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Definitions of noise

• Sound which is annoying or has
adverse effects on hearing.

• Unwanted sound. 
• Any sound, which is unpleasant, 

loud, or disturbs the current
activity.

• Judgment depends on the
environment (what people expect) 
and on-going activity/job demand
(what people can stand). 

• In addition, there are personality
features that affect the judgment. 
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Environment
• Home
• Home yard
• Nature, forest
• School
• Office
• Factory
• Theatre
• Gym
• Restaurant
• Vehicle

Activity/job demand
• Sleep
• Relaxing
• Studying, working
• Relaxed reading
• Communication
• Listening
• Sport
• Driving

Describe the situations where you have
perceived noise to be annoying?



Non-auditory effects of noise on human

3Jauhiainen et al, (2007) Suomen ympäristö

Long exposure to 
highly annoying

noise increases the
morbidity in several

diseases.

• Annoyance (noisiness)
• Disordered body function: sleep disturbance
• Deterioration of cognitive functions

• Concentration
• Attention
• Short-term memory
• Long-term memory
• Learning

• Communication
• Hearing, Speech intelligibility
• Speaking

• Stress-induced body responses
• Cardiovascular functions (heart rate, heart rate variation)
• Endocrine system (stress hormones)
• Metabolism
• Immune system

• Vocal disorders



Noise annoyance

• WHO (1948) definition of health: 
• ”Health is a state of complete physical, 

mental, and social well-being and not
merely the absence of disease or
infirmity”. 

• It is, thus, not necessary to focus 
only on diseases or symptoms of 
impaired health, but to also to 
measure well-being in a wider sense.

• Responding to noise by high 
annoyance is, in the light of the 
WHO definition, itself an adverse 
effect that should be avoided in 
order to retain well-being. 

4Pedersen, 2009



• Hearing is a warning system
• Sound increases the arousal which

affects the central nervous system to 
assess the threat and plan the survival
reactions.

• Noise, i.e., annoying sound, produces
stress, when the individual has no other
means to avoid the noise.

• Prolonged exposure to stress may lead
to permanent increment of blood
pressure and more severe effects.

• Long-term exposure to noise leads to the
increased risk of cardiovascular
diseases.

• High noise sensitivity increases the risk
of morbidity

• Noise sensitivity is also a risk factor

5Heinonen‐Guzejev (2012) Suomen lääkärilehti

Noise
Noise sensitivity

Risk of cardiovascular diseases

Sleep effects Annoyance

Hereditary factors

Stress reaction
(SAM and HPA axis endocrine stress responses)

Increment of heart rate and blood pressure
Contraction of blood vessels

Increment of pupil size
Extraction of stress hormones

Impacts on metabolic system and blood coagulation

Hereditary factorsOther risk factors

Long‐term exposure

Non-auditory physiological
effects of annoying sound



Measurement of noise annoyance (ISO/TS 15666)
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How much the noise of source X has bothered, disturbed or annoyed you?

0 1 2 3 4 5 6 7 8 9 10

Not at all Extremely

Annoyance is usually measured using an 
11-step scale. 

For logistig binary regression analyses, a 
binary variable is created:
• 0 for those below a limit and 
• 1 for those above the limit:

Limits: 
• %A: 1 when annoyance ≥ 6
• %HA: 1 when annoyance ≥ 8

Figure gives example data of 100 subjects
exposed to 35-40 dB road traffic noise.
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Annoyance response scale: 1 Not at all, 7 Very much
12Nilsson and Berglund 2006 J Acoust Soc Am



Dose-response
relationship (DRR)
• DRR tells the prevalence of highly

annoyed (%HA) people among the
population at different sound levels

• A.k.a. exposure-effect relationship
• We determined the DRR for four

different environmental noise types in 
four independent surveys using exactly
the same 5-step response scale.

• Significant differences were found.
• Why?
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Wind power: level during 
maximum energy production, 
which occurs only 10% 
of time on annual level. 
Road traffic: daytime level 
LAeq,07-22. Nighttime level 
usually  7-10 dB lower
Rock crushing: Daytime 
level LAeq,07-19. Closed
during evenings, 
nights, and weekends.
Piston engine power 
plant: Same level 
day & night. 

How annoying do you find the sound? 
1. Do not notice
2. Notice but not annoyed
3. Slightly annoyed
4. Rather annoyed
5. Very annoyed



There is no absolutely right DRR, since depends on the study

14Fidell et al. (1991)

• Schultz
(1978) 
published the
first DRR of 
road traffic
noise.

• It was based
on 453 data 
points
worldwide

• The data is 
extremely
scattered

• Why?

9040 70
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Noise annoyance of environmental noise

• Noise annoyance in 
real living
environment is not
explained well only
by noise level or
sound quality. 

• Non-acoustic factors
usually explain
annoyance better
than sound level
and/or sound quality.  
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Important non-acoustic factors in residential context:

Individual (person)
• Noise sensitivity
• Neurotism
• Extraversion
• Attitudes towards source

• Fears
• Benefiting from source

• Coping-ability
• Stimulus screening ability
• Home ownership
• Visibility of source

Social (area/group)
• Attitudes
• Trust towards

authorities
• History of area
• Expectations
• Participation in land use

design
• Benefiting of the

society from the source

Flindell & Stallen 1999



Psychoacoustics (PA)
• PA is the scientific study of sound 

perception and audiology. 
• More specifically, it is the branch of 

science studying the psychological 
and physiological responses 
associated with sound itself
• Non-acoustic factors are ignored

• PA is a branch of psychophysics. 
• PA is an interdisciplinary field of 

many areas, including psychology, 
acoustics, electronic engineering, 
physics, biology, physiology, and 
computer science. 
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Wikipedia, 18 May 2018

Basic facts of human sciences

• PA shall be based on experimental
evidence collected from humans. 

• In a PA experiment, the results depend
on all sounds that the participants have
heard, since the participant evaluates the
sounds in the pool of given sounds – all
kinds of sounds cannot be studied in a 
single experiment!

• Therefore, a single PA experiment can
provide a biased view. 

• Empirical models can be created from
solid experimental evidence, i.e. 
repeated similar evidence from
independent studies. 



Grand picture: the effect of 
sound type vs. annoyance
• 30 participants rated 60 real sounds presented at 40 

dB LAeq, and 12 reference sounds presented at 28-61 
dB LAeq with fixed spectrum (Brown noise) to 
determine the penalty of real sounds

• Annoyance was rated using scale 0-10
• 12 reference sounds’ annoyance ranged logically

from 0.8 (29 dB) to 8.7 (61 dB).
• Annoyance of real sounds ranged from 0.7 to 8.5 

despite of constant A-weighted level
Conclusions
• A-weighted level explains well the annoyance

caused by a specific sound quality (e.g., reference
sounds in this study)

• A-weighted level does not explain annoyance
between sounds having various sound qualities. 
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Sound quality features and annoyance

There is strong psychoacoustic
evidence that certain special
physical features in sound 
increase the annoyance
compared to the annoyance
caused by a neutral sound 
having the same overall level.
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Such special features are: 
• Narrow-band sound (tonal sound)
• Impulsive sound
• Spectrally special sounds (hissy, rumbly, roaring)
• Amplitude-modulated sound (periodically alternating)
• Intermittent (unpredictable) sound



Special sound quality features
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Special sound quality features
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Experiment 1: The effect of 
spectrum on annoyance

Kuusinen & Hongisto 2023 Forum Acusticum, 
Turin, Italy
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Spectrum study – Purpose and design
• We wanted to understand

whether there should be a 
penalty (dB-adjustment to 
LAeq) due to annoying
spectrum. 

• 40 participants were
recruited in laboratory
experiment where the
participants rated
• 23 different spectra presented at 

three overall levels, 32, 40, and 48 
dB LAeq. 

• nine reference sounds (a non-
annoying spectrum) played within
28-60 dB in 3 dB steps.  

• Altogether 78 sounds. 
22Kuusinen & Hongisto 2023 Forum Acusticum, Turin, Italy



Spectrum study – the experimental sounds

23

Reference noises “m9dB”

Kuusinen & Hongisto 2023 Forum Acusticum, Turin, Italy



Spectrum study - Determination of penalty
• The mean annoyance ratings (closed 

circles) and 95% confidence intervals for 
the reference sounds is plotted as a 
function of LAeq. The linear regression line 
received a form y = -7.0 + 0.26x. 

• In addition, one spectrally modified sound 
presented at 40 dB LAeq is shown with 
hollow circle (o8000 at 40 dB LAeq). Its 
mean annoyance rating was 6.25. The 
penalty was calculated as the horizontal 
distance between the actual LAeq and the 
apparent LAeq levels of the reference 
sounds determined via the regression line. 
The penalty of o8000 was k = 10.5 dB.

24Kuusinen & Hongisto 2023 Forum Acusticum, Turin, Italy



Spectrum study –
Results

• The penalty of spectrally
modified sounds varied
within -2 … 12 dB. 

• Hissy sounds, i.e., sounds
with strong high
frequency content, were
the most annoying. 

• Since all sounds carry a 
spectrum, and spectrum is 
easy to measure, the
spetrum should be
penaltized as well as 
tonality and impulsivity. 

25Kuusinen & Hongisto 2023 Forum Acusticum, Turin, Italy



Experiment 2: Annoyance penalty
of tonal sound

Oliva, D., Hongisto, V., Haapakangas, A. (2017). 
Annoyance of low-level tonal sounds - factors affecting 
the penalty. Building and Environment 123 404–414. 

AND
Hongisto, V., Saarinen, P., Oliva, D. (2019). Annoyance 
of low-level tonal sounds – A penalty model. Applied 

Acoustics 145 358–361. 
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Background and purpose
• Regulations involve constant penalty k for tonal sounds

to be added over the LAeq. Thus, the new value LAeq+k
is expected to represent the annoyance better than
LAeqalone.
• VnP 993/92 [1], k = 5 dB 
• STM 545-2015 [2], k = 3 / 6 dB

• The avoidance of tonality indoors is of high
importance regarding health

• Purpose: determine the annoyance penalty
a function of tonal frequency and tonal
audibility

27

 ∆Lt  Lpt Lpn  2  log 1
fc

502

2.5

How bothering, disturbing or annoying the sound is?

Not at all Extremely

The sound is inaudible

Oliva et al., 2017, Build. Environ.



Methods - Sounds
• 20 tonal sounds (T1-

T20) were presented at 
25 dB LAeq. 
• Four levels of tonal

audibility, AT
• Five tone frequencies, fT

• In addition, 14 wide-
band reference sounds
were used to determine
the penalty (R1-R14)

• The background
spectrum of both tonal
sounds and reference
sounds followed the
inverse of A-weighting. 
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Sound f T L Aeq  

[Hz] Level [dB] [dB]
R1 - - 0 19
R2 - - 0 21
R3 - - 0 23
R4 - - 0 25
R5 - - 0 27
R6 - - 0 29
R7 - - 0 31
R8 - - 0 33
R9 - - 0 35

R10 - - 0 37
R11 - - 0 39
R12 - - 0 41
R13 - - 0 43
R14 - - 0 45
T1 50 A1 5 25
T2 50 A2 10 25
T3 50 A3 18 25
T4 50 A4 25 25
T5 110 A1 5 25
T6 110 A2 10 25
T7 110 A3 17 25
T8 110 A4 24 25
T9 290 A1 5 25
T10 290 A2 10 25
T11 290 A3 17 25
T12 290 A4 25 25
T13 850 A1 5 25
T14 850 A2 10 25
T15 850 A3 18 25
T16 850 A4 25 25
T17 2100 A1 5 25
T18 2100 A2 10 25
T19 2100 A3 18 25
T20 2100 A4 25 25
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Methods - Determination of penalty k
• Reference sounds were presented within 25–45 

dB LAeq to be able to determine the penalty
• Example of the determination of penalty value k

for experimental sound T35 (black square). 
• The 95% confidence interval is shown by 

whiskers. 
• Linear interpolation over the mean of the 

reference sounds R1-R14 (circles) is indicated 
by a line. 

• The penalty (line with arrow) and its uncertainty 
(dashed lines with arrow) was determined by 
finding the apparent level of the equally 
annoying reference sound using the fitted line. 

• In this case, k = 5.3 dB. The confidence interval 
was 4.2 … 6.4 dB.
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Results - annoyance
• Annoyance of sounds varied significantly between

sounds:
• Tonal sounds: 1.8–6.8 
• Reference sounds: 0.7–8.9

• Annoyance of tonal sounds increased with increasing
tonal frequency fT and tonal audibility AT.
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Sound f T L Aeq  

[Hz] Level [dB] [dB] M SE
R1 - - 0 19 0.68 0.20
R2 - - 0 21 1.08 0.17
R3 - - 0 23 1.88 0.26
R4 - - 0 25 2.55 0.28
R5 - - 0 27 3.03 0.30
R6 - - 0 29 4.00 0.34
R7 - - 0 31 4.93 0.30
R8 - - 0 33 5.85 0.30
R9 - - 0 35 6.33 0.31
R10 - - 0 37 7.03 0.26
R11 - - 0 39 7.50 0.24
R12 - - 0 41 8.23 0.22
R13 - - 0 43 8.68 0.17
R14 - - 0 45 8.88 0.17
T1 50 A1 5 25 2.35 0.29
T2 50 A2 10 25 2.35 0.29
T3 50 A3 18 25 1.78 0.32
T4 50 A4 25 25 1.93 0.38
T5 110 A1 5 25 2.78 0.29
T6 110 A2 10 25 2.48 0.29
T7 110 A3 17 25 2.38 0.30
T8 110 A4 24 25 2.83 0.37
T9 290 A1 5 25 2.75 0.30

T10 290 A2 10 25 3.63 0.37
T11 290 A3 17 25 3.75 0.39
T12 290 A4 25 25 5.38 0.35
T13 850 A1 5 25 2.95 0.32
T14 850 A2 10 25 4.15 0.34
T15 850 A3 18 25 4.70 0.36
T16 850 A4 25 25 6.05 0.39
T17 2100 A1 5 25 3.08 0.31
T18 2100 A2 10 25 4.13 0.38
T19 2100 A3 18 25 5.68 0.39
T20 2100 A4 25 25 6.85 0.30

A T Annoyance

Oliva et al., 2017, Build. Environ.



Results - Annoyance penalty
• The penalty increased with increasing fT and AT [dB]. 
• Constant penalty models in many legislations was not supported.
• Bolded values deviate statistically significantly from zero. 
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Sound fT AT  k 95% C.I. 
 [Hz] Level [dB] [dB] [dB] 

T1 50 A1 5 -0.7 -2.3 − 0.9 
T2 50 A2 10 -0.7 -2.3 − 0.9 
T3 50 A3 18 -2.4 -4.2 − -0.6 
T4 50 A4 25 -2.2 -4.3 − 0.0 
T5 110 A1 5 0.5 -1.1 − 2.1 
T6 110 A2 10 -0.4 -1.9 − 1.2 
T7 110 A3 17 -0.6 -2.3 − 1.0 
T8 110 A4 24 0.6 -1.5 − 2.6 
T9 290 A1 5 0.4 -1.2 − 2.1 

T10 290 A2 10 2.9 0.8 − 4.9 
T11 290 A3 17 3.2 1.1 − 5.4 
T12 290 A4 25 7.8 5.9 − 9.7 
T13 850 A1 5 1.0 -0.8 − 2.8 
T14 850 A2 10 4.4 2.5 − 6.2 
T15 850 A3 18 5.9 3.9 − 7.9 
T16 850 A4 25 9.7 7.6 − 11.8 
T17 2100 A1 5 1.3 -0.4 − 3.1 
T18 2100 A2 10 4.3 2.2 − 6.4 
T19 2100 A3 18 8.7 6.5 − 10.8 
T20 2100 A4 25 12.0 10.3 − 13.6 

Oliva et al., 2017, Build. Environ.



Results - Prediction
model for penalty

• The following equation
predicted the penalty k better
than the standardized models.
• rP=0.984, p=6.6∙10-15, 2-tailed
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Experiment 3 - Annoyance
penalty of impulsive sound

Rajala, V., Hongisto, V. (2020). Annoyance penalty of 
impulsive noise – the effect of impulse onset. Building 

and Environment 168, 106539. 
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Purpose and method
• Nordtest method NT ACOU 112 defines two 

measures for impulse:
• Onset rate, Ron [dB/s]
• Level difference, DL [dB]

• Our aim was to determine the annoyance 
penalty as a function of Ron and DL

• 74 synthetic sounds: 66 impulsive sounds and 
6 reference sounds (steady noise)

• Impulses were created from random noise
• LAeq= 55 dB for all impulsive sounds
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Sound demos
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Results

• Figure on top shows the mean annoyance and 95% CI’s for 
impulsive sounds compared to a reference sound at 55 dB LAeq
(horizontal line)

• Although all impulsive sounds were played at 55 dB, some of 
them are much more annoying than the reference sound

• Figure on right gives the penalty of our data and NT ACOU 112
• Annoyance penalty depends strongly on Ron and DL. 
• Ron <20 dB/s and DL<15 dB deserve no penalty
• Constant penalty used in many legislations is not supported. 

36Rajala & Hongisto, 2019, Build. Environ.
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Experiment 4 – Annoyance
penalty of amplitude-modulated

sound
Virjonen, P., Hongisto, V., Radun, J. (2019). 

Annoyance penalty of periodically amplitude-
modulated wide-band sound. The Journal of the 

Acoustical Society of America, 146(6) 4159–4170.
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Amplitude
modulation
• Amplitude modulation means

that the SPL varies periodically
• For wind turbines, the strongest

AM depth has been 10 dB but
usually it is under 4 dB

• Does it need penalty? 
• What about road traffic noise, 

which fluctuates as well?
• due to the rhythm of traffic

lights, 
• Single pass by vehicles
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Purpose
• AM: amplidude modulation: the 

amplitude of a carrier sound 
varies with time.
• modulation frequency fm [Hz]
• modulation depth Dm [dB].

• Our purpose was to determine 
the annoyance penalty of AM 
sound as a function fm and Dm. 

• 40 participants. 

39

𝑚
10 ⁄ 1
10 ⁄ 1

𝑄 1 𝑚 · sin 2𝜋𝑓 𝑡

𝑡 0, 1, 2, … , 𝑛 1 ,

• Amplitude of carrier wave was varied
sinusoidally with modulation index m:

• The carrier wave was multiplied by Q:
• Time was discretized (fs = 44.1 kHz): 

Virjonen et al., J Acoust Soc Am 2019



Sounds
• The studied sounds involved 

• 35 amplitude-modulated sounds (A101-A135)
• 11 reference sounds (R101-R111)

• The AM sounds were created as combinations 
of two variables: 
• modulation depth (Dm, 5 levels), 
• modulation frequency (fm, 7 levels) 

• AM sounds were presented at 35 dB LAeq.
• Carrier wave was wide-band pseudo-random

noise, whose spectrum was set to urban road
traffic noise (S1). It was not modulated. 

• Reference sounds were unmodulated carrier 
wave. They were used to determine the 
penalty. They were presented at 29 to 49 dB 
LAeq in 2 dB steps. 
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Experimental 
sound

Spectrum D m    

[dB]
f m    

[Hz]
L Aeq    

[dB]
Experimental 

sound
Spectrum D m    

[dB]
f m    

[Hz]
L Aeq    

[dB]

R101a S1 - - 29 A101 S1 1 0.25 35
R102 S1 - - 31 A102 S1 2 0.25 35
R103 S1 - - 33 A103 S1 4 0.25 35
R104 S1 - - 35 A104 S1 8 0.25 35
R105 S1 - - 37 A105 S1 14 0.25 35
R106a S1 - - 39 A106 S1 1 0.5 35
R107 S1 - - 10 A107 S1 2 0.5 35
R108 S1 - - 43 A108a S1 4 0.5 35
R109 S1 - - 45 A109 S1 8 0.5 35
R110 S1 - - 47 A110a S1 14 0.5 35
R111a S1 - - 49 A111 S1 1 1 35
R201a S2 - - 29 A112 S1 2 1 35
R202 S2 - - 31 A113 S1 4 1 35
R203 S2 - - 33 A114 S1 8 1 35
R204 S2 - - 35 A115 S1 14 1 35
R205 S2 - - 37 A116 S1 1 2 35
R206a S2 - - 39 A117 S1 2 2 35
R207 S2 - - 10 A118 S1 4 2 35
R208 S2 - - 43 A119 S1 8 2 35
R209 S2 - - 45 A120 S1 14 2 35
R210 S2 - - 47 A121 S1 1 4 35
R211a S2 - - 49 A122 S1 2 4 35

A123 S1 4 4 35
A124 S1 8 4 35
A125 S1 14 4 35
A126 S1 1 8 35
A127 S1 2 8 35
A128 S1 4 8 35
A129 S1 8 8 35
A130 S1 14 8 35
A131 S1 1 16 35
A132 S1 2 16 35
A133a S1 4 16 35
A134 S1 8 16 35
A135a S1 14 16 35

aThe sou
Virjonen et al., J Acoust Soc Am 2019



Results

• Figure above shows the mean annoyance and 95% Cis for AM 
sounds compared to a reference sound at 35 dB LAeq (black square)

• Although all AM sounds were played at 35 dB, most sounds were
more annoying than the reference sound

• The larger the modulation frequency fm and/or the modulation
depth Dm, the larger the penalty.

• Values exceeding k=1.5 were statistically significant. 
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Purpose
• We are teached in school and wikipedia that

infrasound
• has frequency below 20 Hz
• is below our hearing range

• Based on this, infrasound is inaudible. However, 
several laboratory researches have shown the
opposite. 

• Spaceflight research in 60’s showed that infrasound 
inside spaceship causes a serious health risk. 

• However, the health risk occurred only during very
loud infrasound (>140 dB), which is audible and also
loud. 

• Despite of this, there is a general belief among many
concerned citizens that whenever there is an 
infrasound source nearby, it poses a health risk. This
misunderstanding is fed by the erroneous definition 
of infrasound. 
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• Purpose of our study was to determine
infrasonic

• hearing threshold, 
• constant loudness contours, and 
• constant annoyance contours.

Rajala et al. (2022) Applied Acoustics



Methods
• 19 subjects
• 2.5 h experimental duration
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Phase Duration Description 

  [min]   
1 5 Information consent form 
2 10 Loudness rehearsal 
3 30 Loudness test, part 1 
4 5 Break 
5 30 Loudness test, part 2 
6 5 Break 
7 30 Hearing threshold test 
8 5 Break 
9 5 Annoyance rehearsal 
10 17 Annoyance test 
11 10 Reporting other sensations 
12 5 Feedback and gift token 

Rajala et al. (2022) Applied Acoustics



Results - Hearing threshold level
• Results within 20-10000 Hz agreed

well with previous data (REF).
• Infrasound is audible below 20 Hz, 

which confirms earlier findings.
• It was recommended that the HTL of 

infrasonic frequencies should also be
standardized to reduce
misinformation related to infrasound. 

• Standardization of HTL of infrasound 
would change the situation, since the
definition could be changed, and 
environmental medicine could give
better diagnoses for people who have
been exposed to infrasound, since the
SPL must be known before any
diagnose can be given. 
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Results – Equal loudness contours
• Equal loudness contour; ELC, indicates 

the SPLs that sound equally loud. 
• 20 phon ELC curve means that the curve 

crosses 20 dB at 1 kHz. 
• 40 phon ELC crosses 40 dB at 1 kHz, etc.

• Our results agreed well with REF 
within 20-1000 Hz except at 63 Hz. 

• Our results are significantly above 
REF1 at 4-20 Hz. 

• Therefore, more research is needed 
about the ELCs below 20 Hz and they 
should not yet be standardized. 

• Most important: the three ELCs are 
only separated by 3 dB at 4 Hz while 
they are separated by 20 dB at 1 kHz.

• Hearing organ is not a linear system 
like a microphone. 
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Results – Infrasound annoyance
• We determined the annoyance

responses to the ELC 20 phon, 
40 phon and 60 phon levels
using 11-point response scale

• Annoyance was significantly
higher for high frequency tones
than for infrasound tones at the
same ELC level. That is, 
infrasound is not especially
annoying.

• On the other hand, the gradient
of annoyance vs. SPL is larger
for infrasound: even a small SPL 
increment leads to large
increment in annoyance.
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