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An uwndgrstanding of phencmena affecting the propagation of
sound in the real atmosphere is necessary for the correct inter—
pretation of many field date and for the prediction of neise from
alremaft or from read traffle, Another recent applicationm has been
in estimating the range of sirens used as audible warning devices,
The aim'here in to review briefly the factors affecting sound
propagation in the loweat few hundred metrea of .thke atmosphers,

1. Refraction

douni refraction takes place whenever sound rays encounter a f“
non~serv velecliy gradient which is not parallel to the directien/
of propagation. In the atmosphere auch a volocity gradient is
principally brought ebout by non~unifermity of wind apeed ard of
temperature and can give rise to the formation of shadow zones., The
main variation in pean wigd. = ore; . a directien
normal to the aux'faw:e and, fﬁiﬁ?iﬁm&om’ he atmosphere
can be considered as & hFrisontally-stratitiod Wedium, Typically
wind-veloclty incma:‘aga[ﬁt}.;:p§ght, ‘buk, th@ﬁ%pg ure gradient may
be elther negative 'or poaitive, ‘Iﬁ it i3 assume t the gradient
of the velocity of sound is odistant with' respeet to height, then
simple application of 8nell®s law permits the ray-path of the sound
waves to be dorived., The distance from an elevated source at which
the shadow-sone 1s formed can then be easily predicted,

Although this simple appreach 18 useful in 11lustrating certain
features associated with the sound field arcund an elevated source
in a layered atmosphere, it cannot yield quantitative data for
practical aituations, It is well known that temperature and wind
profiles in a real atmosphere differ conaiderably from simple linear
functions of altitude, Empdriecal sttempts have been made to overcome
this prevlem tut agreement between experimental and calculated
vaelues of the shadow range is poor, It ia therefore necessary to
use more realistic temperature and wind profilea.

The wind gradient at lower levels measured over a large uniferm
surface lg determined meinly by surface roughness, temperature
gradient, and the wind speed at & reference height. Cver open smsoth
ground and gragsland, and under conditions of neutral stabllity, a
logarithmic law for the variatien of mean wind speed with height has
beon shown to be walid, Por structural design purposes under open
farmland copditions a power-law velocity profile for high-wind
conditions has alac been ufed and for prediction purposes data on
the frequency of occurrence of given wind speeds for different parts
of the country are available,
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Tempsrature gradients in the air layors near the ground are
complex, showing strong diurnal variation caused by solar radiation;
there is a dlstinct tendency for temperature lapse to occur durlng
the dey and for temperature inversion to oecur during the might. In
a moderate wind meutral stebility or temperature lapse is most
1ikely and this represents the condition most disadvantageous for
upwind sound propagation; the mean temperature varies approximstely
logarithmically with height above ground but such a relation holds
only up to helghts of ten or twenty metres at most in summer and
aven less in winter., Above this height the thermal effects of the
ground become unimpertant and the mean temperature gradient
typleally approximates the moist adiabatic lapse rate,

It mist be emphasized that apprecisble variation about such
wind and temperature profiles is to be expected, tut the shove
relations provide useful design criterda.

Geometric ray theory is valid only if the relative change in
amplitude, the change in direction cosines and the relative change
in sound veleclty per wavelength are much less than unity, In
normal near-ground propagatior all freguenciea above about 400 Hs
are refracted equally, but at frequencies below this refraction
tende to decrease, BSome idea of the effect of any given wind and
temperature profile for a glven Ffrequency can be obtaimed ir,
instead of using actual gradient values at each point along {:he ray
path, the mean value averaged over cne wavelength in & vertical
direction 18 used, Snell's law of refraction at & layer then permits
ray-tracing uaing numerical technigues (pmce&ureg comonly umed in
underwater ray-tracing probiems), The resulting ray-paths ams quite
different from those derived from the simpler constant—gradieit
anglysis and correlation between calculated and measured valuess of
the range to the shadow boundary is goed, Far a sourcé heights of
10 m and & receiver height of 1.2 m the shadaw range is typically
between 100 and 200 m.

In the region between the source and the sound shadow the sound
intengity 1s little affected by refraction. At thr: shadow boundary
the traneitiom zore extends over a comaiders®le di atance and aven
at pointe far lnto the shadow zone the attemoation in excess of
spherical apreading rarely exceeds 25-30 dBy

2. Terrain

For an elevated source over flat grassland e attenuation
considerably in excess of that predicted from sieple spherical
gpreading is observed due to absorption of scund at the air/ground
interface, and this attenuation is highly frequency dependent,
Field measurements have generally included effeects of ground
abeorption and shadow formation; rarely have sufficient meteorocl-
ogical data been recorded to permit the two effects to be unequiv-
ocally resolved, However, from a series of investigations of near-
ground propagation carried out by the Building Ressarch Station, a
reasonable guantity of downwind data (where shadow-formation effects
are minimal) is available which permit estimetes to be made of the
effects of ground absorption. Recently the author has shown that
such effects can be explained theoretically; when scurce/receiver
geparation is large the asymptotic solutlon for the field due to a
source gbove & finitely absorbing plane ¢an be interpreted simply
in terms of an image source with a relative atrength in any direction
given by the complex plane-wave pressure-reflection coefficient for
that direction, In the unfortunate absence of reliable data on the
acougtical properties of grass-coversd soil for the relevant
frequency range, normalized curves of characteristic impedance and
propegation coefficient relating to fibrous absorbents have heen
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used; results are in reasonable agreement with fleld date, The
main value of such an enalyais la in showing the change in excesa
attenuation with changes in the acoustlcal propertiea of the ground,
the angle of incldence, and the helght of the souree and receiver
above the ground,

With sound source and receiver both at considerable height above
the ground, no ground-absorpticn effects willl be obaarved; wind and
temperature gradienta (and thua sound-refraction effects) are also
mich reduced. Thla is confirmed by field measuremsnts of propagation
between neighbouring mountain tops where even cver distances of 3km
there was no evidence of any ground-absorption or refraction effects,

3. Alr attenmuation

Due to vibrationsl relaxation effecta in oxygen moleocules,
absorption of gound in air is critically influenced by its water—
vapour content and is highly frequency-dependent. Two important
experimental studies of moleculer absorption have been reperted; by
Evans and Bazley, and by Harris, Ii has been shown that each set -
of absorption data collapse to a single bell-shaped curve when the
ordinate ia normalized attenuation (ratio of measured attenuation
cvefficlent at a given frequency and humidity to the maxrimm
attenuation coefficient chserved at that frequency) and the
abscissa is normalized humidity (ratio, for given fraquensy, of the
actual humidity to the humidity corresponding 0 marimm molecular
attenuation), The two metheds are 8lso in good agreement as to the
maximum value of abaorption coefficient. However, s regards the
variation of the humidity corresponding to maximum attenuation as a
function of frequency, they mgree only over a rather restricted
range and thla does lead to appreciable differences between the
predicted values of attenuation. The maximum difference occurs at
high frequencies for a relative humidity of about 45% and & temper—
ature of 26°C but for many practical purposes the discrepancles are
not important end average values can be asdopted. Use of the normale
ized curves permits prediction of molecular absorption at
frequenciss above those used in the experiments referrsd to above
and can be used with reasonsble confidence up t¢ about 25 kHs,

Attenuation due to classical viscous and thermal loss
mechanisms increases as the aquare of frequency, Except at high
audio frequencies and above, much attenuation in usually much lass
than that arising from molecular abporption and for moat practical
propagation problems can be neglected,

4. Fog and »aln .

For many years it was thought that the presence of fog produces
greatly inereased attenuation of sound but this is not, in fact, the
cage and & typical valus for sttenuation in a reasonably dense fog
is only 1 dB/lan. Indeed, the stable meteorvlogical comiitions
usually apsociated with inland mist and fog (low wind speed and
greatly reduced thermal gredients near the ground) are particularly
favourable for enhanced range of sound propagation as shadow
formation is either completely absent or the shadow range 1s mch
greater than usual. Even when accompanied by light rain, as in pre-
frontal fogs, no noticeable additional attenuation has been
detected, at least at low and middle audio frequenciss,

5. Turbulence

A number of authorg involved with studies of sound propagation
from a apherically rediating source have reported that excoss
attenuation attributable to scattering by atmospheric turbulence is
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8mall, particularly for low and middle freguencies, Buch a loss

1s expected to incresse with frequency but there 1s 1little evidence
of quantitative correlation beiween excess attenusation and degree

of turbulence, However, the attenuation so caused is probably

ruite small - of order 1 dB/km, Scattering by turbulence may,
~owever, have.the effect of limiting ths cverall attenuation

cauged by ground absorption or chadow fermation. Thus some places
may intermlttently experience a higher sound level than would be
predicted by unqualified application of the corresponding attenuvation
data, .

The structure of atmospherdic turbulence and the resulting
fluctuation in soumd level has received detalled theoretical
ooneideration, Howsver, it is difficult to relate the quantities
usually measured in field studles to theoretical results. Thua
8 commonly-obasrved quantity is the pesk-to-peak fluctuation in
sound level over a stated times Interval but 1t 1p d4fficult to
predict this because it depends critically on the higher moments
of the statistical distribtution of turbulence and cn the response—
‘time of the indicating instrument. On the other hand the coeffic—
ient of vardation of the short-term mean—square pressure, although
oonvenlent theoretically, can only be determined from detailed
digital analyais of recordings of signal amplitude as a function of
time and, to date, mo reports of field studles have included this
information,

It 18 to be expeeted that the amplitude of fluctuations due to
turtmlence will geperally increase with inereasing distance from
the sourve and with increasing frequency. Experimental date are
available which permit rough estimates to be made of the amplitude
of level fluotuations to be expected for typical near-ground sound
propagation,

6. Bhislding by cbstructions

The effecta on socund propagatlon of low obstructions on an
otherwlse plame ground are gulte negligible in practice. Indesd,
even barriers cconsisting of bands of mature trees have besn found
to have 1little effeot on long-distmnce near—ground propagation,
With large barrders, such as an extensive brick wall or row of
houses, fairly woll-defined shadow sones can be expected. With
pore complex urban enviromments 1t has proved possible to predict
attepuation from an elsvated scund acures in terma of an 'urban-
isation faator', whilst lecal effects due teo shielding of traffic
noise by different housing configurations have been empirically
explained in terms of the parcemtage ¢f the facade which is
unobstructed,

A more detalled review by the author of the factors affecting near-
ground propagation of sound is ayzilable as:

KPL Special Bepert 033, Novembar 1969, "Range prediction for siren
sources”,




