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Performance of noise indices in air-conditioned landscaped
office buildings

S. K. Tang
Department of Building Services Engineering, The Hong Kong Polytechnic University, Hung Hom,
Hong Kong

~Received 15 November 1996; accepted for publication 30 April 1997!

Noise measurements and a questionnaire survey were carried out in air-conditioned landscaped
offices in the present study in an attempt to find out what existing noise index gives the best
correlation with the auditory sensation feeling of office workers. Results from statistical analyses
show that theEquivalent Sound Pressure Levelis the best among the 14 commonly used noise
indices for this purpose. It is also found that the less commonly usedZwicker’s loudness level
performs better than the commonly adoptedNoise Criterion curvesand Noise Rating curvesin
predicting auditory sensation of office workers in air-conditioned landscaped offices. The
performance of the 14 noise indices in predicting auditory comfort are compared. ©1997
Acoustical Society of America.@S0001-4966~97!05508-2#

PACS numbers: 43.50.Ba@GAD#
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INTRODUCTION

One of the most controversial issues in building up
good indoor environment is the setting up of a suitable no
criterion. Noise affects human beings both physiologica
and psychologically as discussed in Kryter.1 A poor acousti-
cal environment will lead to excessive mental stress, los
concentration, etc., and, for commercial offices, these sy
toms mean loss of productivity. The importance of no
control in buildings is reiterated by Lord and Wilson2 in a
discussion on the environmental design of buildings.

Noise inside a building comes from human activitie
building services, and outdoors. The contribution of outd
noise depends very much on the sound transmission los
the building facade. Examples of research and surveys
this topic include Craik and Thancanamootoo3 and
Elmallawany.4 However, most people today are working
air-conditioned office buildings whose facades have re
tively higher sound transmission loss so that sound trans
sion from the outdoors to the indoors is insignificant wh
compared to those generated by the building services, s
as the air-conditioning system, and human activities.5

A good acoustical environment implies good control
noise to keep its level and frequency content within the
ceptable range for human beings. This issue deals with
man feeling, which is very subjective in nature. Howev
some objective parameters are required for the design
assessment of an indoor acoustical environment. Many
ferent noise indices have been developed to suit this purp
among which the well-known equivalent sound press
level LAeq,T55 min., the noise Criterion curves (NC)of
Beranek,6 and noise rating curves (NR)of Kosten and van
Os7 are commonly used nowadays. These indices are ea
interpret and measure. However, the search for better ind
never ceases. Studies on the noise inside air-conditioned
fice buildings have been rigorous for many decad
Keighley8 gave a discussion on the determination of acce
ability criteria for office noise while Hay and Kemp9 pro-
posed an office noise index based on percentile noise le1
1657 J. Acoust. Soc. Am. 102 (3), September 1997 0001-4966/97/1
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which is not commonly used today. There are still ma
other noise indices that may be able to predict human c
fort effectively. This list includes theroom criteria (RC)of
Blaizer,10 loudness levelsof Stevens11 and Zwicker,12 bal-
anced noise criteria (NCB)of Beranek,13 etc. Details of this
list will be given later. A particular review on the criterio
for controlling indoor air-conditioning noise can be found
Kingsbury.14 Because of the existence of so many noise
dices, it is important to test how well they can represe
human auditory rating for future use in the setting up
suitable noise index for building environmental noise co
trol. It is assumed at this stage that their performance m
depend on the type of environment. The present study
cuses on air-conditioned landscaped offices.

In the present study, sound level and spectral meas
ments of noise in one-third octave bands were carried ou
parallel with a questionnaire survey in 26 air-condition
landscaped offices during their normal hours of operati
Therefore, the noise data in this study include not only
contribution from the air-conditioning system, but also tho
from human activities and office machines. The performa
of various noise indices in correlating with the auditory ra
ing of the office workers is discussed. It is hoped that
most effective index and a clue for future development
noise index for office buildings can be found.

I. NOISE MEASUREMENT AND SURVEY

Noise levels at different locations in the 26 ai
conditioned landscaped offices were measured using a B¨el
& Kj ,r 2236C precision sound level meter while their spe
tral content in one-third octave bands were obtained by Br¨el
& Kj ,r 2144 real-time frequency analyzer with Bru¨el &
Kj,r 4145 condenser microphone. The questionnaire as
the office workers to rate their feeling towards the acoust
environment on an unbiased linear seven-point scale at
time the measurements were being done. The pre
adopted scale is similar to that used by Tanget al.5 and is
shown in the Appendix. The rating obtained from the sca
165702(3)/1657/7/$10.00 © 1997 Acoustical Society of America
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TABLE I. Abbreviations of noise indices.

Noise indices Abbreviation Unit

Equivalent sound pressure level LAeq,T55 min. dB
Percentile level for 10% exceedence LA10,T55 min. dB
Percentile level for 90% exceedence LA90,T55 min. dB
Noise climate LA10,T55 min.2LA90,T55 min. dB
Noise criterion NC Nil
Preferred noise criterion PNC Nil
Balanced noise criterion NCB Nil
Noise rating NR Nil
Room criterion RC Nil
Midfrequency average level LMF dB
Stevens’ loudness LDs sone
Loudness level~Stevens! LLs phon
Zwicker’s loudness LDz sone
Loudness level~Zwicker! LLz phon
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which ranges from23 to 13, represents human auditor
subjective rating. A rating of23 represents ‘‘Very Noisy’’
feeling while ratings of 0 and13 denote, respectively, th
‘‘Neutral’’ and ‘‘Very Quiet’’ feelings. One can observe tha
it is much simpler than that used by Beranek6 so as to mini-
mize disturbance to the office workers. The ratings so
tained represent their purely primitive but subjective feelin
toward their acoustical environments as a whole. It should
noted that there is no guideline for the office workers
judge their local acoustical environments so that they m
base their judgment on loudness or noisiness of office no
This rating scale is also much different from the biased sc
adopted by Koet al.15 in the study of air-conditioning nui-
sance; that of Koet al.15 mainly deals with complaints.

Each noise measurement in the present study lasted
mins. A total of 1187 questionnaire responses were obtai
Each of them was accompanied by physical noise meas
ments.

II. NOISE INDICES

All the noise indices presented in the foregoing disc
sions, exceptLAeq,T55 min. and those related to the percent
noise levelsLA10,T55 min. and LA90,T55 min. were calculated
from the one-third octave band noise spectra measured
the Brüel & Kj ,r 2144 real-time frequency analyzer. Th
noise indices involved in the present study a
LAeq,T55 min. , LA10,T55 min. , LA90,T55 min. , the noise climate
LA10,T55 min.2LA90,T55 min., noise criterion,6 noise rating,7

balanced noise criterion,13 preferred noise criterion,16 mid-
frequency average level(LMF),17 loudness, andloudness lev-
els of Stevens11 and Zwicker.12 The first four indices are
A-weighted. However, one should bear in mind that the
indices may not be mutually exclusive, and this list is by
mean exhaustive. There are still some other less com
indices like the low-frequency noise ratingproposed by
Broner and Leventhall18 which is specially designed to cate
for low-frequency noise environment.Articulation index1 is
also not presented in the present study as it is believed
this index deals with speech intelligibility and is less like
to be associated with nuisance directly. ThoughLMF can also
deal with speech intelligibility,1 it is the arithmetic mean o
the octave band levels at 500 Hz, 1 kHz, and 2 kHz wh
oc. Am., Vol. 102, No. 3, September 1997
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cover the most sensitive frequency range of human ear,
thus directly represents certain strength of a noise. It sho
also be noted from the results of Tachibanaet al.19 that the
arithmetic average of the levels in the bands from 63 Hz t
kHz may give slightly better correlation with human feelin
than Zwicker’s loudness level. However, such difference in
the performance of these two indices is not expected to
substantial, especially under the very subjective nature
human feeling. Thus, the index purposed by Tachiba
et al.19 will not be discussed in the present study.

The noise indices, except the noise level da
LAeq,T55 min. , LA10,T55 min. , LA90,T55 min. , and the noise
climate which were recordedin situ using the sound leve
meter, were computed from the spectra using a s
developed computer program. The indices NC, NCB, PN
RC, and NR were determined by the ‘‘tangency method
The FORTRAN subroutine for the calculation ofZwicker’s
loudnessgiven by Paulus and Zwicker20 was adopted. The
method for Stevens’ loudness calculation simply follow
that given in ISO 532.21 For ease of reference in the foreg
ing discussions, the noise indices are abbreviated as sh
in Table I. Sufficess and z represent Stevens and Zwicke
systems of loudness estimation, respectively. The loudn
level LL in phons and loudness LD in sones, no mat
which loudness system is concerned, are related by
expression21

LD52~LL240!/10.

III. RESULTS AND DISCUSSIONS

Before going into the details of the discussion on t
performance of noise indices, some typical octave band n
spectra obtained in the offices during normal operation ho
are shown in Fig. 1. It can be observed that the noise spe
in the surveyed offices vary significantly. However, most
them show hissy nature. This is due to office activities
suggested by Fig. 2. In general, over 85% of the noise sp
tra obtained in the present field measurements show h
characteristics~not shown here!. Therefore, though it is well
known that NCB and the composite RC rating provide
number as well as a letter showing the frequency conten
a noise; the latter is ignored in the foregoing discussion.
1658S. K. Tang: Noise indices in office buildings
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The performance of noise indices is investigated throu
linear regression analysis. Good performance of a noise
dex in the present study refers to the case in which its c
relation with the human auditory subjective rating is go
and linear relationship with human auditory subjective rat
can be established. Correlation coefficient is used for
assessment of noise index performance. Hypothesis te
procedure with theF-test at 95% confidence level illustrate
in Bethea and Rhinehart22 is also adopted to test whether th
linear relationships between noise indices and the audi
sensation rating are valid. The null hypothesisH0 is that the
slope of the regression line is zero~that is, no linear relation-
ship exists! and will be accepted ifF<F1,n22,0.95, wheren
is the sample size. Only linear regression is considere
this study as it is the simplest form of analysis and vis
inspection of the plots do not indicate clearly any nonline

FIG. 1. Typical office noise spectra during normal operation hours.s:
Neutral spectrum;d, j, m, and.: hissy spectra.

FIG. 2. Change in noise spectral content due to office activities.h: Noise
spectrum during office hours;s: noise spectrum outside office hours.
1659 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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relationship. Due to the very subjective nature of hum
feeling, the method for rejecting outlying observations dev
oped by Thompson23 is adopted. Mean sensation ratings o
tained from a sample of size less than five are ignored in
analysis. One index is better than another index when
R2 and the associated ratioF/F1,n22,0.95are larger than those
of the latter.

Before discussing the regression results, it should be
phasized that two noises having the sameLAeq,T55 min. will
not necessarily have the same NC value because of the
ference in the meanings of the two indices. This pheno
enon applies to all other noise indices. Also owing to t
subjective nature of human feeling, different office worke
may give different ratings to the same acoustical envir
ment. In the foregoing analysis, the human auditory sen
tion ratings presented are arithmetic averages within s
intervals of noise indices. For example, the rating
LAeq,T55 min.5P dB is the arithmetic average of all vote
obtained within the intervalP20.5<LAeq,T55 min.,P10.5
~a60.5 dB interval!. As there is no fractional value for NC
NCB, NR, PNC, and RC, the ratings presented with them
the straightforward means. Table II summarizes the inter
of averaging and the range for each index. The noise ind
discussed in the present study can basically be divided
three categories. The first category includesLAeq,T55 min. ,
percentile levels, and the noise climate whose estima
does not require a knowledge of the noise spectral conte
The second one consists ofloudness, loudness levels, and the
midfrequency average levels, which are calculated from the
spectral information of noise and are continuous indices. T
last one refers to the group of NC, NCB, and etc. which ha
discrete nature and are, like those in the second categ
estimated from the noise spectra. Though the emphasi
these indices is on achieving acceptable speech intelligib
and a nonannoyance shape of the noise spectrum for
speech intelligibility level,17 it is still worthwhile to see
whether they can be used to predict the very primitive
subjective feeling of office workers toward their acoustic
environments.

Figure 3~a! shows the correlation between the avera
human auditory sensation ratingS and LAeq,T55 min. . The
regression line is also shown in the figure. Though a cer

TABLE II. Interval for human auditory subjective rating averaging.

Noise index Interval of averaging Range

Equivalent sound pressure level 60.5 dB 41–70 dB
Percentile level for 10% exceedence 60.5 dB 42–75 dB
Percentile level for 90% exceedence 60.5 dB 35–59 dB
Noise climate 60.5 dB 2–18 dB
Noise criterion Not applicable NC 39–59
Preferred noise criterion Not applicable PNC 35–65
Balanced noise criterion Not applicable NCB 34–64
Noise rating Not applicable NR 33–70
Room criterion Not applicable RC 40–67
Midfrequency average level 60.5 dB 31–74 dB
Stevens’ loudness 60.5 phon 15–130 sone
Loudness level~Stevens! 60.5 sone 80–110 phon
Zwicker’s loudness 60.5 sone 5–30 sone
Loudness level~Zwicker! 60.5 phon 62–89 phon
1659S. K. Tang: Noise indices in office buildings
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FIG. 3. Correlations between noise levels and human auditory subjective ratings.~a! LAeq, T55 min. ; ~b! LA10, T55 min. ; ~c! LA90, T55 min. ; and ~d!
LA10, T55 min.2LA90, T55 min. d: Experimental data; ———: regression line.
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degree of scatter is observed, the correlation coefficientR2 is
0.766, which is relatively high in social research. Also,F
565.5.F1,20,0.95(54.35) ~Ref. 22! in the hypothesis testing
and thus the null hypothesis is rejected, showing that lin
relationship betweenS and LAeq,T55 min. exists and the re-
gression line should represent such relationship. The reg
sion line predicts neutral auditory sensation atLAeq,T55 min.

'52 dB, which is slightly higher than the recommendati
of 50 dB in BS 8233.24 However, this difference is minor in
an environmental noise study. The present predicted ne
auditory sensation does agree with the upper limit ofLAeq

suggested in Reynold25 for large offices. Similar correlation
phenomena are observed forLA10,T55 min. and LA90,T55 min.

as shown in Fig. 3~b! and ~c!, respectively. Though the cor
relation coefficients betweenS and these two quantities ar
lower than that betweenS andLAeq,T55 min. the results of the
F-test are F544.1 for LA10,T55 min. and 30.1 for
LA90,T55 min. showing again that the regression lines do re
resent the existence of linear relationships. However,
noise climateLA10,T55min.2LA90, T55 min. does not relate to
human sensationS as shown in Fig. 3~d! (R250.06,F
50.83,F1,13,0.9554.67). This suggests that those noise
dices which are associated with the noise climate may no
1660 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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appropriate for use in air-conditioned landscaped offices.
amples of such noise indices are office noise index propo
by Hay and Kemp9 and the noise pollution level o
Robinson.26 Results of the present statistical analysis a
tabulated in Table III. In Table III,n represents the numbe
of averaging intervals. This number varies from index
index because of the range and average interval of each
dex ~see Table II!. It should also be noted that there a
missing values in the noise index distribution so thatn is, in
general, less than the value obtained by dividing the range
the averaging interval. Figure 4 illustrates the frequency d
tributions of LAeq,T55 min., LA10,T55 min., LA90,T55 min., and
LA10,T55 min.2LA90T55 min.. Allowing for data scatter, they
appear to be quite symmetrical~skewnesss'0.4!. However,
that of thenoise climate LA10,T55 min.2LA90,T55 min. is rela-
tively more skewed to the low value side.

Indices in the second category are, in general, not v
well correlated with human auditory sensation as shown
Table III. Only Zwicker’s loudness level LLz

12 can be con-
sidered as a useful index for application in air-condition
landscaped offices. Others are either inappropriate or v
marginal. The correlation between LLz and human subjective
rating S is shown in Fig. 5~a! (R250.65). Unlike the fre-
1660S. K. Tang: Noise indices in office buildings
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FIG. 4. Frequency distribution of noise levels.~a! LAeq, T55 min. ; ~b! LA10, T55 min. ; ~c! LA90, T55 min. ; ~d! LA10, T55 min.2LA90, T55 min. .
ry
ges
u-
n-
quency distributions ofLAeq,T55 min., LA10,T55 min., and
LA90,T55 min., those for noise indices within this catego
tend to have relatively higher kurtosis~for instance, 4.17 for
LLz, 5.41 for LLs, and 2.66 for LMF!, showing that their
1661 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
occurrence is concentrated in relatively more narrow ran
@Fig. 5~b!#. As only LLz appears to be related to human a
ditory feeling, the frequency distributions of other noise i
dices within this category are not presented. Figure 5~a! sug-
TABLE III. Statistical result summary.

Noise indices
Skewness

(s)
Kurtosis

(k)

Number of
averaging
intervals

n

Correlation
coefficient

(R2)

Value of
f -test
(F) F1,n22,0.95 H0

LAeq,T55 min. 0.532 1.940 22 0.766 65.45 4.35 Rejected
LA10,T55 min. 0.457 1.700 25 0.657 44.09 4.24 Rejected
LA90,T55 min. 0.368 1.233 20 0.626 30.07 4.41 Rejected
Noise climate 0.705 0.837 15 0.060 0.836 4.67 Accepted
NC 0.096 0.630 22 0.319 10.90 4.35 Marginal
PNC 20.132 0.340 20 0.254 6.142 4.41 Marginal
NCB 20.252 0.775 22 0.351 10.80 4.35 Marginal
NR 0.955 4.447 23 0.362 11.93 4.32 Marginal
RC 0.927 4.941 29 0.124 3.808 4.21 Accepted
LMF 0.579 2.658 20 0.306 7.942 4.41 Marginal
LDs 4.187 34.33 45 0.174 9.088 4.06 Marginal
LLs 0.046 5.412 19 0.195 4.115 4.45 Accepted
LDz 4.441 36.48 17 0.386 9.409 4.54 Marginal
LLz 0.475 4.169 22 0.650 37.22 4.35 Rejected
1661S. K. Tang: Noise indices in office buildings
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gests that office workers will regard the acoustic
environment to be ‘‘noisy’’ when LLz.74 phons. This
Zwicker’s loudness levelhas not been specified, at least
the knowledge of the author, in international standards
recommendations for indoor building environmental des
and noise control. The good correlation between it and
man auditory subjective rating manifests its importance
dealing with human hearing comfort in air-conditioned lan
scaped offices.

Table III also suggests that the noise indices in the th
category, which have discrete nature, do not perform v
well in the prediction of human auditory sensation in a
conditioned landscaped offices. The relatively better indi
are NC, NCB, and NR. For RC, the correlation is essentia
not valid. Also thoughF for PNC56.14.F1,n22,0.9554.41,
the difference is too small for a reliable rejection of the n
hypothesis. Figure 6 illustrates the degree of correlation
tween NC, NCB, NR, and human auditory subjective rati
Though these correlations are only marginally accepta
the present results suggest that office workers, as a wh
will feel noisy when NCB.45. This agrees with the recom
mendation of Beranek.27 The neutral NC value is 47 as pre

FIG. 5. ~a! Correlation betweenZwicker’s loudness leveland auditory sub-
jective rating.~b! Frequency distribution ofZwicker’s loudness level. d:
Experimental data; ———: regression line.
1662 J. Acoust. Soc. Am., Vol. 102, No. 3, September 1997
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dicted by the marginally acceptable correlation in Fig.
which is higher than that of 45 shown in Reynold.25

Statistical results in Table III suggest that the equival
sound pressure levelLAeq,T55 min. gives the best estimation o
the auditory subjective rating of the office workers among
the noise indices discussed in the present study at 95%
fidence level. The second best index studied in the pre
investigation is LLz. Results also illustrate that the perfo
mances of discrete indices NC, NCB, NR, PNC, and RC
matching subjective human auditory feeling are, in gene
not satisfactory.

IV. CONCLUSIONS

In the present investigation, noise measurements an
questionnaire survey were carried out in more than 20
conditioned landscaped offices. The questionnaire was u
for the collection of subjective ratings of the office worke
towards their acoustical environment. Physical noise m
surement results included the equivalent sound pres
level, the percentile levels, and the one-third octave no
spectra from which various noise indices were calculat
Performance of noise indices in correlating with the subj
tive human auditory subjective rating is discussed.

The noise indices considered in the present study
LAeq,T55 min., LA10,T55 min., LA90,T55 min., noise climate,
noise criterion curves (NC), noise rating curves (NR),the
balanced noise criterion, preferred noise criterion, room c
terion, midfrequency average level, loudness, and loudness
level. Statistical results show that among these indic
LAeq,T55 min. correlates best with the auditory sensation. T
second best isZwicker’s loudness level, which seems to have
been ignored in the setting up of building noise control d
sign guidelines nowadays. Though NC and NR have b
widely used in the control of air-conditioning noise spec
and indoor environmental design, their correlations with h
man auditory sensation are not satisfactory. Their use in
dicting human auditory comfort is only marginally accep

FIG. 6. Correlations between NC, NCB, and NR with auditory sensat
vote. ———: Regression line for NC; –––: regression line for NCB; –•–:
regression line for NR;s: experimental data for NC;h: experimental data
for NCB; n: experimental data for NR.
1662S. K. Tang: Noise indices in office buildings
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able. All other noise indices are found inappropriate for u
in noise control for air-conditioned landscaped offices, es
cially the noise climate and room criterion which actually
not correlate significantly with the human sensation.

As the present investigation was performed in Ho
Kong where most office workers are Chinese, it remains
find out whether similar results can be obtained in other
ies.

ACKNOWLEDGMENTS

This study was supported by a grant from the Resea
Committee, The Hong Kong Polytechnic University. The a
sistance of J. W. C. Chan, C. M. Poon, and all the offi
managers involved in the data collection is appreciated.

APPENDIX: SCALE FOR AUDITORY SUBJECTIVE
RATINGS COLLECTION

The seven-point scale for the collection of the audito
subjective ratings of office workers in the present questi
naire survey is as shown below:
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