiple ground reflections (see Figure 12), which are
not taken into account (explicitly) with the Harmonoise
model.

Case 12 is similar to case 11, but now a non-refracting
atmosphere is assumed. In this case there is perfect agree-
ment between the three solutions.
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Figure 12. Sound rays for cases 9 and 11 with a logarithmic
sound speed profile with b = 1 m/s.

range (m)

Figure 13. Range-dependent windspeed profile near a 6 m high
barrier at range 30 m (thick line), for a logarithmic inflow profile
bIn(1+ z/z0), with zop = 0.1 m and b = 1 m/s. The horizontal de-
viation from the vertical dashed lines represents the windspeed.
The recirculation region extends to 20 times the barrier height,
so to range 150 m.

Case 13 is similar to case 9, but now a 6 m high barrier
has been included at 30 m from the source. In addition to
the reference solutions for the logarithmic profile (REFa)
and for the linearized profile (REF), we have included a
reference solution (REFb) for a realistic range-dependent
profile taking into account the effect of the barrier on the
wind speed profile (see Figure 13) [9, 15]. Solution REFb
yields considerably higher levels than the other solutions
do, owing to large wind speed gradients near the barrier
top (see Figure 13), which are ignored by the other solu-
tions.

Case 14 is similar to case 13, but now a non-refracting
atmosphere is assumed. In this case there is fair agreement
between the three solutions, although deviations from the
reference solution are a bit larger for Nord2000 than for
Harmonoise.

Case 15 is similar to case 13, but now a hard (rigid)
ground is assumed. Again, the reference solution (REFb)
for the realistic range-dependent wind speed profile yields
considerably higher levels than the other solutions do. In
addition, Harmonoise and Nord2000 deviate from the ref-
erence solutions for frequencies below 250 Hz.

Case 16 is similar to case 15, but now a non-refracting
atmosphere is assumed. In this case there is good agree-
ment between the three solutions.

4. Concluding remarks

The Harmonoise propagation model is an accurate engi-
neering model for outdoor sound propagation, and repre-
sents a ‘step forward’ with respect to older engineering
models such as the ISO model [16]. Harmonoise is applied
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to arbitrary terrain profiles with a Fresnel weighting ap-
proach that was initially based on the Nord2000 approach
and was further developed and fine-tuned by comparison
with reference solutions.

Harmonoise differs from Nord2000 by the way in
which atmospheric refraction is taken into account. While
Nord2000 employs curved sound rays, Harmonoise ac-
counts for refraction by ground curvature. The ground cur-
vature approach seems to work well, at least for small
and moderate propagation distances. For large distances,
however, multiple ground reflections become important
(in particular for hard ground), and these reflections are
not taken into account (explicitly) by Harmonoise. In con-
trast, Nord2000 includes a correction term to account for
multiple ground reflections in a downward refracting at-
mosphere. However, it was found in this study that Har-
monoise performs better than Nord2000 for a case with
downward refraction over 300 m flat ground, both for hard
ground and for absorbing ground.

Both Harmonoise and Nord2000 are restricted to linear
sound speed profiles. In this study we have investigated
the effect of linearizing the sound speed profile. For prop-
agation over 300 m we found considerable differences be-
tween reference solutions for a logarithmic profile and the
corresponding linearized profile. Further, we have inves-
tigated the influence of the indirect effect of a barrier on
sound propagation through the barrier-induced modifica-
tion of the wind speed profile (a barrier ‘blocks’ wind).
We found that this effect is not predicted accurately by
the engineering models Harmonoise and Nord2000. This
implies that the small differences between Harmonoise /
Nord2000 and reference solutions reported in [4] (the stan-
dard deviations was 2.5 dB for Harmonoise and 3.0 dB for
Nord2000) may be too optimistic in some cases.

From the 16 cases studied here we conclude that Har-
monoise is slightly more accurate than Nord2000 is. This
was also concluded in [4], except at very low frequency.
Finally, we mention that the application of a point-to-point
model such as Harmonoise or Nord2000 to full calcula-
tions for complex situations in an urban environment is
not straightforward. A problem in an urban environment
is that we have to deal with multiple reflections by build-
ings. In principle this problem can be solved by introduc-
ing image sources and image receivers, and using Fresnel
weighting to account for the reduction of reflection effi-
ciency with increasing order of reflection (due to the finite
ratio of building height over wavelength) [17]. A challenge
is to implement these ideas while keeping the model prac-
tical and efficient.
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