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ESDU 94035
ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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The work on this particular Item was monitored and guided by the following Outdoor Sound Propagation Working
Party on behalf of the Aircraft Noise Committee:

The Aircraft Noise Committee first met in 1971 and now has the following membership:

The technical work involved in the assessment of the available information and subsequent development of the
Data Item was undertaken by

Prof. K. Attenborough — The Open University, Milton Keynes
Dr M.J. Fisher — Institute of Sound and Vibration Research, University of 

Southampton
Mr L.W. Illston — British Aerospace Defence Ltd, Farnborough
Dr M.L. Legerton — Energy Technology Support Unit, Harwell
Mr R.C. Payne — National Physical Laboratory, Teddington
Mr S.J. Perkins — Rolls-Royce plc, Derby
Mr J.D. Turton — Meteorological Office, Bracknell.

Chairman
Mr R. Pinker — Independent

Members
Mr S. Arrowsmith*

* Corresponding Member

— European Aviation Safety Agency (EASA), Germany
Mr W.D. Bryce — Bryce Research (Member Emeritus)
Ms C.L. Burley* — NASA, Langley Research Center, USA
Mr P.J. Hopkins — Rolls-Royce plc, Derby
Dr I. Imamura* — Japan Aerospace Exploration Agency, Japan
Dr P. Joseph — Institute of Sound and Vibration Research, Southampton
M. P. Lempereur — Airbus France, Toulouse, France
Mr D. Patience — BAE SYSTEMS, Farnborough
Mr W.J. Readman* — European Aviation Safety Agency (EASA), Germany
Dr D. Rhodes — Civil Aviation Authority, Environmental Research & 

Consultancy Department (ERCD), London
Mr D.C. Riordan — Bombardier Aerospace Short Brothers plc, Northern Ireland

Dr C.B. Chinoy — Head of the Aircraft Noise and Structural Dyamics Group.

Copyright Engineering Sciences Data Unit 
Provided by IHS Markit under license with ESDU Licensee=/, User=, 

Not for Resale, No reproduction or networking permitted without license from IHS

-
-
`
,
,
`
`
`
,
,
,
,
`
`
`
`
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-

Full document details: ESDU 94035 B 2011

http://www.avadocuments.com/doc/esdu-94035-b-2011
http://www.avadocuments.com/doc/esdu-94035-b-2011


 

ES
D

U
 C

op
yr

ig
ht

 m
at

er
ia

l. 
 F

or
 c

ur
re

nt
 s

ta
tu

s 
co

nt
ac

t E
SD

U
. 

i

ESDU 94035
THE CORRECTION OF MEASURED NOISE SPECTRA FOR THE EFFECTS OF 
GROUND REFLECTION
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ESDU 94035
THE CORRECTION OF MEASURED NOISE SPECTRA FOR THE EFFECTS OF 
GROUND REFLECTION

1. NOTATION

SI Units

speed of sound m/s

horizontal separation of source and microphone m

frequency Hz

frequency of the first minimum in the ground-reflection spectrum (see 
Sketch 2.2)

Hz

geometric mean frequency Hz

receiver height m

source height m

turbulence scale parameter m

Mach number of moving source

parameter in Equation (3.4)

pathlength of direct ray between source and receiver m

pathlength of reflected ray between source and receiver m

temperature K

normalised acoustic impedance

inverse effective depth of porous surface layer m–1

parameter in Equation (3.3)

mutual coherence function

ratio of specific heat capacities of air

angle between flight direction and source-receiver direction (e.g. for a jet 
engine, the angle measured from the inlet axis to the source-receiver 
direction)

deg

fluctuating index of refraction

c

D

f

f *

fg

Hr

Hs

L

Ma

P m
3/2

r1

r2

T

Z









i

<2
>

Issued November 1994
With Amendment B, December 2008 – 35 pages

Re-issued March 2011 – 35 pages
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ESDU 94035

2. INTRODUCTION

This Item provides a means of estimating the effect on noise measurements, made at a position above the
ground, due to reflection of the sound wave by the ground. The ground-reflection correction is estimated
in the form of a difference spectrum, which may be subtracted from a measured spectrum to give a free-field
spectrum, or added to a free-field spectrum to give a measured spectrum. The geometric representation of
the source and receiver is shown in Sketch 2.1. 

Sketch 2.1   Diagrammatic representation of source-receiver geometry

The direct wave between the source and receiver propagates over a pathlength , while the pathlength of
the reflected wave is . The ground-reflection corrections are due to the interference between the direct
and reflected waves. The phase relationship between the two waves is determined by the pathlength
difference, , and the impedance of the ground material, Z. Unless waves are in phase, when combined
they will partially cancel. A typical one-third octave band ground-reflection spectrum for spherical waves
showing the ground-reflection cancellation and reinforcement due to the interference of the direct and
reflected waves is shown in Sketch 2.2. The lowest frequency at which cancellation is most marked is
defined as the frequency  and the dip in the spectrum around this frequency is referred to as the primary
hollow. The location of the frequency,  and the depth of the dip in the spectrum are dependent on a
combination of factors. These factors are the source-receiver geometry, the ground impedance and the level
of air turbulence. For example, the pattern of variation of the depth of dip with ground impedance observed
during air-to-ground sound propagation is different from that observed during ground-to-ground sound
propagation. In this Item, ground-to-ground sound propagation is considered to be at grazing angles of less
than 5° to surface. 

density of air kg/m3

effective flow resistivity N s/m4*

rms value of wind velocity fluctuation m/s

rms value of temperature fluctuation K

ground-reflection angle (i.e. angle made by incident or reflected ray with 
ground. See Sketch 2.1)

rad†

angular frequency rad/s

* In Equation (3.1),  is given in N s/m4 . Elsewhere in the text and for input to the computer program,  is kN s/m4 .
† In the equations given in Appendix A,  is in radians. For convenience, elsewhere in the text  is quoted in degrees.



e

V

T





e e
 

Impedance boundary

Receiver

Source

D

φ

r1

Hs

Hr

r2

r1
r2

r2 r1–

f *

f *
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ESDU 94035

Sketch 2.2   One-third octave band ground-reflection correction over a hard surface

The general theoretical approach used in this Item is based on the reflection of a spherically diverging wave,
propagating through a homogeneous atmosphere, at the boundary between two semi-infinite media. This
implies zero mean wind and an absence of temperature gradients; however, the loss of coherence between
direct and reflected rays arising from turbulence scattering is included. The theory, which is outlined in
Section 2 of Appendix A, is that given in Derivation 2 and includes the correction given in Derivation 3.
However, the impedance of the ground is modelled using a different ground impedance model from that
used in Derivation 2. The ground impedance model used in this Item is described in Derivation 5. The
one-third octave band ground-reflection corrections are estimated by making the assumption of white noise
(constant spectral density). Results reported in Reference 7 indicate that the assumption of white noise
introduces only small errors over a wide range of spectrum slopes.

The effects of source motion, filter characteristics, source distribution and the minimisation of ground
reflection effects are discussed in Appendix B. 

A computer program, known as ESDUpac A9435*, for estimating the discrete frequency ground-reflection
correction and, by combining these corrections, the one-third octave band ground-reflection corrections for
all surfaces, is described in Appendix C of this Item. This procedure is applicable to the correction of
measured noise spectra to free-field levels for both ground-to-ground and air-to-ground noise
measurements.

2.1 Outline of Method of Analysis

The method provides a means of estimating the effect of the reflection of sound waves propagating over
any surface between a source and a receiver when source and receiver are located at any height above the
ground plane. The ground-reflection corrections are the difference between the measured and free-field
spectra. The ground-reflection difference spectrum can either be subtracted from a measured spectrum to
obtain free-field levels, or added to a free-field spectrum to obtain the sound pressure levels at the point of
measurement. The ground-reflection corrections are calculated for either any set of discrete frequencies at
a constant interval using Equation (A.6) or for the standard set of one-third octave bands using
Equation (A.7). The method permits the user to take into account the effect of air turbulence by considering
the coherence between direct and reflected rays. The correlation of phase and amplitude fluctuations
between direct and reflected waves is described in Reference 10. 

* The full ESDUpac number has an appended V followed by two digits. These digits indicate the ESDUpac version number. For example,
the full ESDUpac number for version 1.0 of ESDUpac A9435 is A94345V10. The version appendage will not be used when referring to
ESDUpacs in the text of this Item. See Introduction to ESDUpacs for a full description of the ESDUpac numbering system. The current
version of the ESDUpac is given in Appendix C and on the example program output in Section C.2.

Frequency kHz

0.05 0.10 0.20 0.40 0.80 1.60 3.15 6.30

One-third
octave band
ground reflection
correction
relative to
free-field

-15

-10

-5

0

5

10

dB
f *

Hs = 4.5 m
Hr = 1.5 m
D  =  60 m
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ESDU 94035
In general, it is necessary to take account of the filter shape in the estimation of the one-third octave band
free-field spectrum for a broad-band noise source, as application of the theoretical ground-reflection
correction leads to an overcorrection around the primary hollow. To account for this overcorrection, an
option is given to include the effect of a practical filter (see Section A.4), as used in the spectrum analysis,
on the difference spectrum due to ground-reflection effects. When this filter correction option is exercised,
the program estimates the filtered ground-reflection correction. 

In practice it is often found that the frequency  (see Sketch 2.2), of the measured spectrum is not equal
to the value of  calculated from the predicted ground-reflection correction spectrum. This discrepancy
may result from the non-homogeneity of the atmosphere (see Section 2.2) or from an error in source location. 

When a measured spectrum is input, the program automatically aligns the dip in the predicted
ground-reflection correction with that in the measured spectrum by finding first the values of  for both
the measured spectrum and the predicted ground-reflection difference spectrum. The pathlength difference
is then multiplied by the correction factor which is calculated from these two frequencies. The program
calculates the A-weighted sound pressure level, dBA, the overall sound pressure level, OASPL, and the
perceived noise level, PNL, of the measured and free-field spectra. The PNL is calculated using the
mathematical formulation of the NOY tables given in Derivation 4. 

2.2 Limitations of the Prediction Procedure

The prediction procedure is based on the theory presented in Appendix A, Section A.2, with the additional
modifications of Sections A.3, and A.4, which are based on practical considerations. The theoretical
approach assumes that the sound waves propagate through a still, homogeneous atmosphere with a
spherically divergent wavefront. The effects of refraction due to wind and temperature gradients are not
included. Refraction causes the pathlengths of the direct and reflected waves to change from those calculated
using the geometrical relationships between the source and receiver. This change in the pathlength
difference will alter the phase relationship between the two waves from that calculated using the source
receiver geometry and ground impedance. A means of accounting for these effects over short sound
propagation ranges is given in Reference 12.

The theory assumes that the ground plane between source and receiver is flat. It also assumes that the sound
source radiates equally strongly in the direction of the direct ray and in the direction of the reflected ray
before it touches the ground. Both source and receiver are assumed to be stationary. 

f *

f *

f *
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ESDU 94035
3. MAJOR PARAMETERS IN THE CALCULATION OF THE GROUND-REFLECTION

CORRECTION

The calculation of the ground-reflection correction covered by this Data Item requires the knowledge of
three sets of parameters related to: 

From the source-receiver geometry are required the source and receiver heights and the separating distance
between source and receiver. The effects of source distribution are discussed later in Section B.2.

3.1 Ground Impedance

The impedance of the ground surface is calculated using a two-parameter model of the ground. The ground
is modelled as a porous layer structure. The model is described in Derivation 5. 

The normalised acoustic impedance, Z is given by the equation

. (3.1)

The two parameters describing the ground in the above equations are the effective flow resistivity,  and
the inverse effective depth of the surface layer, . Guidance on their selection is provided in Table 5.1.
The ranges of values given in this table are typical of those observed from types of the given ground surface
(Derivation 5).

3.2 Effects of Air Turbulence

Air turbulence has an important effect on long range sound propagation.

In this Item, the presence of air turbulence is taken into account by considering its effect on the coherence
between the direct wave and the reflected wave (see Reference 11). The transverse or mutual coherence
function , is given by

(3.2)

where ,

(3.3)

and , (3.4)

where  is a turbulence scale parameter taken normally to lie between 1.0 and 1.5 m and assumed here
as 1.1 m. 

i) the source-receiver geometry,
ii) the impedance of the ground surface,

and iii) the prevailing level of air turbulence.

Z
e

f
-----------
 
 
 

½

i+
e

f
-----------
 
 
 

½
c

4f
-----------+=

e




 0.25P– exp=

 0.5 if 
cD


-------
 
 
 

½

L=

 1 if 
cD


-------
 
 
 ½

L=

P <2
>

c
----
 
 
 2

DL =

L
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ESDU 94035
The coherence function,  is used in the calculation of the ground reflection correction as shown in
Equations (A.6) and (A.7) in Appendix A of this Item. Sketch 3.1 shows the variation of  with frequency
for the case described in the example in Appendix C.

The input parameter required is the fluctuating index of refraction  which is given by the
approximation (Reference 10). 

. (3.5)

This parameter can be measured accurately only if a fast response system (sampling at over 1 kHz) is used
for measurement. 

Guidance on selecting  for typical situations is given in Table 5.2.

Sketch 3.1   Variation of coherence function,  with frequency

3.3 Selection of Input Parameters

It is obvious that the greater the accuracy with which the input parameters describe the particular situation
under consideration, the higher will be the accuracy of prediction. This section contains illustrations of the
sensitivity of the model to the different input parameters. Although it is impossible to provide specific
guidance for every conceivable situation some broad guidelines based on general trends can be provided.

In the sketches shown in this section, the source height is 2.16 m, the microphone height is 1.2 m and the
source-receiver separation is 1100 m. Turbulence has not been taken into account i.e.  has been set
at zero.

In Sketch 3.2 the effect of varying the effective flow resistivity for grassy surfaces can be seen. In Sketch 3.3
the same general trends can be seen for a hard surface such as concrete. It is apparent that increasing the
effective flow resistivity shifts the primary dip higher in frequency.

Varying the inverse effective depth has a similar effect on the primary dip and the slope of the curve below
the primary dip. This is shown in Sketch 3.4. However, the model is sensitive to variations in inverse
effective depth only for relatively soft surfaces such as grass. For hard surfaces the ground reflection
correction depends almost entirely on the effective flow resistance.




<2
>

<2
>

V
2

c
2

------
T

2

4T
2

---------+=

<2
>
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0.0
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
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ESDU 94035
The effect of changing the turbulence parameter  is shown in Sketch 3.5. Increasing the value of

, which implies increased turbulence in the air, shifts the frequency of the primary dip downwards
and lifts up the prediction at frequencies above the primary dip frequency. 

When correcting measured spectra to free-field levels, the input variables should be optimised through trial
and error by inspection of the effectiveness of the removal of the primary dip. It is recommended that the
effective flow resistivity be varied first around values obtained from Table 5.1. Further fine tuning may
then be performed using the other input parameters. 

Sketch 3.2   Variation of ground reflection correction with effective flow resistivity,  for grassy surfaces, 

 set at 20 m–1

Sketch 3.3   Variation of ground reflection correction with effective flow resistivity,  for hard surfaces,  
set at 0 m–1
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Sketch 3.4   Variation of ground reflection correction with inverse 
effective depth,  set at 30 kN s/m4

Sketch 3.5   Variation of ground reflection correction with turbulence parameter  set at 
30 kN s/m4 and  set at 20 m–1
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