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ARTICLE OVERVIEW 
More than 45 years ago, Embleton et al1 reviewed theories for propagation over a finite impedance plane 
mentioning their similarity to those for electromagnetic wave propagation over a conducting surface. The total 
field potential due to a point source, 𝜙, at a receiver 𝑟1 from the source in the form of the Weyl-van der Pol 
equation (eqn. (1)).  

𝜙 =
𝑒𝑖𝑘𝑟1

𝑟1
+ [𝑅𝑝 + (1 − 𝑅𝑝)𝐹(𝑤)]

𝑒𝑖𝑘𝑟2

𝑟2
      (1) 

where 𝑟2 is the length of the ground-reflected path to the receiver, the plane wave reflection coefficient 𝑅𝑝 =
sin𝜓−𝑍1 𝑍2⁄

sin𝜓+𝑍1 𝑍2⁄
 , the ‘ground wave’ term involving 𝐹(𝑤), sometimes called the boundary loss factor, represents the 

interaction between the curved wave fronts and the ground with surface impedance 𝑍2, the numerical 
distance 𝑤 = (𝑖𝑘𝑟2 2⁄ )(sin𝜓 + 𝑍1 𝑍2⁄ )2, 𝜓 is the grazing angle and 𝑍1 is the characteristic impedance of air. 
The square bracket in eqn. (1) can be interpreted as a spherical wave reflection coefficient.  
Comparing predictions with measurements made with a loudspeaker source at the National Research Council 
of Canada (NRCC) over grass and asphalt and with data obtained using a fixed jet engine over an airfield in the 
UK2, Embleton et al explain the frequency dependent nature of the interference between sound travelling 
directly between source and receiver and sound reflected from the ground. The geometrical path length 
difference is augmented by the frequency-dependent phase change on reflection which depends on the type 
of ground. Figure 1 shows their measurements and predictions of the ground effect over an asphalt surface 
sufficiently hard that any phase change on reflection can be neglected and the minima in the sound level 
relative to the free field occur whenever the path length difference is an odd multiple of half wavelengths.  
 
[Figure 1 near here] 
 
IMPACT OF THE ARTICLE 
Embleton et al1 explain why ground effect is not simply ground absorption and establish that under ‘neutral’ 
atmospheric conditions the finite impedance of the ground has the most significant influence on sound levels 
up to 1000 ft (304.8 m) from the source. Ray-tracing arguments are used to consider the simultaneous effects 
of ground impedance, topography, and refraction due to sound speed profiles, thereby providing a useful 
basic understanding of many aspects of outdoor sound propagation. Because of space limitations, Embleton et 
al1 did not include the important influences of atmospheric turbulence. However, the first modeling of the 
reduction of the coherence between direct and ground-reflected sound by turbulence and associated 
reduction in the attenuation due to ground effect, appears in a later NRCC paper3. This treatment of 
turbulence has subsequently been corrected and extended4. Moreover, the widespread availability of 
significant computational power has encouraged the development and use of numerical schemes that not only 
account for ground, meteorological effects and turbulence but allow for their variation with range5.  
 
 
GROUND IMPEDANCE  
Embleton et al1 mention several methods of ground impedance determination including estimation from the 
cut-off frequency of the ground wave. They made measurements over ‘institutional grass’ and asphalt, but 
investigations at NRCC6 and elsewhere7 have shown a wide range of ground impedance and several classes of 
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ground are specified in a prediction scheme used for noise mapping8. However, the one parameter model 
used for such classification can give rise to unphysical predictions whereas alternative simple models do not9. 
The short-range data fitting method developed at NRCC6 is the forerunner of the methods in the ANSI 
standard involving either impedance model fitting or direct deduction from measurements of the level 
difference spectra between vertically separated microphones10. 
 
AIRBORNE SURFACE WAVES 
Embleton et al1 identify a component in the solution for near-grazing total sound field above a finite 
impedance plane as a cylindrically spreading airborne surface wave and explore the conditions for its 
appearance. Since its attenuation depends on the real part of ground impedance, the only observation of the 
surface wave outdoors over a naturally occurring surface has been over a thin snow layer11. The surface wave 
over a porous boundary is related to that created over a rough surface near-grazing incidence observed in 
laboratory measurements over variously-spaced strips12.  Surface waves have been observed outdoors also 
over surfaces formed by parallel rows of bricks13 and the associated diversion of sound energy can be 
exploited to reduce noise from sources near the ground14. 
 
KEITH ATTENBOROUGH1  
1Engineering and Innovation, The Open University, Walton Hall, Milton Keynes MK7 6AA, UK 
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Caption for Figure Reproduced from JASA 
Relative sound pressure level spectra measured 15.2 m from a point source and 1.2 m above an 
acoustically hard ground (asphalt) for four different source heights, hs = 0, 0.3, 0.6, and 1.2 m, 
respectively. The dashed curves are predictions assuming an infinitely hard surface. (Fig. 7 from ref.1) 
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