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Abstract         

In prior work, the author has presented a technique for evaluating perception of 

infrasound and low-frequency noise, relative to the threshold of hearing, by a cumulative 

integration process which matches the mean energy of the sound to that of an 

equivalent sinusoid at the hearing threshold.  

The author demonstrated that this approach, while rigorous, fails to take account of the 

crest factor of the sound, which can be very much greater than that of a pure sinusoid.    

Time domain simulation of the hearing response to real signals near the hearing 

threshold showed that taking the effect of crest factor into account, low frequency and 

infrasound may be perceptible at significantly lower levels than those defined by the 

simple criterion of equating mean sound energy. 

This analysis has now been developed further, using time-domain simulation to take 

account of a well-defined hearing threshold, together with the effects of additional, 

uncorrelated low-frequency noise present within the same critical bandwidth (1Hz – 

100Hz).    The results of dynamic simulation show that in the presence of such 

uncorrelated, low-level noise, unwanted low-frequency sound and infrasound may be 

perceived at levels which would otherwise be completely dismissed as being well below 

the threshold of hearing. 

These conclusions will be shown to be consistent with prior reported peer-reviewed 

laboratory experimental data, which hitherto has defied immediate explanation. 
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Introduction. 

In a prior paper [1] the author proposed methods of assessing the audibility of low-

frequency and infrasonic noise, enabling the characteristics of broad-band or impulsive 

noise to be assessed with respect to the threshold of hearing.     A brief review of these 

procedures will first be given, since the specific techniques form a basis for the more 

extended methodology which will be described in the present paper. 

This overall investigation started from the observation by T.H.Pedersen [2] that direct 

comparison of spectral levels of sound with the hearing threshold cannot be used to 

define the transition to audibility, since different resolution bandwidths give rise to 

different apparent spectral levels.   
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This problem arises because such a comparison involves two entirely different physical 

measures.    The threshold of hearing is determined by testing with single isolated 

sinusoidal tones to determine at what level the tone first becomes audible.    In 

comparison, any measure of spectral sound level represents an assessment of multiple, 

complex components presented simultaneously to the ear. 

Tonal measurement of the ear’s hearing threshold effectively measures the inverse of 

the frequency-response (transfer function) of the ear at the threshold level, so Pedersen 

proposed that the different spectral levels should first be weighted with the inverse 

hearing threshold, to represent the spectrum of the sound after having passed through 

this transfer function.   Under this transformation, the threshold of hearing now becomes 

a constant level at 0dB, for all frequencies, but it can be seen that different spectral 

resolutions still give rise to different levels relative to this uniform threshold.  (Figure 2) 
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Pedersen therefore recommended that the spectra should be integrated over the two 

lowest critical bands of hearing, 1-100Hz and 100Hz to 200Hz, resulting in two values 

common to all spectra, which would determine whether the sound exceeded the 

threshold in these two respective bands. 

This procedure does not, however, indicate at what specific frequency the sound first 

becomes audible, since the lowest critical band simultaneously encompasses infrasonic 

frequencies, extremely low audible frequencies, and moderately low frequencies.   The 

present author therefore proposed that this shortcoming could be addressed by 

performing instead a running integration of the spectral levels.  This process results in 

all the spectra of differing resolution being condensed to a single, common line.    

(Figure 3).  The frequency at which this cumulative spectrum intersects the 0dB axis 

represents the frequency at which the spectrum first contains sufficient energy to match 

the equivalent energy of a single, just-audible, pure tone.  
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Figure 3 

Figure 2 

At 0dB Intersection, total Perceived Energy equals Energy of    

Perceived Sine Wave at Threshold. 75% Energy lies within -6dB limit. 



                                                                                        4 

  

Such an assessment equates the rms sound pressure, or mean sound energy, with that 

of a pure sinusoidal tone at the hearing threshold.     In practice, the crest factor of real 

acoustic signals, particularly impulsive signals, can be much higher than the crest factor 

of a pure tone, and consequently may reach the threshold and become audible at lower 

rms levels.   To investigate this, the present author proposed simulating the transfer 

function of the ear as a time-domain digital filter (Figure 4), and passing the time 

histories of the relevant sound through this filter to establish the actual levels relative to 

the (now constant-amplitude) hearing threshold.  

                 

1                                       10                      100                         5001                                       10                      100                         5001                                       10                      100                         500

Figure 4 

Figure 5 shows four examples of simulated periodic, impulsive infrasonic noise passed 

.               Figure 5 
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through this filter.  Three different levels of random background noise were mixed with 

these impulses, to assess the effects of differing signal-to-noise ratios.     

The corresponding cumulative spectra defining the temporal levels at which the 

resultant outputs clearly met the threshold limits are shown in Figure 6.   Dependent on 

the precise signal-to-noise ratio, it can be seen that the sound would be considered to 

meet the limits and become perceptible at significantly lower rms levels than the 0dB 

level. 

                 Figure 6  

This result is essentially consistent with actual acoustic test results carried out by NASA 

in 1982 to establish the levels of audibility of impulsive low-frequency noise generated 

by the then noisier, downwind turbines.  [3]     

 These results have been obtained by comparison of time-histories, or cumulative 

frequency-spectra with the hearing threshold, after appropriate compensation for the 

transfer function of the ear at the hearing threshold.   Such processes represent entirely 

linear operations, so that there is no cross-coupling of frequency components. 

In the present paper, the effect of passing the filtered time-histories through a finite 

threshold operation will be considered.   This process introduces interaction between 

low-frequencies and high-frequencies within the same critical bandwidth, and it will be 

shown that this can make a significant impact on the assessment of perception or 

audibility. 
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Numerical Representation of Threshold. 

The prior work assessed sound levels relative to the threshold of hearing, by taking into 

account both the (weighted) mean energy levels, and the crest factor, with subsequent 

direct comparison of these respective levels to the threshold of hearing.  It now 

becomes appropriate to introduce an explicit cut-off associated with the hearing 

threshold into the time-domain modeling of the hearing response, in order to examine 

the resultant dynamics. 

As previously shown, by imposing a transfer function corresponding to the hearing 

response obtained from sinusoidal testing, the hearing threshold is transformed to a 

constant amplitude threshold at 0dB. (i.e. unity amplitude rms).     This threshold 

represents a rapid “cut-on” of the sinusoidal signals as the threshold is exceeded.   In 

the absence of more complete information about the precise “cut-on” of this threshold, 

three different possibilities have been considered in the following analyses.    These 

three alternatives are shown in Figure 7, and are described as follows. 

                        Figure 7              

The simplest threshold characteristic is a sharp transition, whereby it is assumed that all 

the relevant hair-cells of the cochlea completely cease to respond once the excitation of 

the basilar membrane falls below a specific level.   Above this level, the output is 

assumed to be linearly related to the input, with unity gain.   Such a characteristic 

corresponds to the red curve of Figure 7. 

Alternatively, it is possible that hair cells do not all uniformly cease to provide an output 

at exactly the same level, in which case the cut-off may take a more tapered form, as 

indicated by the blue curve. 
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Finally, a third possibility, namely that after the threshold has been exceeded, the 

response might increase linearly from initially zero output, rather than transitioning 

immediately to a finite starting level.   Such a characteristic is given by the third, green 

curve. 

In practice, when a sinusoidal test signal is applied to a system with any of these three 

characteristics, the cut-on is not completely sharply defined, since initially only the peak 

of the sine-wave will exceed the threshold, and then with progressively increasing input 

amplitude, more of the sinusoidal shape will be transmitted.     Thus, even for the 

sharpest cut-on, the overall output will increase gradually as the amplitude of the tone 

increases.     In Figure 8, the effect of each type of threshold on a simple sinusoidal tone 

input is presented.    The amplitude of the input sinusoid is measured in decibels 

relative to a nominal 0dB threshold, and the relative size of the fundamental harmonic 

component of the output is evaluated as the input amplitude is progressively increased.   

(This figure effectively represents the amplitude-dependent transfer function of the 

threshold.)  

                               Figure 8 

The differences in the three responses can be clearly seen – the threshold with the 

sharp cut-on provides the fastest transition, while the other two characteristics provide a 

more gradual transition.   The precise parameters associated with each of the 

thresholds were chosen so that these responses were relatively “similarly-centered” 

while giving a reduced but still finite output amplitude at 0dB input level.  

When the overall responses due to these different types of threshold were evaluated for 

more complex signals containing a significant component of random noise, it was found 

that there was little fundamental difference in the dynamics of the outputs resulting from 
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each respective choice.  Differences amount only to slight changes in output level and 

noise floor.   Consequently, in the following analyses, the threshold will be chosen to 

correspond to the simplest case, namely the sharp cut-off.    In the final example, for 

completeness, the effect of the three different thresholds will be compared explicitly. 

Effect of the Time-Domain Threshold. 

In the following examples, the response of the ear will be modeled by a linear filter 

describing the hearing-response near to the threshold, followed by an explicit threshold 

with sharp cut-off as already described.   The linear process assumes the same 

frequency characteristic as that used in the earlier reported work, and the threshold 

amplitude is defined using the parameters described above. 

The analyses will be performed for signals limited to the first critical band, taken as 1-

100Hz, to encompass the infrasonic frequencies and low-frequencies.   All signals are 

taken to be implicitly or explicitly filtered at 100Hz, using an 8-pole low-pass filter. 

It will be assumed that a “signal” is present in the form of a band of sound which 

extends from 15Hz to 25Hz.  This will be simulated as pseudo-random low-frequency 

sound, with the frequency range specifically chosen to represent sound with both an  

infrasonic and conventional low-frequency content.     This signal is defined such that 

after passing through the ear’s transfer function, it has a flat-top power spectrum with its 

total rms amplitude held constant at -12dB relative to the median (0dB) threshold of 

hearing.    By conventional assessment, this sound would be considered to be of too 

low a level to be perceived by a person of median hearing sensitivity.  

An additional, higher frequency component of “noise” will then be introduced.    This 

again takes the form of a pseudo-random component from 50Hz to 90Hz, which after 

passing through the ear’s transfer function possesses a flat-top spectrum.   The overall 

rms amplitude of this component will be increased in steps from -20dB to +6dB relative 

to the threshold of hearing.    So this will represent a component of noise which initially 

starts out as an inaudible component, but ultimately becomes audible.  

The 1/3rd octave characteristics of the maximum levels of these two components, 

namely the low-frequency signal and the higher frequency noise, are shown in Figure 9 

in red and blue respectively.     After passing through the ear’s transfer function, they 

become as Figures 10 a, b, c, & d, shown now as narrow band spectral levels with 

0.1Hz nominal resolution.  The spectral levels appear much lower as a result of this fine 

resolution, but the levels stated on each graph are the integrated rms levels relative to 

the 0dB threshold.     
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               Figure9 

 Figure 10 
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The effect of progressively increasing the amplitude of the noise component can be 

seen in these four figures.   The red and blue curves show the values of the spectrum at 

the input to the threshold process, while the green curve shows the resultant output 

spectrum in each case. 

 It should be noted that the level of the low-frequency signal is maintained constant 

throughout, while it is the level of the higher frequency noise component which is 

allowed progressively to increase. 

As can be seen, in the absence of the higher frequency noise, the low-frequency signal 

does not penetrate the threshold.   But as the higher frequency noise is introduced with 

increasing amplitude, so the low-frequency signal response also starts to increase.      

Ultimately, when the noise level has risen to its maximum amplitude, the signal is also 

present in the output at its full amplitude.    This, despite the fact that the signal by itself 

was unable to meet the threshold condition. 

To illustrate the precision with which this low-frequency signal is finally transmitted, the 

overall output was filtered with a band-limited filter from 10Hz to 30Hz, thus straddling 

only this low-frequency signal component.     (The filter was chosen to be a 2-pole high-

pass filter at 10Hz, and an 8-pole low-pass filter at 30Hz).   The filtered result of the 

signal having passed through the threshold process is compared with the ideal output 

that would have resulted if the process were truly linear, with no threshold limitations.  

(Figure 11).  It can be seen that the band-pass filtered threshold output very closely 

replicates the true low-frequency component.   The imposed threshold does gives rise 

to some additional noise – in the frequency domain this noise is represented by the 

flattened regions of the green spectrum, between the well-defined bands of the separate 

signal and noise components. 

                Figure 11 
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If this threshold effect represents an adequate approximation of the behavior of the hair-

cells and their resultant triggered nerve response, then the conclusion emerges that in 

the presence of very low-level, audible extraneous noise, signals representative of low-

frequency or infrasonic  noise which are nominally “below” the threshold of hearing will 

nevertheless be transmitted to the nervous system.   Under such circumstances, effects 

relating to these otherwise inaudible signals may be perceived.  

Prior Literature References 

The effects which have been described may indeed reflect what happens in practice.   

In this respect, two references are noteworthy.     The first relates to accepted 

knowledge of 30 years ago, when NASA reported on the effects of infrasound.   In 

Appendix C of the 1982 NASA reference [3], it was stated that people within buildings 

could apparently sense or perceive the effects of low frequency or infrasound when it 

was below the threshold of hearing.    A possible explanation commonly advanced is 

that wall or window vibration induced by the infrasound might result in non-linear effects, 

giving rise to higher frequencies that might be audible.   Yet it is not necessarily the 

case that such sound pressure levels would be sufficient to induce non-linear effects.    

An alternative explanation might now be that the inevitable presence of higher 

frequency sound at levels close to the hearing threshold might cause the infrasound to 

become perceptible, through the mechanism described above. 

A more recent and directly relevant reference is [5], which appeared in the Journal of 

Low Frequency Sound, Vibration & Active Control in 2003.  In this reference, Japanese 

researchers described how test subjects were subjected to three different examples of 

broadband infrasound mixed with low-frequency sound.    The relevant 1/3 octave 

spectra are shown as open “white” markers in Figure 12, taken from this reference, 

together with the median threshold of hearing.  

                                 Figure 12 
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For frequencies of 50Hz and above, these spectra can be seen to converge to common 

values near to the threshold of hearing.   But for lower frequencies, the spectra clearly 

diverge, and represent very different sound characteristics.   The three isolated solid 

markers represent the (average) response of the test subjects to individual sinusoidal 

tones, intended to define their threshold of hearing according to conventional 

audiometric testing.    The subjects were all considered to have near-median hearing 

thresholds. 

It is reported that the test subjects could correctly discriminate between the three 

different broad-band test sounds, despite the fact that the low-frequency and infrasonic 

differences between these signals all lay well below the nominal threshold of hearing.   

Moreover, it is reported that the personnel conducting the testing also recognised these 

three different test signals.   These effects are carefully reported, but no explanation is 

offered, apart from suggesting that in some way, the test subjects might be responding 

to the audible component of the signals which were of common amplitude towards the 

upper end of the frequency range. 

A more convincing explanation may now be forthcoming, that this represented an 

experimental demonstration of the effects hypothesized in the present paper.   The 

presence of higher frequency noise at levels just above the hearing threshold, may have 

enabled the low-frequency and infrasound to be perceived, so that the differences 

between these three low-frequency sounds could be sensed and recognized. 

Impulsive Wind Turbine Infrasound, Measured Inside a Dwelling 

In previous presentations, the author has shown the graph of Figure 13, which 

illustrates the measured impulsive infrasound monitored within the bedroom of a house, 

directly downwind from six separate wind turbines.  The house was located 1500 feet    

( ~ 460m) from the nearest turbine, and the farthest turbine of the group of six was at 

about 1.2 miles distance.    The noise was measured using a B&K 4193-L-004 

Infrasonic Microphone, with B&K Nexus Conditioning Amplifier, and recorded by a Rion 

DA20  digital recorder.   The Conditioning Amplifier was set to a 0.1Hz high-pass filter, 

and the Rion recorder was AC-coupled resulting in 0.3Hz high-pass filtering of the input.   

Consequently it is considered that these infrasonic measurements are accurate from 

1Hz upwards. 
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 A slight diversion will now be made, to consider the nature of these impulses.   A wind 

turbine operating in clean, uniform airflow gives rise to a steady lift force on the blades.   

The resultant sound radiation is dominated by the lowest harmonic of the blade rate, 

while the amplitudes of the higher harmonics decay very rapidly with increasing 

harmonic number.   Since the lift force is steady, the sound field on-axis of the wind-

turbine is theoretically zero.  If, however, the turbine blades pass through a local region 

of slower moving air, either arising from obstruction caused by an upwind  cluster of 

trees, or by a sharply defined wind-gradient, the airflow incident on the surface of the 

blade changes direction, and the corresponding lift-force will transiently change. 

The repeated passage of successive blades through this region of reduced airflow 

results in a periodic impulsive lift force (Figure 14).  

                                      Figure 14 

Figure 13 
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In practice, for a sector of slower moving air this impulse will take the form of a transient 

reduction in blade-lift.   The sound radiated, which is proportional to the temporal rate-

of-change or time-derivative of this impulse, then assumes the double-peaked shape of 

Figure 15, with a positive-followed-by-negative pulse on the downwind side of the 

turbine, corresponding to the lift deficit.  

                          Figure 15 

Since there is a vector component of lift variation directed along the axis of the wind-

turbine, acoustic pulses will then appear  on-axis.   Such double-peaked infrasonic 

pulses are clearly a feature of the wind-turbine sound pressure time-trace of Figure 13. 

The resultant  repetitive sequence of  double-peaked pulses gives rise to the 

characteristic power-spectrum shown in Figure 16. 

                      .    Figure 16 
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The spectrum rises slightly in amplitude from the lowest harmonic, then flattens out and 

rolls-off sharply at higher frequencies.  The indoor power spectrum of the measured 

wind-turbines is shown in Figure 17, and it can be seen to possess a near-comparable 

shape in the infrasonic regime. 

                      Figure 17 

(The fact that upwind-rotor wind-turbines could give rise to infrasonic pulses, arising 

either from local wind shadowing or from excessive wind shear, was observed and 

reported over twenty years ago, in 1989 [4].) 

Perception of Wind Turbine Infrasonic Impulses.  

The analysis technique described previously will now be applied to the measured wind-

turbine SPL time-series.   The initial data had been recorded over a wide audio 

bandwidth of 10kHz, at 25.6kHz sample-rate, and was decimated to 1kHz sample-rate 

for this subsequent analysis.   Finally, the data was low-pass filtered with a 100Hz 8-

pole Butterworth filter, corresponding to the upper limit of the first critical hearing-band.  

This data was passed through the linear simulation of the ear’s frequency response, 

followed by the threshold as previously described.   The power spectrum of the resultant 

output was then calculated, to observe the precision with which the infrasonic regime   

1-20Hz was reproduced. 

It was quickly found that with the threshold set to 0dB, corresponding to the median 

hearing threshold, the output was obscured by threshold noise.     The threshold was 

then reduced by -8dB, upon which the infrasonic spectrum clearly emerged.    The 

figure of -8dB was chosen because this represents the lowered hearing threshold of the 

most sensitive decile (10%) of young adults. 
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Figure 18 shows the resultant power spectrum, compared to the ideal power-spectrum 

for the true acoustic signal, i.e. in the absence of any threshold limitation.   This figure 

also shows the effect of applying the three different types of threshold definition, and it 

can be seen that there is little to choose between them.    This implies that the results 

are comparatively insensitive to the precise definition of the threshold characteristic. 

Finally, the threshold was reduced from -8dB to -12dB.   This latter value corresponds to 

a hearing threshold two standard deviations below the median level, and represents the 

sensitivity of 2.5% of all adults.   It can be seen that this reduces the noise floor, 

resulting in slightly greater accuracy in reproducing the ideal linear response. 

 

To illustrate the time-response of the output from the threshold process, Figure 19 

shows the output time traces, filtered over the infrasonic frequency range 5Hz to 20Hz.   

The band-pass filter was defined by a 2-pole high-pass filter at 5Hz, and an 8-pole low-

pass filter at 20Hz. 

 

Figure 18 

Figure 19 
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In both cases, the output time waveform is compared to that which would be obtained 

by an accurate linear process without any threshold effect.    It can seen that in the case 

of the -8dB threshold, most of the features of the ideal waveform are reproduced, while 

slightly greater precision is achieved with the -12dB threshold.   To indicate the extent to 

which these waveforms fall below the threshold, the rms limits corresponding to -12dB 

threshold are shown for comparison. 

Numerical evaluation from 2Hz-20Hz of the infrasonic signal before and after the 

threshold, showed that the ratio of true signal to threshold-induced noise was +7dB for 

the -8dB threshold, and +13dB for the -12dB threshold. 

Finally, the HT (hearing threshold)-weighted cumulative spectrum for the ear’s linear 

response is shown in Figure 20.    The median 0dB threshold, and reduced thresholds 

of -8dB and -12dB are shown.  

                           Figure 20 

It can be seen that if the audible threshold is defined according to a simple rms criterion 

of sound pressure level, the transition to audibility would be established at 40Hz - 45Hz 

for hearing-sensitive individuals.   Yet time-domain simulation of the non-linear effect of 

the threshold shows that the combination of the audible higher frequency noise, 

together with the sub-audible infrasonic signals could result in a finite amplitude of 

response to the infrasound at significantly lower levels 

Conclusion  

The possible effects of finite cut-off at the hearing threshold have been examined.   If 

the specific assumptions are correctly representative of this cut-off in hearing response, 

then it appears that cross-coupling may be introduced between high-frequency and low-

frequency components of sound within the same critical band.   As a consequence, low-
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frequency noise or infrasound, which by itself would be below the threshold of hearing, 

may become perceptible if additional higher frequency noise is introduced at or just 

above the hearing threshold.   Illustrations have been presented based on numerical 

simulation and application of the analysis technique to actual measured infrasound from 

wind-turbines. 

It is considered that this process may give rise to perception of infrasound, in the sense 

that it is anticipated that such signals will be transmitted via hair cells to the nervous 

system.  The results are consistent with acoustic test chamber experiments [5] reported 

in 2003, which made clear that test subjects were indeed aware of, and could 

discriminate between different low-frequency / infrasound test signals of comparable 

levels to those examined in this paper. 

References 

[1]  M.A.Swinbanks The Audibility of Low Frequency Wind Turbine Noise.  Fourth 
International Meeting on Wind Turbine Noise    Rome  Italy  12-14 April 2011 

[2]  T.H.Pedersen  Low Frequency Noise from Large Wind Turbines.  Project Report 

Danish Energy Authority     DELTA Danish Electronics Light & Acoustics 30th April 2008. 

 [3]  D.G.Stevens, K.P.Shepherd, H.H.Hubbard, F.W.Grosveld, Guide to the Evaluation 

of Human Exposure to Noise from Large Wind Turbines,  NASA TM83288, March 1982 

 [4] K.P.Shepherd, H.H.Hubbard, Noise Radiation Characteristics of the Westinghouse 

WWG-0600 (600kW) Wind Turbine Generator   NASA TM101576, July 1989 

[5]  Yasunao Matsumoto, Yukio Takahshi, Setsuo Maeda, Hiroki Yamaguchi, Kazuhiro 

Yamada, & Jishnu Subedi.  An Investigation of the Perception Thresholds of Band-

Limited Low Frequency Noises: Influence of Bandwidth.  Journal of Low Frequency 

Noise Vibration and Active Control 2003  

 

    

       

 


