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CHAPTER 2

Review of Noise Propagation in the
Atmosphere*®

J.E. Piercy. T. F. W. EmeLETON AND L. C. SUTHERLAND

ABSTRACT

A general review is presented of most areas of sound-propagation outdoors
that are of interest for the control of community noise. These areas are
geometrical spreading, atmospheric absorption, ground effect, (near horizon-
tal propagation in a homogenous atmosphere close to flat ground), refraction,
the effect of atmospheric turbulance, and the effect of topography (elevation.
hillsides, foliage, etc.). The current state of knowledge in each area 1s
presented and suggestions made concerning research activities, applications of
existing research, and practical problems which arise in the prediction of noise
levels.

2.1 INTRODUCTION

The study of sound propagation in the atmosphere has a long and intriguing
history. Between 1850 and 1950 there were a number of isolated investigations
of good quality in response to specific needs of the times, such as fog signaling,
the location of artillery pieces. ete. (sece Wescott and Kushner (1963) for an
annotated bibliography of work done prior to 1963). When the noise from jet
aircraft and the testing of rockets became a social problem in the 1950°s, there
was a resurgence of research activity. adapting existing knowledge from other
fields of physics to the problem of noise propagation, and several exeellent
reviews of sound propagation in the atmosphere appeared at this time (Ingard,
1953; Ingard, 1955; Nyborg and Mintzer, 19535; Rudnick, 1957). The field then
returned to its previous state of sporadic isolated activity, although at a
substantially higher level. In recent years increased concern over noise has led
once again to advances in the understanding of outdoor propagation by the

* 1977 Acoustical Society of America. Reprinted with permission.
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application of knowledge from other fields of physics, which this time has been
gained since the 1950's.

This review is an attempt to document the advances for most areas of sound
propagation in the atmosphere which are relevant to the control of community
noise. It was undertaken at the request of the Coordinating Committee on
Environmental Acoustics of the Acoustical Society of America. and is part of
the output of the working group on outdoor propagation (see also Lyvon, 1974;
Kurze, 1974). The review aims to summarize the current state of knowledge in
each area and to suggest research activities, applications of existing research.
and practical problems which arise in the prediction of noise levels. Because
the field is so diffuse, each subject area is treated separately, accompanied by
most of the suggestions of relevant to the particular area. To add perspective.
however, problems in predicting noise levels are discussed generally at the end
{Section 2.6) with recommendations for reserch.

The first two areas covered in the review are geometrical spreading (Section
2.2.1) and atmospheric absorption (Section 2.2.2). Together. these are the
dominant mechanisms determining sound levels in air-to-ground sound
propagation. Near-horizontal propagation in a homogeneous atmosphere
close to flat ground (the ground effect) is then treated in Section 2.3 and the
effect of surface meteorology in Section 2.4. The latter includes the effects of
refraction and atmospheric turbulence. The role of topography — elevation,
hillsides, foliage, obstructions, etc. — is then discussed briefly in Section 2.5,

There is much useful material in the earlier reviews of a general nature
(Ingard, 1953; Ingard, 1955; Nyborg and Mintzer, 1955; Rudnick, 1957} which
has been excluded here for brevity. Furthermore, specifically excluded are
multipath propagation in cities. and noise reduction by barriers. which have
been the subjects of recent reviews (Lyon. 1974: Kurze. 1974,

2.2 PROPAGATION AWAY FROM BOUNDARIES (AIR TO GROUND)

2.2.1 Geometrical Spreading

The geometrical spreading of sound from a coherent source is normally well
covered in textbooks — an attenuation of 6 dB per doubling of distance for
spherical expansion from a point source. 3 dB per doubling of distance for
cylindrical expansion from an infimte line source. and parallel loss-free
propagation from an infinite area source. For sources of finite size there is a
nearfield where the above is approximately true and a farfield where the
expansion is spherical. In community noise, however, incoherent sources are
often more important and the treatment of geometrical spreading from
incoherent sources has been extended in recent years to cope with multivehicle
problems, particularly road traffic and railway noise,

The description above of the spreading from coherent sources remains true
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for sources which are incoherent. but the size of the nearfield is much more
restricted. and the propagation much less directional (compare as an
illustration, the light from a light bulb to that from a laser). Treatments of the
incoherent acoustic line source which are useful for highway or railway design
are given in Rathe (1969) and Kurze (1971).

The background noise in a city may be modelled as an incoherent area source
{Shaw and Olson, 1972; Tatge. 1972; Sutherland. 1975). The effect of city
boundaries — streets, barriers. and open areas — in channeling or attenuating
this propagation is reviewed elsewhere (Rathe. 1969; Kurze, 1971; Shaw and
Olson, 1975). A point of relevance to noise control is that the geometric
spreading of different percentiles of noise from an (isolated) incoherent line
source varies with the percentile (Thiessen. 1973). There is a considerable
conceptual and economic benefit in specifying noise criteria for the design of
roadwavs in such a way that the spreading loss can be accounted for in a simple
manner. such as a loss of 6 dB/doubling of distance for the maximum level of
individual vehicles (i.e.. levels close to L. the level exceeded only 1% of the
time), or a loss of 3 dB/doubling of distance for the equivalent continuous
sound level (L.,)

2.2.2 Atmospheric Absorption

Present knowledge of the rate at which acoustic energy is absorbed during
propagation through the atmosphere comes from three sources — direct
measurements in the field, measurements of air absorption in the laboratory,
and general knowledge of the mechanisms. The current state of the latter two
may be examined using Figure 2.1. In this figure (Piercy, 1972), the
frequency dependence of the absorption in a distance of one wavelength is
shown for four different values of relative humidity (RH). The measurements
are from four different investigations { Pohlman, 1961; Evans and Bazley. 1956:
Harris. 1966; Harns and Tempest. 1964). and the first point to note is the close
similarity between the measurements by the different investigators. The
second is the agreement for each value of relative humidity between the
measurements and the top curve T, which is the theoretical curve representing
the sum of the contributions from the different mechanisms of absorption
(identified by the curves marked C. O and N).

Line C gives the classical absorption caused by the transport processes of
classical physics (shear viscosity. thermal conductivity, mass diffusion. and
thermal diffusion), together with the absorption caused by rotational
relaxation of the molecules in air. Curves O and N represent the contributions
from the vibrational relaxation of oxygen and nitrogen molecules, respectively.
The fit of curve T to the measurements shown in the figure has been achieved
by the adjustment of two constants in the theory. but the basic theory (Evans er
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Figure 2.1 The absorption of sound in a distance of
one wave-length for four values of relative humidiry
RH. a temperature of 201 °C. and a pressure of 1 atm
(Piercy. 1972). Line C gives the classical and rotational
absorption. curves O and N the contributions from the
vibrational relaxations of oxvegen and nitrogen. respec-
tively. and curve T is the sum of these three
contributions. Experimental points ® are from Pohl-
man. (1961}. = from Evans and Bazlev {1956). ¥ from
Harris (1966). and ® from Harris and Tempast 1964
The absorption predicted by SAE Committee (1964) is
curve SAE. by Harris (1966) is curve H. and by
Sutherland er al. (1974) is curve T

al.. 1971) is now sufficiently firm to achieve a fit with an accuracy of
approximately 25% without using any adjustment.

It is useful to compare the different methods available for predicting
atmospheric absorption with the measurements shown in Figure 2.1. Kneser



Review of Noise Prapogation in the Atmosphere o9

first developed a theory based only on contributions C and O, While
predictions with his original method (Kneser, 1940) are substantially different
from curve C and O shown in the figure. a later version by Evans and Bazley
(1956) gives positions for these curves which are close to those in the figure.
Evans and Bazlev's method provides. therefore. a fairly good approximution to
experimental data for higher frequencies. At the higher humidities represented
by the top two sets of measurements in Figure 2.1. however, the vibrational
relaxation of mitrogen (Piercy. 1969) (curve N) is the principal mechanism of
absorption for the range of frequencies below about 1-2 kHz which are of
major importance for community noise: both the Kneser, and Evans and
Bazlev methods therefore grossly underpredict the absorption in this
low-frequency range.

Two similar methods of caleulating atmospheric absorption were proposed
before the role of the nitrogen relaxation was understood, that of Committee
A21 of the Society of Automotive Engineers (1964) and Harris (1966). both of
which produced a decided improvement in the low-frequency range, and these
two essentially empirical methods have seen widespread use. Curves marked H
and SAE in Figure 2.1 show the predictions of the method of Harris. and the
SAE Committee, respectively. Major  difficulties using these empirical
metheds for predicting absorption appear mainly for abnormal measurement
conditions. due to extrapolation with an incorrect dependence on the
variables, as shown in the figure. for example, for low frequencies or dry air,

It is now possible to generate curve T in Figure 2.1 using simple algorithms
with a firm theoretical base. which can be handled easily, for example. by a
programmable hand calculator. A new (draft) standard method for calculating
atmospheric absorption has recently been proposed on such a basis (Suther-
land er al. . 1974). The predictions of this new method have been compared with
a large assembly of both laboratory and field data from the literature
{Sutherland. 1975). The comparison of over 850 laboratory measurements with
predictions shows that near 20 °C the predicted values agree within about 5%,
with the average of the measurements throughout the audio frequency range
and over a wide range of humidity. Although laboratory data at other
temperatures are limited, the prediction model is estimated to be reliable
within = 10% from 0 to 40 °C. The field data included analyses of more than
7500 measurements of aircraft flyover noise over wide ranges of frequency,
temperature, and humidity from a number of different investigators. Although
the scatter in the field results was much larger than that in the laboratory
measurements. because the weather cannot be controlled. the agreement
between predicted and measured absorption was good on the average, as
shown in Figure 2.2.

The absorption predicted by the new method. in the practical units of
dB/100 m for a pressure of 1 atm. a temperature of 20 *C. and a relative .
humidity of 70%, is shown in Figure 2.3, Note that the attenuation by
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Figure 2.2 Ratio of air-to-ground (aircraft sound propaga-
tion) measurements of air absorption loss coefficients to
predicted values as a function of frequency (Sutherland
(1975). Predicted values were based on weather conditions
on the ground, or when data were availahle on average
weather conditions along the propagation path

absorption is constant for a given difference in propagation path lengths
unlike geometrical spreading, where it is constant for a given ratio of
propagation path lengths. Thus atmospheric absorption tends to become
more important with increasing distance between the source and receiver.
Note also from Figure 2.3 that the total absorption increases sharply with
increasing frequency.

With the new proposed method of predicting atmospheric absorption. the
lag between current practice and knowledge has been largely eliminated.
Recently. also, this method has been confirmed by extensive measurements
at high frequencies (Shields and Bass, 1976: Bazley. 1976) (4-100 kHz). and a
few measurements at. in effect. very low frequencies (Lee and Sutherland.
1976) (down to 4 Hz). Nevertheless, there is still need for more data at low
frequencies over a substantial range of temperature, and at low humidities.
Continuing support is also needed for fundamental work on the mechanisms
of air absorption. The measurements would provide needed understanding of
the temperature dependence of the relaxation frequency of nitrogen. and lead
in due course to the calculation of atmospheric absorption directly from
fundamental knowledge (Evans er al_, 1972) with enhanced accuracy.,
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Figure 2.3 Predicted atmospheric absorption in
dB/ 100 m for a pressure of 1 atm. temperature of
20 °C and relative humidity of 70% (Satheriand
et al., 1964)

It should be noted that many of the best measurements of outdoor
propagation have appeared in the literature in corrected form, with the
attenuation calculated for atmospheric absorption removed. The correction
for absorption should now be recalculated using the new method, before the
original interpretation of these measurements is accepted. In particular, the
failure to recognize earlier the contribution from the nitrogen relaxation has
led to a number of difficulties some of which will appear in later sections.

2.3 PROPAGATION NEAR THE GROUND

The theory of sound propagation near or along the ground has been treated
analytically in the literature, with at least three levels of complexity for the
ground surface:

(a) The ground is treated as a locally reacting surface. and waves within the
ground are not considered.
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(b) The ground is treated as an isotropic fluid medium capable of
transmitting dilatational waves in anv direction as the result of an
impinging wave on the surface.

{c) The ground is treated as an elastic solid medium capable of transmitting
both dilational and shear waves resulting from an impinging wave on the
surface.

While theoretical models are available in the hterature for the latter two
(Mackenzie, 1960; Officer. 1958) and other more sophisticated models (Pao
and Evans, 1971). there is very little evidence available as vet 1o show that
propagation of sound over the ground is not adequately predicted by the use of
the first. much simpler, “locally reacting’ model for the ground surface.
Therefore, this is the only model which will be treated in detail in this review.
One exception to this general applicability of a “locally reacting” model will be
covered only briefly.

2.3.1 Plane Waves

The amplitude reflection coefficient R, for a plane wave of sound incidem
obliquely on a plane locally reacting surface may be conveniently represented
by the formula {Morse. 1958)

sin - Z,."Z:
RP TR o geciil
sin g = Z,/Z,
where 1 is the grazing angle (Figure 2.4), Z, = pc is the characteristic
impedance of air, and Z; is the acoustic impedance of the surface (i.e., the
ratio of pressure to the normal component of velocity at a point on the surface ).
In order to include the change of phase as well as amplitude on reflection,
complex notation is used for both R, and Z;. The characteristics of a particular
locally reacting surface may then be represented completely by a complex
impedance, Z; = R; + jX;. which may be dependent on the frequency but
not on the grazing angle.

For a perfectly reflecting hard surface, the phase change on reflection is zero,
R,.is |, and Z; must be infinite. In practice, however, Z; may be very large,
but must always remain finite. For normal incidence in this case sin y = 1, and
R, is effectively 1. It is always possible, however. to choose y sufficiently small
to make the term sin y in Equation (1) small compared 1o the fixed parameter
Z,/Z;. and hence make R, effectively —1. This value signifies a phase change
of I8(F on reflection and a cancellation of incident and reflected waves at
grazing incidence, even though their path lengths are equal. Plane waves at
grazing incidence over a plane surface with a finite acoustic impedance thus
represent a forbidden mode of propagation.

The rest of Section 2.3 is a description of the implications of this statement
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for the propagation of noise over the ground. where values of the grazing
angle less than 5° have primary importance. The cancellation for small y will
be shown to represent, in practice, a shadow zone whose acoustical depth is
related to the value of the ground impedance.

2.3.2 Spherical Waves, Direct and Reflected

The propagation of spherical waves from a point source near a reflecting
plane is an intricate and rambling subject. both mathematically and
conceptually. In electromagnetics it has a long history, well chronicled by
Bafos (1966), from its start by Sommerfield (1926) in 199 to its present
state, as reviewed by Wait (1970). In acoustics there is also a substantial
histary, from Rudnick (1947) to Wenzel (1974) and Donato (1976), which is
chiefly one of adoption of the ideas and solutions from electromagnetic
theory. The portion of this history most relevant to the propagation of noise
over the ground has recently been surveyed by Embleton et al. (1976). The
treatment here will follow the latter study, to which the reader is referred for
details.

A, Shadow Zone — Source or Receiver on the Ground

Consider, again, the basic configuration shown in Figure 2.4. There is u
point source § and receiver R situated above a plane boundary with acoustic

Figure 2.4 Reflection of sound from flat ground with
impedance 2,

impedance Z;. The pressure amplitude p at point R may be represented as
follows (Lawhead and Rudnick, 1951; Ingard, 1951);
plpa = (1lr)) exp (— ikr) + (R,/r:) exp (— tkra)

+ (1= R,) (Firy) exp (— ikr) (2)

Parameter g, is the amplitude of the pressure at unit distance from point
source S in the absence of the ground surface. Equation (2) is one form of
what is often referred to as the Wey-Van der Pol solution.
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Figure 2.5 Pressure distribution around a

point source located on a plane with impedance

ratio Z2/Z, = 10 {Ingard, 1951}, The dashed

line gives. for comparison. spherical expansion

over a rigid plane

The first term on the right of Equation (2) expresses. in complex notation.
the contribution from the wave proceeding directly from S 1o R. It is only
necessary to recognize that the distance ry in the denominator is an expression
of the inverse square law. The second term is the familiar one for the reflected
wave, which appears at point # to have come a distance r> from the image
source [ The first two terms together give the behaviour shown in Figure 2.5,
which is essentially as described in the previous section for plane waves, since
R, 15 the plane wave reflection coefficient given by Equation (1). [The
significance of the third term in Equation (2). and in particular the amplitude
luctor F, which gives the behaviour of ground and surface waves. will he
deseribed later in Section 2.3.4.] Propagation upwards in Figure 2.5, away
from the point source on the surface [large v in Equation (1)]. is spherical
expansion: compare, for example, the 3(-dB contour to the dashed circle in the
figurc. Along the surface. however. a shadow zone forms gradually as the
sound propagates outward. In this region (sin v <€ Z,/Z,). Equation (1) and
the first two terms in Equation (2) indicate an attenuation A, in excess of that
from inverse square law and atmospheric absorption (and called hereafter just
excess attenuation) given by Embleton eral. (1971)

A, =20log,[2sin y(Z4/Z,)], dB (3)
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Figure 2.6 Measured excess attenuation for a point source
on the surface (1, = () of a flat grassy site and the receiver at
various heights (0 = &, = 3 m) and distance (d = 5 m for Y.
15 m for X, 30 m for ©, 60 m for &, 120 m for T, and 240 m
for ®) for a frequency of 3 kHz. There was a brisk crosswind
to eliminate the gradients of wind and temperature which
cause rtefraction. The measurements are compared to the
attenuation predicted (solid line) via Equation (3) from the
vialue of the ground impedance determined from measure-
ments at short range. The dashed lines encompass 90% of the
measured values (Embleton er al., 1976)

A comparison of this prediction with measured levels at distances out to 240 m
for one well-chosen example is shown in Figure 2.6. Note that the excess
attenuation in the shadow zone is dependent only on y and the magnitude of
the ratio Z+/Z,. and reaches values of — 30 dB. It is the result of cancellation
between direct and reflected waves in the immediate vicinity of the souce.
produced by the phase change of nearly 180° upon reflection, as described
previously for plane waves,

B. Effect of Path-length Differences-Source and Receiver both above a Hard
Ground

When both the source and receiver are above the ground there is a phase
change caused by the difference in length between propagation paths ry and r»
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in Figure 2.4, in addition to the phase change on reflection described in the
previous section. To show the effects of the former, free from the latter,
consider propagation in the configuration of Figure 2.4 above a hard. smooth
surface. whose reflection coefficient R, is effectively 1. Spectra of excess
attenuation measured (Piercy er al., 1976) for two specific configurations
relevant to standard vehicle tests are shown in Figure 2.7. The major dips in
the spectra (of — 20 dB) are the result of cancellation between direct and
reflected rays for path-length differences (PLD's) of an odd number of half
wavelengths. The interference between direct and reflected sound over the rest
of the spectra is approximately coherent addition. (Note that the minor dips
and peaks are caused by turbulence. and will be considered later.) An
elementary geometric calculation shows

PLD =2k ht/d (4
for small values of y. Note therefore that the frequency f,;, of the first
minimum will increase with increasing d. as shown in Figure 2.7, and also

decreasing h, and h,.
Spectra such as those shown in Figure 2.7 for propagation over a hard
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Figure 2.7 Measured excess attenuation for
propagation from a point source over asphalt, /i,
= (0.3 m. h = 1.2 m., The excess attenuation is
relative to that for the point source placed on a
perfectly hard surface (Piercy er al.. 1976)
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surface may be divided into two regions: f < ~ Y2f,,, where the transmission
characteristic is reasonably uniform. and f > 'z £, where it alternately shows
the effects of constructive and destructive interference. The former is highly
desirable for testing noise sources (see Section 2.6.1) and the importance of
both regions for outdeor propagation in general will be discussed later in
Section 2.3.5.

2.3.3 Ground Impedance

Measurements of the acoustic impedance of the surface of the ground are
scarce: only for mown grass. as found on airports and around public highways
and buildings, is a substantial amount of data available (Embleton er al., 1976;
Dickinson and Doak. 1970; Jonasson. 1972). The most detailed information
on the impedance of mown grass (Embleton ef al.. 1976) is shown in Figure
2.8 It was obtained from measurements either with a vertical impedance
tube_ or from interference phenomena. at oblique angle of incidence, similar to
those described in the previous section. The values of impedance shown in
Figure 2.8 confirm the grassy surface to have the acoustic properties of a
locally reacting porous medium, which are well undersiood from the study of
acoustic building materials. The impedance is determined by the presence of a
thin porous layer on the surface that must have holes small enough to offer
substantial resistance to the flow of air. Thus the impedance of short grass as in
a lawn is not changed appreciably by mowing, as the main resistance to flow
appears to be either in the turf itself or, more likely, in the soil near the surface
kept loose by the roots. Different stretches of institutional or mowed airport
grass are found to have similar values of impedance. and this impedance was
not very sensitive to weather (Dickinson and Doak, 1970). It is important to
note that the reactive component corresponds to a stiffness and not to a mass.

There is little information about the acoustic impedance of other ground
surfaces. A stubble field (Jonasson, 1972), or the ground under a pine
plantation (Aylor, 1972) both appear to have an impedance similar to that of
grass, presumably because of the roots loosening the soil. Snow (Parkin and
Scholes. 1965) and ground recently loosened by discing (Aylor, 1972) appear
to have a much lower impedance at low frequencies. The impedance of asphalt
(Parkin and Scholes. 1965). although much higher than grass. is by no means
infinite.

2.3.4 Ground and Surface Waves — Source and Receiver Both on the Ground

The third term in the Weyl-Van der Pol solution of the wave equation for
spherical waves (Equation (2)] arises mathematically from the need to
match the boundary conditions, in particular the vanation of the curvature of
the wavefronts with distance along the boundary. Parameter F in this term
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Figure 2.8 Real component R; and imaginary compo-
nent X5 of the acoustic impedance of grass-covered flat
ground (different areas of two different sites) obtained
from measurements either with an impedance tube or
of interference at oblique incidence (Embleton er al.,
1976). (Note that the imaginary component corres-
ponds to a stiffness reactance)

represents a complicated mathematical function (Rudnick, 1947; Lawhead and
Rudnick, 1951) of a variable w called the numerical distance. This function 1s
plotted {Wait; 197()) versus w in Figure 2.9 for various values of the phase
angle ¢ = tan~' (Xs/R.) of the surface impedance Z.. The numerical
distance is given by the expression {Embleton eral.. 1976)

w=(Yaikr)) (sin p+ Z,/Z5 ) {3)

where k = 21/4 is the propagation constant in air. and the other variables are
defined in Sections 2.3.1 and 2.3.2. It is useful to consider the numerical
distance w to represent the propagation distance r, scaled for a given value of
frequency f. and grazing angle 4, by the impedance Z-. according to Equation
(3).

The physical interpretation of the third term in Equation (2} is more elusive
than that of the first and second terms which are the direct and reflected waves
discussed in Section 2.3.2. The physical interpretation is most clear for both
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Figure 2.9  Amplitude factor F{w) of the ground sand surface waves vs
numerical distance w for various values of the phase angle ¢ of the surface
impedance [Wait, 1970)

source and receiver on the boundary (A, = h, = 0in Figure 2.4, and v = (}) and
the boundary resistive (@ = (1), because of the direct analogy to the propagation
of electromagnetic waves above the earth (for which the Weyl-Van der Pol
solution was originally derived). Under these conditions the direct and
reflected waves cancel completely to form a shadow zone. as described earlier
in Section 2.3.1 and 2.3.2A. This shadow zone is penetrated by the ground
wave which is represented by the third term in Equation (2) for ¢¢ = (). The
amplitude of this ground wave 1s indicated by the curve for @ = Oin Figure 2.9,
Althought the ground wave is important for radio communications, carrying
the electromagnetic energy from the antenna of the local AM station to one’s
radio. its exact physical nature is still obscure (Banos, 1966). The dependence
on the variables, however, is well defined. The curve for ¢ = 0 in Figure 2.9
indicates that at short distances (w < 1) the ground wave suffers no excess
attenuation compared to propagation ovet an infinitely hard surface. but for
longer distances (w & 1) exhibits a loss of 6 dB per doubling of distance in
addition to that provided by the inverse square law,

The data in Figure 2.8 indicate. however. that the phase angle ¢ for the
acoustic impedance of a grassy surface varies between approximately 45 and
607 over the audible range of frequencies. (By the sign convention used in this
paper. a positive imaginary term for impedance corresponds to a stiffness
reactance.) The amplitude of the function F for this range of ¢ in Figure 2.9
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differs from that for ¢ = 0 (and hence differs also from the values used for radio
wave propagation in the atmosphere) by the presence of a substantial increase
in the vicinity of w = 1. This increase in the function F we now know to be
mainly the contribution of a surface wave (Wenzel. 1974; Donato. 1976) in the
air: this wave is coupled to the ground surface owing to the latter’s stiffness
reactance but propagates in the air. with an amplitude that decreases
exponentially with height z above the boundary according to the formula

p=prexp[— X3(R3+ X3)" ' kz] (6)

where p;, is the amplitude at the boundary. For w < 1, e.g., for 4 small, the
contribution of the surface wave in Figure 2.9 is relatively smaller than that of
the ground wave because the surface-wave amplitude decreases at only 3 dB
per doubling of distance (cylindrical expansion from a point source) compared
to 6 dB for the ground wave. For w 2 1 the amplitude of the surface wave again
becomes smaller than the ground wave because of its attenuation by viscous
losses in the pores of the boundary, which is exponential with distance r along
the boundary.

In summary, theory indicates that the propagation of sound energy between
a point source and receiver which are both placed on a grassy surface (h, = h, =
0) is by a ground wave. as in electromagnetic propagation, augmented by a
surface wave. The scale of the distances and heights of these waves is given in
Table 2.1 for a grassy surface whose impedance is that shown in Figure 2.8.
Some of the properties of these waves have been verified directly by
measurements over grass (Donato, 1976; Embleton er al., 1976) at short
distances, where disturbing phenomena such as turbulence and refraction are
absent, and by model experiments indoors (Lawhead and Rudnick, 1951,
Ivanov-Shits and Rozhim, 1960). The relevance of ground and surface waves to
long range propagation when both source and receiver are above the ground
will be discussed in the following section.

Table 2.1, The propagation distance d, for numerical distance =1, and
height z,,, for the amplitude of the surface wave to decrease by l/e from its
value at the boundary, calculated by Equation (5) and (6). respectively,
from the impedances shown in Figure 3.8 for mown grass

fiHz) d. (m) Zdm)
S0 4,006 38
U 1,500 23
200 270 73
S0 24 0.9
1000 3.6 0.5
2,000 1 0.15
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Figure 2.10  Excess attenuation caleulated for propagation from a
pmntmum:mrmownm“for&-lﬂmh 1.5 m, and the

distances of propagation d indicated. The attenuation is calculated for
values of impedance given in Figure 2.8, The excess attenuation is
relative to that for the point source placed on a perfectly hard surface
(Picrcy et al., 1976)

2.3.5 All Phenomena Together — Source and Receiver both above the Ground

All the phenomena described previously in Sections 2.3.1-2.3.4 must be
considered when both point source and receiver are above the ground. The
curves shown in Figure 2.10, for propagation in the configuration of Figure
2 4 with h, = 1.8 m, h, = 1.5 m. and various values of 4, have been calculated
(Piercy et al., 1976) using the theory of Donato (Donato. 1976) with values of
impedance taken from the curves for mown grass in Figure 2.8. The individual
contributions to these curves from direct [, reflected R. ground G, and surface
S waves are illustrated (Piercy eral., 1976) for three of these distances in Figure
2.11, together with measurements of the propagation of jet noise for the same
values of h, and h, and comparable d (110 and 615 m) under neutral
atmospheric conditions at an airport (Parkin and Scholes, 1965). (These
measurements will be described in greater detail in Section 2.4.2B.)

Consider first the curves for a distance of 31.2 m in Figure 2.11.Here the
grazing angle y is sufficiently large for D and R waves alone [first two terms in
Equation (2)] to be a good approximation to the complete solution. Note
that the latter includes contributions from D, R and G waves only, because the
angle y is too large for an § wave to be significant. For frequencies greater than
about 1 kHz there is a series of maxima and minima caused by path length
differences (PLD’s) between direct and reflected waves, that is an interference
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Figure 2.11 Excess attenuvation for propagation from a

point source over mown grass. i, = LEm. &, = 1.3m. The

calculated curves show the contributions from the various
waves—direet D, reflected R, ground G, and surface S,
The points are measurements of jet noise from Parkin and
Scholes (1963) at comparable distances. The excess
attenuation is relative to that for a point source placed on a
perfectly hard surface (Piercy er al.. 1976)

pattern similar to that described in Section 2.3.2 for a hard surface (see
Figure 2.7). Unlike the pattern for a hard surface. however. the minima are
for PLD's which are approximately even multiples of Y24, indicating that the
surface is effectively soft for this configuration and frequency range. As the
frequency decreases. however, the ground impedance increases (see Figure
2.8) causing the surface to give a response which is effectively hard for low
frequencies (f < ~ 150 Hz) as in Figure 2.7. Unlike the response of the hard
surface shown in Figure 2.7, however. there is a broad minimum between
these two ranges centred at about 500 Hz. which is characteristic of the
propagation for short distances over soft ground. It is the result of cancellation
between direct and reflected waves caused primarily by the phase change on
reflection. The dip shown in Figure 2.11 for a distance of 31.2 m. therefore
(for source and receiver now both raised above the surface), is the remains of
the shadow zone described previously in Section 2.3.2. for the source (or



Review of Noise Propogation in the Ammospheré 113

receiver) on the ground. 1t has caused major problems for the testing of noise
sources such as snowmobiles at short ranges, because the cancellation and
hence the noise, is dependent on the impedance of the surface of the particular
site (Piercy and Embleton, 1974).

Because the curvature of the wave-front from a point source decreases with
increasing distance, the behaviour for long ranges must be asymptotic to that
described in Section 2.3.1 for plane waves, The curves in Figure 2.10 indicate
that the dip broadens and deepens with increasing distance until most of the
audible frequency range is included in the shadow zone in accordance with this
principle. Comparison of the curves in Figure 2.11 for a distance of 125 m
with those for 31.2 m shows how this broadening comes about. The
interference pattern, which occurs at high frequencies for d = 31.2 m, has, for
d = 110 m moved upward in frequency beyond 4 kHz. by virtue of the
d~' term in Equation (4). leaving only the rising slope to the first
maximum in Figure 2.11. At the low-frequency end. the increasing
cancellation between D and R waves produced by decreasing 3 [as in
Equation (1}] has revealed a substantial contribution from the ground wave.
The measurements are in reasonable agreement with theoretical prediction for
125 m, using impedances obtained from a different site.

Consider now the curves for 615 m in Figure 2.11. The broadening of the
shadow zone to higher frequencies evident in the curves for 125 m has
contineed with increasing distance. There has also been a broadening to the
lower frequencies, which leaves most of the energy in the frequency range
50-200 Hz in the surface wave. and the latter fact remains true for longer
distances. The measurements for 615 m at low frequencies closely follow
theory. showing a small enhancement (negative excess attenuation) due to the
surface wave (Wenzel, 1974). There is, however, a tendency at the high
frequencies for the measured excess attenuation to be consistently less than
predicted.

The reason for the high-frequency discrepancy probably has to do with the
use of coherent acoustic theory for the predicted curves. Turbulence in the
atmosphere is known to reduce coherence between different propagation
paths. While it would be premature to attempt to predict the size of this effect
from existing knowledge. to be realistic one must expect significant departures
from the curves shown in Figure 2.10 due to wrbulence (see Section 2.4.2)
particularly at higher frequencies, longer distances, and when the excess
attenuation due to interference between direct and reflected waves would
otherwise become large (greater than ~ 20 dB. see Section 2.4.3).

In practice. for broadband noise sources, such as a jet engine, and for
distances greater than about 1 km. the high frequencies will be attenuated
sufficiently by atmospheric absorption, as shown in Figure 2.3, and the
midfrequencies will be attenuated by the ground shadow, as shown in Figure
2.10, so that the main contribution to the measured A-weighted sound level
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will come from the surface wave at frequencies below 200 Hz, as illustrated in
Figure 2.11. It is likely also that the background roar from distant traffic, is
transmitted mainly via this surface wave. It is interesting 1o note that the
attenuation of the surface wave is mainly by the viscous flow of airin the pores
of the ground.

2.3.6 Summary

In the preceding Sections 2.3.1-2.3.5, the present understanding of the
near-horizontal propagation of sound in an acoustically homogeneous
atmosphere close to flat ground has been outlined. The primary effect is a
shadow zone caused by the finite acoustic impedance of the ground surface.
This shadow zone is penetrated at low frequencies by the ground and surface
waves. For both source and receiver above the boundary, the shadow zone is
also penetrated at high frequencies by constructive interference between direct
and ground-reflected waves. Sound levels can be calculated with reasonable
precision using known theory within the constraints imposed by the present
knowledge of the ground impedance and the use of coherent wave theory. The
effect of inhomogeneity of the atmosphere produced by surface meteorology.
as well as surface topography. will be discussed in Sections 2.4 and 2.5.

2.3.7 Prediction Schemes

It appears from the analysis in Section 2.3.5. that the modern theory of the
propagation of sound from a point source has good potential for predicting the
excess attenuation of noise produced by the ground surface within the
constraints reviewed in Section 2.3.6 above. There are two equivalent
formulations, by Wenzel (1974) and Donato. (1976). with the latter more
suitable for computation. The theory and the mechanisms of propagation are
complicated but the solutions are programmable. so that this method appears
worthy of development.

A useful but less general approach has been suggested by Delany and Bazley
(1970, 1971). They adapted the limited exact mathematical solution of Wisse
(1929) for electromagnetic propagation to the propagation of sound. This
solution is equivalent to taking only the first two terms in Equation (2). The
simplified method of Delany and Bazlev has the additional constraint,
therefore, to regions where the contributions from the ground and surface
waves may be neglected. [t appears from the discussion in Sections 2.3.4 and
2.3.5 (and Figure 2.11) that this simplified scheme should not be used for low
frequencies at small grazing angles. It should. however, be useful for
evaluating the noise from aircraft in flight. the purpose for which it was
designed, because here two of the other major constraints (weather and
topography) are often not a problem.
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Figure 2.12 Vanation of wind velocity
and temperature in the vicinity of a fTa
ground surface (2 < —1m)

1.4 EFFECT OF SURFACE METEOROLOGY

2.4.1 Relevant Meteorological Phenomena

The variation of the average speed of the wind V. with height z in the vicinity of
the ground for a large flat open area is approximately as shown in Figure 2.12
(Wiener and Keast, 1957; Lumley and Panofsky. 1964; Sutton, 1953). For
heights greater than z,. V,, may be represented by the formula

V“. = K, ICIg {zf:“} [?.}

Parameter z;, is determined by the roughness of the surface, and is often very
approximately the height of a consistent obstacle. such as grass or corn. The
region of logarithmic variation shown by Equation (7) is caused by the viscous
drag of the surface and is known as the viscous boundary layver. The constant K,
is determined by the roughness of the surface, and the wind velocity above this
boundary layer, which is usually not greater than ~ 10 m thick, the height at
which wind is normally measured at an airport. In practice it is often necessary
to consider deviation from the velocity profile given by Equation (7) caused by
the buovancy introduced by the temperature profile.

In the vicinity of the ground, the variation in average temperature T with
height for a large flat area may be represented during the daytime by the
analogous expression

TI Tu T Kr 105 [ZI'IZq]j {S:’

where T, is the temperature for z < z;,. The thermal boundary layer given in
Equation (8), which normally has a thickness and value of z,, similar to that of
the viscous layer. is caused by the heating of the surface by the sun. It normally
coincides with a condition known to meteorologists as lapse from measure-
ments well above the boundary layer, an example of which is given (Munn,
1966) in Figure 2.13. Shown also in Figure 2.13 is an example of an inversion
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Figure 2.13 Variation of temperature
aloft—examples of lapse (afternoon) and

inversion (evening) conditions from
Munn (1966)

caused by the cooling of the surface of the ground through radiation to the night
sky. The term ‘neutral’ will be used later in the discussion to signify a third
meteorological condition, where the dependence of temperature with height is
small: This condition may arise typically under heavy clouds.

2.4.2 Refraction

A. Basic Forms

Forms of refraction produced by different meteorological conditions are shown
in Figure 2.14. While the effects of wind and temperature gradients appear
similar in the figure. the following differences should be noted. Because
temperature is a scalar quantity the refraction of sound produced by lapse or
inversion conditions is the same in all horizontal (compass) directions. Wind,
however, produces refraction nonuniform in direction according to the vector
component in the direction of propagation. Thus the refraction produced by
the wind is zero when the sound propagates directly crosswind, and increases
progressively as the direction of propagation deviates from this condition.

The major acoustic effect in refraction upwards as shown in Figure 2.14(b)
is the production of a refractive shadow zone, shown crosshatched in the figure,
where. according to the ray picture (geometric accoustics) no sound may enter,
Refraction downwards. as shown in Figure 2.14{a) tends in practice to
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Figure 2.14 (a) Refraction downward—inver-
sion or downwind propagation; (b} Refraction
upwards—lapse or upwind propagation

enhance the sound level, by mechanisms which will be discussed in the next
seclion.

B. Refraction Effects for Distances Less than 1500 m

The work of (Ingard (1955). Parkin and Scholes (1965). Wiener and Keast
(1957.1959). Delany (1969). Parkin and Scholes (1964), Scholes and Parkin
(1967), Scholes er al., (1971). Dean (1961), Baron (1954). Goydke er al..
(1968), Franken and Bishop (1967)) may be fitted together to provide a
consistent picture of the effect of refraction on the propagation of sound over
distances up to 1.5 km using the meteorological and refraction phenomena
described in the two previous sections and the propagation phenomena
described in Section 2.3. These phenomena will be described with the help of
the detailed measurements of Parkin and Scholes ( Parkin and Scholes, 1963)
shown in Figure 2.15 for the propagation of jet noise over mown grass on a
reasonably level airport.

Measured spectra of attenuation in excess of that caused by spherical
spreading and atmospheric absorption are shown in Figure 2.15 for two
different distances and a number of different meteorological conditions. The
source height is 1.8 m and the receiver height 1.5 m. The curves each represent
the average of a number of measurements on different days. The dotted,
dashed. and solid curves for each distance are designated +5, 0 and —5 to
indicate the vector component of wind velocity in the direction of propagation
in metres per second. For these three curves the temperature conditions are
classed as neutral, as described in Section 2.4.1, Curve 0 for each distance
therefore indicates the attenuation produced by the ground effect, as described
in Section 2.3.5, and in fact is composed of straight lines joining the
experimental points in Figure 2.11. Curve —5 (in Figure 2.15) indicates the
additional attenuation produced by a wind shadow zone, and curve +5 the
enhancement during downwind propagation.
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Figure 2.15 Observed attenuation of aircraft noise
in & ground-to-ground configuration under a variety
of weather conditions (Parkin and Scholes, 1965).
Calculated losses from atmospheric absorption and
spherical spreading have been subtracted from the
attenuation measured in Y5-octave bands for distances
of 110 m and 615 m. These numbers on the curves
indicate the vector component of the wind velocity in
the direction of propagation in m/sec. All curves are
for neutral conditions of temperature except for those
marked L, which are for lapse

Parkin and Scholes resolve their measurements into two further categories
according to the gradient of temperature — either lapse or inversion. The result
is generally to change the labels on their curves for all distances by one step
(exceptions will be discussed later). Thus their lapse +5 curve is close to the
neutral zero curve in Figure 2.15, and the lapse zero curve is equivalent to the
neutral =5 curve. The lapse —5 curve, which is the bottom curve (—5L) in the
figure, represents one of the exceptions. Inversion conditions could only be
attained for light winds, and their inversion zero curve is very close to the
neutral +35 curve in the figure.

The first conclusion to note, therefore, from the measurements of Parkin
and Scholes is that refraction due to vertical gradients of wind and temperature
in practice produces equivalent acoustic effects; these are additive. moreover,
within the limits imposed by a saturation phenomenon to be described
presently. To understand the physical nature of these effects it is useful to
divide the frequency range for the spectra shown in Figue 2.15 into three
parts: a small central region from about 200-500 Hz where the effect of



Review of Neise Propogation in the Aimosphere 114

refraction is smallest, and separate regions for frequencies above and below
this central region.

(a) High-frequency region (f = 500 Hz). In this region the measurements show
a strong tendency towards two extreme values for the excess attenuation.
approximately 0 dB in conditions of downward refraction (inversion or
downwind propagation) and —=20 dB in conditions producing upward
refraction (lapse or upwind propagation), seemingly independent of frequency
or distance (when the latter is sufficiently large). This pattern is reasonably
clear in the measurements for a distance of 615 m shown in Figure 2.15, and
obvious in the measurements for a frequency of 1.2 kHz over a range of
distances shown in Figure 2.16,

EXCESS
ATTEMUATIOMN
d
a
I

20 A FD

L 1
W3 347 4615 10 195 347 415 1100
DISTAMCE FROM SOURCE — m

Figure 2.16 Excess attenuation measured for aircrafl
noise in the 1.2-kHz Vs-octave band for the ground-to-
ground configuration [Parkin and Scholes 1965} The
vector component of the wind velocity in the direction of
propagation for & is +3 misec, O is (0 misec, and 7V is =3
misec. The temperature profile is neutral. F, is the
shielding factor, 8 is the shadow boundary

The pattern for conditions of upward refraction is idealized by the solid lines
shown in Figure 2.16. There is effectively no excess attenuation in
propagation out to the shadow boundary B in the figure, which is typically 50 m
away from the source. The excess attenuation then increases rapidly to position
D, but then stays independent of further increases in distance. In effect the
signal well within the shadow zone follows the inverse square law but it also
reduced in level by a fixed attenuation given by the shielding factor F, in Figure
2.16.

It should be noted that the pattern of behaviour described above is
independent of the magnitude of excess ground attenuation. Thus the
measurements for a distance of 615 m in Figure 2.15 indicate at a frequency of
34 kHz, where the ground effect is small, there is effectively no enhancement
of the signal during downwind propagation. and for a frequency of —6(l} Hz,
where the ground effect is large. the increase in attenuation in upwind
propagation indicated by the =3 curve is small. Furthermore. the —3L curve
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indicates that the additional refraction produced here by adding a temperature
gradient is also small. This effect has been described previously as a saturation.

To explain these saturation characteristics. the following mechanism has
been proposed for the solid line in Figure 2.16 (upward refraction). The
behaviour well within the shadow zone is as if the signal were from a flanking
path. The refractive shadow boundary is known to make a small angle,
typically < 5%, with respect to the ground (see Section 2.5.1). and it has been
widely suggested (Ingard, 1955; Shaw and Olson. 1972; Parkin and Scholes,
1963; Delany, 1969) that the flanking signal is energy scattered down across this
boundary by atmospheric turbulence. as indicated by the dashed arrows in
Figure 2.17. However, this model for the mechanism of the shielding factor
remains untested by experiment or quantitative analysis.

Figure 2.17 A mechanism for the shielding factor. F, in
Figure 2.16. The dashed lines represent the continuous
scattering of energy down from the sky wave. which
propagates without excess attenuation from source §

The method by which the excess attenuation becomes 0 dB for downward
refraction, as given by the dashed line in Figure 2.16, is also not clear. The
only a priori likely way is by destruction of the ground effect. The curvature in
the ray path increases the grazing angle y in Figure 2.4, hence reduces the
cancellation which causes the ground effect (Embleton er al. . 1976)

(b) Low-frequency region (f < 200 Hz). The curves for d = 110 m in Figure
2.15 indicate that the effects of refraction are much smaller for low
frequencies than for high: the physical reason is that the scale of the strong
gradients in wind and temperature which occur close to the ground (see Figure
2.12 and Section 2.4.1) become small compared to the wavelength of sound at
the lower frequencies (Ingard, 1955; Delany, 1969; Dean, 1961). Refraction
still occurs for the low frequencies but at much larger distances. The curves
marked —5and =31 ford = 615 min Figure 2.15, for example, indicate that at
this distance the shadow zone is still only partially formed. i.¢., the excess
attenuation falls part way along line BD in Figure 2. 16, similar to the curves for
—5and —5L at high frequencies and a distance of 110 m in Figure 2.15.

The +5 curve for a distance of 615 m in Figure 2.15 indicates that during
downwind propagation or in an inversion only low-frequency signals are
enhanced well above that expected by inverse square law. A likely mechanism
for this enhancement is provided by the unique mode of propagation at these
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frequencies. as described in Section 2.3.5. The surface wave may be attributed
to the porosity of the ground retarding the velocity of propagation in the
atmospheric laver immediately above the surface. This retardation is enhanced
by the vertical gradient of wind velocity during propagation downwind, or the
vertical gradient of temperature during an inversion.

(¢) Central frequency region (f = 350 £ 150 Hz). A study of curves similar to
those in Figure 2.15 for other sites (Parkin and Scholes, 1964; Scholes er al..
1971) and geometrical configurations (Scholes et al., 1971) (#,, k.. d) shows the
position of this limited region. where the effects of refraction are small, to be in
the vicinity of the frequency of maximum ground attenuation, which is
somewhere in the range 200500 Hz. The —5 and —5L curves in Figure 2.15
for a distance of 615 m indicate that the small effect of upward refraction in this
region is the result of saturation in the shadow zone. as described above for
high frequencies.

The persistence of the ground shadow indicated by the coincidence of curves
0 and +35 for a distance of 615 m is remarkable, however. and almost certainly
reflects the unusual mechanism of propagation described in Sections 2.3.4 and
2.3.5. Thus, the sharp increase in excess attenuation with frequency between
200 and 300 Hz at a distance of 615 m was shown to be caused by the
absorption of energy in the surface wave by the viscous flow of air in the pores
of the ground. The coincidence of the +3 curve with the zero curve in Figure
2.15. therefore. signifies that this loss cannot be replaced by refraction.

. Prediction Schemes

Wiener and Keast (1959) have provided an empirical prediction scheme for the
effects of refraction by wind and temperature which is applicable to the
high-frequency region described above. In this scheme the distance to the
shadow boundary B in Figure 2.16 is calculated assuming linear vertical
gradients of wind and temperature. Delany (1969) has improved this scheme by
calculating the distance for the logarithmic profiles in the boundary layer
indicated by Equation (7) and (8). Kriebel (1972) has also provided an
interesting analysis of the propagation in the boundary laver.

It should be noted. however. that measurements in the low-frequency region
described above show the excess attenuation to depend on the surface
impedance, which is outside the scope of Wiener and Keast's method.

It should also be noted that for propagation over distances much greater than
1.5 km. different factors become important. There are scattered measurements
(Ingerslev and Svane, 1968; Dneprovskaya et af., 1963) which indicate a much
higher attenuation in the shadow zones than predicted by Wiener and Keast, In
downward refracting conditions the relevant portion of the vertical profiles of
wind and temperature become higher than the logarithmic boundary laver
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given by Equation (7) and (8). Inversions then become more impunant (see
Figure 2.13) and a theoretical analysis of the excess attenuation during
propagation in inversions is available (Embleton er al., 1976).

Empirical models have also been developed (Polly and Tedrick, 1973) to
explain systematic trends observed during a very large number of measure-
ments of low-frequency sound propagation over flat wooded terrain at
distances up to 8 km. The average observed excess attenuation was primarily
determined by the sign and magnitude of the vertical gradient in the speed of
sound, and secondly by the wind speed.

2.4.3 Turbulence

Large eddies are formed in the atmosphere by instabilities in the thermal and
viscous boundary lavers at the surface of the ground. described in Section
2.4.1. Further instability causes these eddies to break down progressively into
smaller and smaller sizes until the energy is finally dissipated by viscosity in
eddies approximately 1 mm in size. A statistical distribution of eddies. which
we call turbulence, 15 therefore present in the atmosphere at all times (Lumley
and Panofsky, 1964; Tatarski, 1971). The intensity of the turbulence. however,
is strongly dependent on meteorological conditions (and also height above the
ground), being high, for example. on a windy summer afternoon. and low
under nocturnal inversions.

The effect of atmosphere turbulence on wave propagation has been studied
extensively during the last twenty years (Tatarski. 1971) most notably on the
propagation of light and microwaves. but also of sound (Tatarski. 1971:
Mandics, 1971). For sound, the condition most studied is near-vertical
propagation, well away from the surface of the ground. to permit the
*acoustical sounding’ of meteorological conditions (Little. 1969). There are a
small number of investigations of near-horizontal propagation of sound close
to the ground (Ingard and Maling, 1963; Embleton er al.. 1974) which are of
direct relevance to noise problems. but for most questions concerning the
effect of turbulence on noise propagation it is necessary to fall back on
knowledge accumulated in these related areas.

It is known that atmospheric turbulence produces fluctuations in the
amplitude and phase of a pure tone during propagation which increase with
increasing distance until a point is reached where the phase fluctuations have a
standard deviation comparable to 90°. A1 this point the signal effectively
becomes uncorrelated with the source and the amplitude fluctuations are
limited to a standard deviation (Embleton et al.. 1974) of ~6 dB. The distance
to this point for horizontal propagation of sound near the ground on a summer
day is very approximately 700 A4, for frequencies in the range 500-5.000 Hz
(Embleton et al.. 1974). An effect of this magnitude brings into question the
common use of coherent acoustic theory for predicting noise propagation in a
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number of critical regions. some of which have already been mentioned
(Sections 2.3.5and 2.4.2)

Perhaps the condition most sensitive to atmospheric turbulence is interfer-
ence phenomena: the sharp spikes clearly visible in the minima of the
interference patterns shown in Figure 2.7, for example. are caused by
fluctuations in the phase difference between direct and reflected waves, and
the effective depth of the minima is determined by the fluctuations (Ingard and
Maling. 1963). While a good start has been made on the theory of interference
in a turbulent medium (Ingard and Maling. 1963). much more work will be
needed on partially coherent propagation before a satisfactory method is
achieved for predicting the ground effect at the longer ranges and higher
frequencies shown in Figure 210

Another role of atmospheric turbulence which is important for the
prediction of noise levels, is in determining the saturation effect in shadow
zones. as described in terms of a shielding factor in Sections 2.4.2. The role
is. in fact. even more general than described there: it should be expanded to
include the acoustic shadow provided by walls (Kurze. 1971. 1974)., buildings
(Lyon. 1974). the ground effect (Shaw and Olson. 1972). etc. We are very
limited at present in our abilitv to predict levels in shadow zones because of an
almost complete lack of understanding of the basic phenomena which
determine the shielding factor.

A less profound aspect of atmospheric turbulence. but still a nuisance. is the
need to cope with amplitude fluctuations in specifving noise levels (Embleton
and Piercy. 1975) from relatively distant sources such as aircraft. One recent
experimental study of sound propagation to the ground from a 152 m tower
indicated the potential significance of the Richardson’s number on the
magnitude of these fluctuations (Kasper er al.. 1975).

There is one role of atmospheric turbulence which used to be considered
important (Ingard. 1953) in predicting noise levels, but now is generally
believed to be minor (Deloach. 1973) — that is the direct attenuation of sound
by turbulence. If the sound is in a highly directed beam, as for example a
vertical atmospheric sounder (Little, 1964} then turbulence attenuates the
beam by scattering energy out of it (a phenomena converse to the filling of the
narrow shadow zone by scattered energy described in Section 2.4.2). This
attenuation can now be calculated with reasonable certainty (Brown and
Clifford. 1976). In practice. however. the propagation of noise is usually much
closer to spherical expansion from a point source. Because the scattering from
turbulence is elastic. and mostly forward through a small scattering angle. the
attenuation presented to a spherically expanding acoustic field is negligible.
The attenuation of sound due to scattering from a moderately directional
source, such as a jet or rocket engine. must lie between these two extremes. but
has never been evaluated thoroughly. It is generally believed to be negligible
(Sutherland. 1975; Parkin and Scholes, 1965; Wiener and Keast, 1959; Delany,
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Figure 2.18 Excess attenuation derived
from hilltop to  hilltop transmission
measurements over a distance of about 3
km. The points are measurements which
were corrected for inverse square law and
molecular absorption using the method of
Evans and Bazley (1956) by the original
investigators (Wiener and Keast, 1959).
The curve is molecular absorption from the
nitrogen relaxation, calculated by the
method of Sutherland er af, (1974), which
was neglected in the method of Evans and
Bazley (1958)

1969) for most applications. However, where very low frequencies are of
importance, for example. in the case of rocket noise, the attenuation by
scattering may be significant (Sutherland, 1971) compared to the very low
attenuation produced by atmospheric absorption.

2.5 EFFECT OF TOPOGRAPHY

The acoustic phenomena considered previously in Sections 2.3 and 2.4 have
all been described for a particular topography, primarily large flat areas
covered with short grass, such as an airport, with a receiver placed
approximately ear height for a human being standing on the ground. In
practice, noise levels need to be predicted for different heights above the
ground, for hillsides. for various types of foliage, houses, walls, etc. The data
available for such sites is generally much less extensive than for flat ground, and
present knowledge is therefore more sketchy. The aim of this section,
however, is to outline briefly what is known about the effects of topography.
Propagation in city streets, and the attenuation due to barriers will be
specifically excluded because these subjects have been covered in recent
reviews (Lyon, 1974; Kurze, 1974) which this article is designed to accompany.

2.5.1 Elevation

As an extreme case, consider the propagation from hilltop to hilltop with most
of the propagation path several hundreds or thousands of feet above the valley
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floor. Several sites of this nature have been investigated (Weiner and Keast,
1939; Delasso, 1953), and the measured attenuation is in reasonable agreement
with that predicated by inverse square law and atmospheric absorption, when
the latter includes the vibrational relaxation of nitrogen (see. for example,
Figure 2.18 and the discussion on this point in Section 2.2.2). This
attenuation is found to be independent of wind and temperature except in so
far as the latter enters into the calculation of absorption.

Studies of noise from low-flying aircraft — effectively sources at low glancing
angles y (Figure 2.4) — over flat ground are informative (Benson eral.. 1958,
1960, 1961). They indicate, for example. that refraction by wind gradients is
negligible for y > 5° out to a distance of about 6,000 m. There is currently a
controversy. however, over a prediction of aircraft noise levels for small ¥, and
this problem would probably be well served by an assembly of existing data
from many investigators and a fit to the principles out-lined in Section 2.3.

Calculations for the effect of elevation produced by a shallow hillside (1 <
1°) bordering an airport (Embleton er al., 1976; Piercy and Embleton, 1974)
have indicated a significant reduction of the ground shadow for aircraft on the
ground. There were no supporting measurements but the results correlated
well with subjective observations (the structure of complaints).

2.5.2 Foliage

The effect of stands of trees. corn, reeds, etc. have been documented in several
studies (Aylor, 1972; Wiener and Keast, 1957; Eyring, 1946; Embleton, 1963;
Aylor, 1972; Dobbins er al., 1966). Apparently the main effect at low
frequencies is to enhance the ground effect (Aylor, 1972), the roots making
the ground more porous, as described in Section 2.3.3. At high frequencies,
where the dimensions of leaves become comparable with the wavelength, there
is also a significant attenuation caused by scattering (Embleton, 1963; Aylor,
1972). A formula for the latter effect has been developed ( Aylor, 1972). The
propagation in a vegetative layer over the ground has also been investigated
theoretically (Pao and Evans, 1971). but there were no measurements by which
to judge the significance of this theory.

In a forest. the vertical gradients of wind and temperature are small (Munn,
1956}, the foliage making z, in Equations (7) and (8) approximately the height
of the trees, Presumably, therefore, the effects of refraction are small also.

2.5.3 Obstructions (Walls, Houses, Bushes, etc.)

The effect of refraction on the propagation of sound in city streets (Wiener et
al.. 1965) as within forests, is small, and for the same reason: the obstruction to
the flow of air is sufficient to raise the viscous and thermal boundary layers to
the vicinity of the tops of the obstacles (buildings) (see Section 2.4.1). The
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attenuation of sound by the ground effect in the city (Lyon, 1974) is also much
smaller than in the country (Parkin and Scholes. 1965), partly because of the
paved ground, but more importantly because obstacles to the propagation of
sound produce an interference pattern much different from the simple
interference between direct and ground reflected waves described in Section
2.3. These effects have been studied both for cities (Lyon, 1974; Wiener er
al, 1965) and open flat land. (Parkin and Scholes. 1965; Wiener and Keast,
1959) with results that are very different. There has been very little work,
however, on intermediate sites such as suburbs. Questions such as how many
obstacles are needed to destroy the effect of the ground, or refraction. as
measured for flat land, cannot be answered at present. As a result the
prediction of the propagation of noise from airports, freeways, etc., out into
the suburbs is based largely on empirical metheds not well founded on either
analvtical models or extensive experimental data.

2.6 PROPAGATION PROBLEMS SPECIFIC TO COMMUNITY NOISE
2.6.1 Testing and Certification of Sources

A. Vehicles and Other Ground Based Souwrces

There are several propagation problems in the testing of ground based noise
sources such as road vehicles, lawn mowers, snowmobiles, etc. (Bettis and
Saxton, 1973: Piercy and Embleton. 1974). The noise is usually measured
with a microphone 1.2 m above the ground at a distance of 7-16 m with the
propagation path over the surface on which the machine is designed to
operate. If the surface is porous. for example. grass or snow, then there can
be a problem of wvarability as a result of the incipient ground shadow
described in Section 2.3.5. The solution here is a compromise between
measurement configurations, a surface of predictable impedance, and
relevance to the use of the machine. If the source is stationary, most of the
relevant scientific knowledge (Embleton er al., 1976; Piercy and Embleton,
1974) is available, with the exception of good data on the impedance of
relevant surfaces. A convenient method of measuring the impedance of
surfaces over a range of grazing angle ( in Figure 2.4) and frequency is
badly needed.

If the surface is hard, there are problems of repeatability for sources with
large-amplitude pure-tone components when the transmission path intro-
duces interference maxima and minima at similar frequencies. This
phenomenon is reasonably well documented (Bettis and Saxton, 1973: Piercy

"and Embleton. 1974) (see also Section 2.3.2). Variability due to
atmospheric turbulence has also been recorded (Piercy er al., 1976; Hemdal et
al., 1974).
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There is also an unresolved problem of variability for moving sources such as
vehicles (Piercy et al., 1976). There is a systematic variation in A-weighted
pass-by levels with ambient temperature (Piercy e al.. 1976; La Breche, 1974)
of —1 dB/10 °C. and a run-to-run variation of approximately 1 dB, both of
which appear to be associated with the movement of the vehicle. The most
obvious mechanism here is refraction by the movement of air in the wake of the
moving vehicle (La Breche, 1974).

B. Aircraft

The new method for calculating atmospheric absorption (Sutherland er al..
1974; Sutherland, 1975) described in Section 2.2.2 should bring the physics
of the propagation from overhead aircraft under reasonable control. However,
the factors which influence sideline propagation are much less well understood.
A substantial amount of work has been done on the acoustic effects of the
ground plane during ground tests of jet engines, for which a recent review is
available (SAE, 1976).

2.6.2 Prediction of Environmental Impact

The basic physics underlying the propagation of noise at long range close to the
ground described in Sections 2.2-2.5 is obviously intricate, and current
knowledge of it patchy. As a result it is usually not possible in practice to
predict noise levels with reasonable reliability at sites distant (hundreds or
thousands of metres) from a strong source near the ground using basic
knowledge alone. Itis possible for a specific site, however, to take a completely
empirical approach, measuring the noise from a source at positions of interest
under various weather conditions, and predicting, for example, the levels to be
expected at these positions from a highway or airport proposed for this site with
tolerable precision (Ingerslev and Svane. 1968; Piercy and Embleton, 1974,
After several of these individual investigations, it is templing to gen-
eralize the empirical results for average levels and apply them to other sites.
This procedure has been popular in recent years, through the development and
use of empirical design guides for highways and airports. These prediction
methods generally ignore conditions of topography and weather which are
known to have a strong influence on sound propagation, as described in
Sections 2.2-2.5. Such design guides may be expected 1o provide
reasonable predictions on the average. but for a specific site their unaided use
may well result in serious error. Consider, for example. the problems in the
prediction of noise from airports reported by Piercy and Embleton (1974) and
Dickinson {1976) and also the considerable difference between empirical rules
for predicting noise levels from highways based on different (but large) sets of
data reported by King and Oliver (1975, Hajek (1975). and Plotkin and
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Kunicki (1976). In a field which is physically complex and only partly
understood. such as outdoor sound propagation, there is still a decided need
for human judgement based on specialist’s knowledge of the current state of
the art.

2.6.3 Recommendations

It is recommended, in the light of the analysis in the preceding section. as well
as the history of research outlined in the introduction. that long-term support
be developed at a modest level for the field of outdoor sound propagation.
The aim should be to obtain the depth of understanding required to gradually
improve the basic knowledge in this complex field, Attainment of the
necessary depth of understanding is not compatible with short-term research
studies,
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