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Abstract. Environmental noise very often occurs in the form of randomly fluctuating sound
signals. Therefore, the measured value of Leq based on the sound pressure level
measurements by sound level meter will probably differ from the true one due to the effects of
the errors due to the experiment chain and the physical phenomenon in the sound
propagation. Guidelines on estimating the uncertainty in environmental noise measurement
compliance with the ISO Guide to Uncertainty in Measurements (GUM) and SRPS EN ISO
1996-2 will be given in this paper. Five main sources of uncertainty (measurement chain,
operating conditions, meteorological conditions, receiver location and residual noise) are
identified and their partial uncertainties are combined to determine the overall uncertainty in
environmental noise measurement.
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1 INTRODUCTION

Noise can be defined as an unwanted or undesired sound whereas environmental noise
is any unwanted or harmful outdoor sound created by human activities that is detrimental
to the quality of life of individuals.

Worldwide, 130 million of people are exposed to environmental noise levels above 65
dB(A), while another 300 million live at uncomfortable environmental noise levels (55
dB(A)-65 dB(A)) [1].

Although by listening we detect noise with a great sensitivity, we have often difficul-
ties to describe it and we certainly cannot define it in technical terms - we usually know
when noise is excessive, but we cannot predict the required noise reduction and, more im-
portantly, we cannot determine how to effectively reduce the excessive noise.
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The proper environmental noise pollution assessment and design of effective noise
control measures require noise measurement.

Noise measurement is an important diagnostic tool in noise control technology and
noise pollution assessment. The objective of noise measurement is to make accurate
measurement which gives us a purposeful act of comparing noises under different condi-
tions for assessment of adverse impacts of noise and adopting suitable control techniques
for noise reduction.

It is well known that environmental noise levels can vary over a wide range as a result
of the diversity of site conditions and activities occurring during field measurements. En-
vironmental noise very often occurs in the form of randomly fluctuating sound signals. To
quantitatively describe this phenomenon, noise index such as equivalent pressure level L,
is widely used. The measured value of L., based on the sound pressure level measure-
ments by sound level meter will probably differ from the true one due to the effects of the
errors due to the experiment chain and the physical phenomenon in the sound propaga-
tion. In most physical experiments there will be a random component affecting environ-
mental noise measurement uncertainty.

A number of authors have already made significant contributions in the field of envi-
ronmental noise measurement uncertainty determination [2,3].

Guidelines on estimating the measurement uncertainty in compliance with the ISO
Guide to Uncertainty in Measurements (GUM) explained in a series of JCGM ("Joint
Committee for Guides in Metrology") documents [4-6] and SRPS ISO 1996-2 [7] will be
given in this paper.

In this method the separate uncertainties associated with each of the variables affect-
ing the measured noise level are added together to derive a combined overall uncertainty.
Because of the limited time and resources, each component of the overall uncertainty
must normally be estimated based on scientific judgment or practical experience instead
of being determined from the results of a large set of repeated measurements.

2 MEASUREMENT UNCERTAINTY SOURCES

The word "uncertainty" means doubt, and therefore in its broadest sense "uncertainty
of a measurement" means a "doubt about the validity of the result of that measurement".
The concept of "uncertainty”" as a quantifiable attribute is relatively new in the history of
measurement.

GUM classifies uncertainties into three categories: standard Uncertainty, Combined
Uncertainty, and Expanded Uncertainty.

The standard uncertainty with the symbol "u" is represented by an estimated standard
deviation and equals to the positive square root of the estimated variance. The standard
uncertainty of the result of a measurement consists of several components, which can be
grouped into two types [4]. They are:

= Type A — Uncertainty components obtained using a method based on statistical

analysis of a series of measurement.

= Type B — Uncertainty component obtained by means other than repeated observa-

tions. Prior experience and professional judgments are part of type B uncertainties.
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Combined standard uncertainty of the result of a measurement is obtained from the
uncertainties of a number of other quantities. The combined uncertainty is computed via
the law of propagation of uncertainty. The result is different if the quantities are corre-
lated or uncorrelated (independent).

Mathematically, expanded uncertainty is calculated as the combined uncertainty mul-
tiplied by coverage factor, k. Coverage factor k includes an interval about the result of a
measurement that may be expected to encompass a large fraction of the distribution of
values that could reasonably be attributed to the measurement.

Thus, the numerical value for coverage factor & should be chosen so that it would pro-
vide interval Y =y + U corresponding to a particular level of confidence.

SRPS ISO 1996-2 [7] contains guidelines on assessing and reporting the uncertainties
of the determined sound pressure levels. This depends on the sound source and the meas-
urement time interval, the meteorological conditions, the distance from the source and the
measurement method and instrumentation. Some guidelines on how to estimate the meas-
urement uncertainty are given, with focus on A-weighted equivalent-continuous sound
pressure levels only. Five main sources of uncertainty (measurement chain, operating
conditions, meteorological conditions, receiver location and residual sound) are used and
combined to determine the overall uncertainty.

The measurement uncertainty shall be determined in compliance with the ISO Guide
to Uncertainty in Measurements (GUM).

According to GUM each significant source of error has to be identified and corrected
for. If the quantity to be measured iS Laeqm, Which is a function of quantities x; the equa-
tion becomes:

Lgeqm =1 (x}) (1

If each quantity has standard uncertainty u; combined uncertainty  is given by

uLgequm) = | (e u )’ @

where sensitivity coefficient ¢; is given by

g 3)
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The measurement uncertainty is the combined measurement uncertainty associated
with a chosen coverage probability. By convention, a coverage probability of 95% is usu-
ally chosen, with an associated coverage factor of 2. This means that the true value during
the specified conditions La.q, true is:

L geq,true =L deq,m £2u “)

Other levels of confidence may be set. A coverage factor of 1.3 will, e.g., provide a
level of confidence of 80 %.

For environmental noise measurements f{x;) is extremely complicated and it is hardly
feasible to put up exact equations for function f. Following the principles given in ISO 3745
[8] and ISO 1996-2, some important sources of error can be identified and written as
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LAeq,true = LAeq,m +85im + Osou + Omet + Gloc + Ores (%)

where Jy, is the error due to the measurement chain (sound level meter in the simplest
case), Oy, 1 the error due to deviations from the ideal operating conditions of the source,
Omet 18 the error due to meteorological conditions and ground conditions deviating from
the ideal conditions, ) is the error due to the selection of receiver position and J is the
error due to residual noise. Often &y, + e is determined directly from measurements.

Equation (5) is very simplified and each source of error is a function of several other
sources of error. In principle equation (5) could be applied to any measurement lasting
from seconds to years. The measurements are divided into long and short term measure-
ments respectively in SRPS ISO 1996-1 [9]. A short term measurement may typically
range between 10 minutes and a few hours whereas a typical long term measurement may
range from one month to one year.

According to equation (5) and identified sources of error equation (2) can be rewritten
as:

2 2 2 2 2 2
u (LAeq,m) = (Csimtsim)” + Csouttsou)” + Cmetttmer)” + (Cloctiioe)” + (Crestires) (6)

All the sensitive coefficients have been estimated to 1.0 except for the residual noise.

Table 1 of SRPS ISO 1996-2 [7] contains an overview of the measurement uncertainty
for the A-equivalent noise level. Higher uncertainties are to be expected on maximum
levels, frequency band levels and levels of tonal components in noise.

3 ESTIMATION OF ENVIRONMENTAL NOISE MEASUREMENT UNCERTAINTY

3.1 Uncertainty due to measurement chain

The uncertainty due to measurement chain has been estimated as 1.0 dB. This value
concerns the use of Class 1 instrumentation. However, the standard permits the use of in-
strumentation systems, including the microphone, cable and recorders if any, that conform
to the requirements for a class 1 or class 2 instruments laid down in IEC 61672-1 [10]. If
class 2 sound level meters or directional microphones are used the value will be larger.
Studies carried out at Briiel & Kjar [11] have shown these to be double those of Class 1
instrumentation.

The values of measurement uncertainty include influence of the following factors:

= Directional response

= Frequency weighting

= Level linearity

= Tone burst response

=  Power supply voltage

= Static pressure

= Air temperature

=  Humidity

= Calibrator

=  Windscreen
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3.2 Uncertainty due to operating condition

Uncertainty due to operating conditions is determined from at least 3, and preferably
5, measurements under repeatability conditions (the same measurement procedure, the
same instruments, the same operator, the same place) and at a position where variations in
meteorological conditions have little influence on the results.

3.2.1 Road traffic

When measuring the equivalent noise level the number of vehicle pass-bys shall be
counted during the measurement time interval. If the measurement result shall be con-
verted to other traffic conditions, the distinction should be made among at least the three
categories of vehicles 'passenger cars' and 'medium heavy (2 axles)' and 'heavy (> 3 ax-
les)'. To determine if the given traffic conditions are representative or not, the average
traffic speed shall be measured and the type of road surface noted.

For the road traffic noise the uncertainty can be calculated by

C
Usou = ﬁ @)
where 7 is the number of pass-bys. For mixed traffic C = 10, for heavy vehicles only C =
5 and for passenger cars only C = 2.5.

3.2.2 Rail traffic

When measuring the equivalent noise level the number of train pass-bys, the speeds
and the train lengths shall be determined during the measurement time interval. If the
measurement result shall be converted to other traffic conditions, the distinction should be
made among at least the following categories: High speed trains, inter-city trains, regional
trains and freight trains.

For the rail traffic noise the uncertainty can be also calculated by means of equation
(7) where C=10 if the sampling is made regardless of the operating conditions and C=5 if
the sampling takes into account the relative occurrence of the different train classes
(freight, passenger, etc).

3.2.3 Industrial sources

The source operating conditions shall be divided into classes: For each class the time
variation of the sound emission from the source shall be reasonably stationary in a sto-
chastic sense. The variation shall be less than the variation in transmission path attenua-
tion due to varying weather conditions. If 5 minute to 10 minute Leq-values measured at a
distance are long enough to include noise contributions from all major sources and short
enough to minimize meteorological effects during a certain operating condition, a new
categorization of the operating conditions shall be made.

In order to be able to estimate the uncertainty of the operating conditions for industrial
sources it is necessary to repeat the measurements at a distance sufficiently close to the
source to make the sound pressure level variations independent of the meteorological
conditions. The equation for this is
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T 2
" (L geq,m,i =L Aeg,m)
Usou = Z

i=l1
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L seqm,: 18 the measured value representing a typical cycle of operation, L 4eq,m is the arith-
metic average of all L, ,;and # is the total number of all independent measurements.

For the two measurements to be independent, the requirements of Table 1 should be
met. "Sou" in Table 1 indicates that the minimum time is influenced by the operating con-
ditions of the source.

Table 1 Minimum time between two measurements to be independent

Distance <100 m 100+300 m >300 m
day night day night day night
Road 24h 48h 48h 72h 72h

Rail 24h  24h/sou 24h 48h 72h  72h
Industry  sou sou 48h 48h 72h 72h
Aircraft sou sou sou sou sou  sou

The equivalent noise level shall be measured during each class of operating conditions
and the resulting the equivalent noise level shall be calculated taking the frequency and
duration of each class of operating condition into account according to equation:

L 0.1-L ;
L goqm =10log Y p;-107 Aetmd )
i=1
where L., is the total equivalent noise level for the whole time interval and L, is
equivalent noise level for class of operating condition i, which lasts for part p; of the total
time.
The total measured equivalent noise level is a function of equivalent noise level for

each class of operating conditions and duration of each class of operating conditions, so
that the sensitivity coefficient can be given by

0.1-L i
c Mg __pi10 10 (10)
I = =
Aeq,m,i aLAeq,m,i ip .IOO'I'LAeq,m,i
i
i=1
aLAe 100.1-1‘44&1’”1’,
— q.m _
c, = = (11)

op; “ . )
D; Z -1 00.1 Logegmi

i=1

If Legm,; is determined with uncertainty u;; and p; with standard uncertainty u,,;, then
uncertainty of L., ,, is then given by
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n n
2 2 2 2
Usou _\/chi '”pi + ZCL 'uL,- (12)
i=l1

o1 Aeq,m,i

3.3 Uncertainty due to metrological conditions

The variability of noise levels during measurements is influenced by the meteorologi-
cal conditions. The noise levels must be measured during favorable propagation condi-
tions.

If only one or a few short term measurements are carried out they should be taken
during favorable conditions. For the soft ground favorable conditions are assumed to be
valid for downward propagation if

hg + h, S
——7X20.1 13
y (13)

where A, is source height, 4, is receiver height and d is distance between the source and
receiver.

If the ground is hard, larger distances may be acceptable.

The favorable sound propagation conditions can be determined on the basis of the ra-
dius of curvature of sound rays, R, which depends on the gradient of wind speed and tem-
perature. Positive values of R correspond to downward sound ray curvature (e.g. during
downwind or temperature inversion). Such sound propagation conditions are often re-
ferred to as "favorable", that is the sound pressure levels are high. 1/R = 0 corresponds to
straight-line sound propagation (homogeneous atmosphere, no-wind'); negative values of
R correspond to upward sound propagation (e.g. during upwind or on a calm summer
day).

The radius of curvature can be calculated from measured meteorological parameters
according to Annex A of SRPS ISO 1996-2 [7].

In the case of measurements during favorable conditions the uncertainty is

Umet =2 (14)

In other conditions the uncertainty can be determined from Figure A.1 [7].

3.4 Uncertainty due to selection of receiver position

The location of the receiver position is critical in obtaining accurate and useful sound
data. The selection of the receiver position should be carefully considered early in the de-
velopment of the measurement plan, once the objectives for the measurement system have
been clearly identified. In order to analyze to what extent the proposed receiver location
influences the uncertainty of the results at that site, it is necessary to examine carefully the
relation between the residual sound and the sound pressure levels to be measured. For ac-
curate measurements, the level difference should exceed 15 dB.

For the most common cases, the default values for the standard uncertainties using dif-
ferent receiver positions are given in Table 2 for traffic noise. For industrial noise and
other positions the uncertainties have to be determined for each individual case based on
the repeated measurements and equation (8).
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Table 2 Uncertainty of different receiver location

Reciver location Uoe
Traffic noise incident from all angles
Microphone in free field 0.5
Microphone directly on the surface 0.4
Microphone near reflecting surface 0.4
Traffic noise with predominantly grazing incidence
Microphone directly on the surface 2.0
Microphone near reflecting surface 1.0

3.5 Uncertainty due to residual noise

The uncertainty due to residual sound is dependent on the following primary factors:
= the parameter measured

= the difference between measured total values and the residual sound, and,

= the uncertainty of the assessments of the total values and the residual sound.

The uncertainty due to residual sound varies depending on the difference between
measured total values and the residual sound (including self-generating noise in the in-
strumentation). It is well-known how the residual sound level influences measurement of
the specific sound level. At 10dB below, the influence has traditionally been accepted to
be insignificant.

In order to determine the uncertainty for the specific sound level, the actual measured
overall level, the residual noise level during the measurement and the residual noise used
for correction are combined.

The specific noise level is then the overall noise level (specific noise level L, and
the residual noise level during measurement L, ) corrected for residual sound level Ly
measured with specific noise source off:

0.1-L 0.1-L 0.1L
Lgs,;m =10log((10 ss,m 410 res,my 10 res,c ) (15)

The sensitivity coefficients are

OL ] B
Cres,m = % ~ 1()0'1 (Lyes,m—Lss,m) 16)
res,m
oL 0.1(Lyes ¢ —Lgs )
Cres,c :aLsiz—l() res,c ~Lss,m an

res,c

The total uncertainty is given by

2 2 0.1-(Lypg py~Les )
Ugg = \/(Cres,m 'ures,m) + (Cres,c '”res,c) R \/Ecres Upes = \/5'10 resmTSS I Y es (18)

In equations (16) to (18) it is assumed that there is little difference between the resid-
ual noise during the measurement and the residual noise used for correction. If the resid-
ual noise level is much smaller than the noise level from the source to be measured the
sensitivity coefficient for residual coefficient is:
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Cres ® 100-1-(Lres =Lm) (19)

The uncertainty associated with residual noise u,. is determined in accordance with
equation (6) except for the last term.

4 CONCLUSION

It is well known that environmental noise levels can vary over a wide range as a result
of the diversity of site conditions and activities occurring during field measurements. En-
vironmental noise very often occurs in the form of randomly fluctuating sound signals.

The uncertainty estimation in environmental noise measurement is not an easy proce-
dure since it is difficult to identify all sources of uncertainty related to the equivalent
noise level and determine its contributions to the combined measurement uncertainty.
Neither is there any completely established procedure used on a broad scale to estimate
the uncertainty in environmental noise measurement.

This paper is an attempt to provide guidelines on estimating the measurement uncer-
tainty in compliance with the ISO Guide to Uncertainty in Measurements (GUM) and
SRPS ISO 1996-2. Five main sources of uncertainty (measurement chain, operating con-
ditions, meteorological conditions, receiver location and residual noise) are identified and
their partial uncertainties are combined to determine the overall uncertainty in environ-
mental noise measurement.
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IZVORI NESIGURNOSTI PRI MERENJU BUKE
U ZIVOTNOJ SREDINI I OCENA NESIGURNOSTI

Momir Praséevi¢, Dragan Cvetkovi¢, Darko Mihajlov

Buka u Zivotnoj sredini se veoma Cesto javilja u obliku slucajno promenljivih zvucnih signala.
Stoga ce se izmerena vrednost Leq, zasnovana na merenju nivoa zvucnog pritiska meracem nivoa
zvuka, razlikovati od prave vrednosti zbog efekata gresaka koje se javiljaju u samom mernom lancu i
usled fizickih fenomana koji prate prostiranje zvuka. U ovom radu bice date smernice za procenu
nesigurnosti pri merenju buke u Zivotnoj sredini u skladu sa ISO vodicem za mernu nesigurnost
(GUM) i standardom SRPS EN ISO 1996-2. Identifikovano je pet izvora greSaka (merni lanac, radni
uslovi, meteoroloski uslovi, pozicija prijemnika i rezidualna buka) i njihove parcijalne nesigurnosti su
kombinovane za odredivanje ukupne nesigurnosti pri merenju buke u Zivotnoj sredini.

Kljuéne reci: buka u Zivotnoj sredini, merenje, nesigurnost



