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Abstract 
 

Outdoor noise measurements can be highly affected by the wind-induced noise generated by 

turbulence structures present in the flow and wakes generated at the air and windshield interface. 

Various commercially available windshields were tested in a small anechoic wind tunnel in order to 

investigate the effects of turbulent flow properties on the wind-induced noise in shielded microphones. 

To distinguish the contribution of wind-induced noise from the acoustic signal an Incoherent Output 

Power analysis between two microphone signals has been used. The effects of mean flow velocity, 

turbulence intensity and average length scales on the wind-induced noise in shielded microphones 

were evaluated. An incremental trend with increasing airflow velocity has been found for the wind 

noise spectral amplitudes. The findings indicate a dependency between turbulent scales and the wind-

induced noise levels at low frequencies. The overall wind-induced noise was found to be insensitive to 

the incoming flow turbulence intensity levels which may suggest that other parameters of the incoming 

flow turbulence, such as turbulence scale, are more important for the processes of wind-induced noise 

generation. 

1. Introduction 

The accuracy of noise measurements in outdoor environments in the presence of wind is reduced by 

wind-induced noise generation over the microphone due to turbulence structures present in the flow 

and microphone wake generated noise. Windshields are commonly utilised to reduce the unwanted 

effects of the wind-induced noise, however they have performance limitations over a broad range of 

flow conditions.    

Wake generated noise due to laminar flow over the windshield is well understood, however there 

is relatively little research characterising the effects of different turbulent flow properties on the wind-

induced noise generation in shielded microphones. This is of great importance due to the turbulent 

flow conditions frequently occurring in typical outdoor conditions.  
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This paper summarises the findings of a study attempting to characterise the effects of various 

flow conditions on the wind-induced noise generation in shielded microphones in a series of indoor 

tests in an anechoic wind tunnel.  

2. Wind-induced noise 

Wind-induced noise is caused by non-acoustic pressure fluctuations imposed on a microphone 

diaphragm and commonly known to comprise two major mechanisms: pressure fluctuations due to the 

interaction of a turbulence free flow over the microphone surface known in the literature as self-

generated noise [1] or self-noise [2] or “pseudo-noise” [3]; and pressure disturbances due to existing 

eddy structures in the flow impinging on the microphone surface [1,4,5,6].  

The contribution of these two mechanisms may vary based on the level of turbulence in the flow. 

For a turbulence-free flow, the dominant noise is due to the interaction of flow over the surface of the 

microphone [4,6]. However, in a highly turbulent flow the dominant pressure fluctuations on the 

microphone diaphragm may be mainly due to the eddy structures impinging on the windshield surface 

[4]. The interaction of turbulence structures impinging on the surface of the microphone has been 

noted as the dominant contributor to the wind-induced noise in shielded microphones in atmospheric 

conditions [4, 5].  

A number of different studies were conducted in controlled environments with the aim of 

understanding the wind-induced noise generation processes and in particular self-generated noise. The 

dimensional analysis of Strasberg [1] summarises the effects of self-generated noise as a function of 

the windshield diameter, frequency and flow velocity based on measurements in laminar flow. The 

analysis shows a linear relationship between the logarithms of dimensionless one-third octave sound 

pressure level and Strouhal numbers below five. Here Strouhal number was defined as the product of 

frequency and windshield diameter divided by the flow velocity.  

Leclercq, Cooper and Stead [2] have found from a series of anechoic wind tunnel measurements 

a 6
th

 power law dependence between self-noise and flow speed where an increase in flow speed will 

result in higher self-noise. Wang, Zander and Lenchine [7] estimated and characterised the wind-

induced noise generation using Incoherent Output Power between two shielded microphones, one 

positioned inside the jet and another positioned outside the jet. 

Various attempts have been made to characterise the wind-induced noise in shielded 

microphones in different atmospheric conditions. Morgan and Raspet [4] conducted an empirical study 

of wind noise in shielded microphones in outdoor environments indicating pressure disturbances in the 

incoming flow as the major contributor to wind noise in outdoor environments. They found that 

pressure fluctuations caused by incoming flow velocity variations are the dominant source in outdoor 

wind noise generation. However, they also indicate that in flow conditions where low levels of 

pressure fluctuations exist, this dominance shifts to the interaction of flow over the windshield surface 

and its associated wake generation (the mechanism which may contribute less in a highly turbulent 

flow). 

Van den Berg [5] also studied wind-induced noise in shielded microphones in outdoor 

measurements and provided analytical expressions for wind noise corresponding to different 

atmospheric conditions. He concluded that outdoor wind noise in a shielded microphone is dependent 

not only on the average wind speed and windshield diameter, but also depends on atmospheric 

turbulence which is defined by thermal and frictional turbulence. Consequently, two other parameters 

associated with wind-induced noise were introduced by Van den Berg [5], which are defined by 

atmospheric conditions (i.e. atmospheric stability) and terrain properties (i.e. terrain roughness height). 

Cooper, Leclercq and Stead [8] have undertaken atmospheric measurements of wind-generated 

microphone noise, and provided a relationship between wind speed and microphone-generated LAeq 

noise level for a range of wind shields. They suggest that the level of wind-induced noise under 

atmospheric turbulence is less than that measured using wind tunnel measurements. However, the 

study does not include any estimates of turbulent flow parameters.   

The majority of the studies conducted to characterise wind-induced noise in shielded 

microphones appear to be mainly either conducted in low turbulence flow or have not addressed the 

turbulent flow parameters sufficiently. This paper aims to investigate the relationship between various 
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turbulent flow properties and wind-induced noise generation in shielded microphones in a series of 

indoor tests in an anechoic wind tunnel.  

3. Experimental arrangement  

Different sized spherical windshields were tested in various flow conditions in a small anechoic wind 

tunnel in the School of Mechanical Engineering at the University of Adelaide. Wang, Zander and 

Lenchine [7] introduced the Incoherent Output Power analysis of two shielded microphones, one 

inside the flow and the other outside the flow to estimate the wind-induced noise in shielded 

microphones. This technique was further developed in a series of tests in an anechoic wind tunnel 

indicating the potential of this technique to estimate the wind-induced noise in different flow 

conditions [9].  

The experimental arrangement consisted of a microphone equipped with a windshield located 

outside the flow in order to provide a reference signal and another microphone equipped with the same 

type of windshield mounted within the jet to capture the contribution of wind-induced noise. A 

loudspeaker was used to generate a white noise signal with overall sound pressure level (SPL) of 

approximately 106 dB in the audio frequency span for all acoustic measurements to generate coherent 

signals on both microphones with no flow and minimise the effect of background noise. Two B&K 

4190 free field microphones equipped with windshields were utilised to perform the acoustic 

measurements. A multi-channel data acquisition system was used to record the microphone signals in 

different flow conditions and for each type of windshield. Results for different sized spherical 

windshields with diameter of 60 – 90 mm are examined in this paper. 

The concept behind utilisation of IOP to estimate the wind-induced noise is that the loudspeaker 

signal can be thought of as the desired acoustic signal to be measured in outdoor conditions. The 

acoustic signal is contaminated by the wind-induced noise due to the unwanted pressure fluctuations 

caused by flow interaction over the windshield. IOP can then be utilised to extract the wind-induced 

noise from the total contaminated signal; i.e. the power of the response microphone that is incoherent 

with the reference microphone. Refer to Wang, Zander and Lenchine [7] and Alamshah, Zander and 

Lenchine [9] for further detail of the methodology and signal processing technique used.  

Two different arrangements were utilised in this study to achieve higher turbulence intensity at 

various positions in the wind tunnel (Figure 1). The turbulence intensity was artificially increased by 

positioning different rectangular meshed grids upstream in the flow, and the streamwise position of the 

microphones was changed to downstream locations representing higher turbulence intensity.   

The experimental arrangement incorporating meshed grids is shown in Figure 1. In this 

arrangement the leading edges of both reference and response microphone windshields were 

positioned at 200 mm from the jet exit plane. 

 

 

Figure 1. Experimental arrangement 

Loudspeaker 

Grid 

Response Microphone (Mic. B) 

Reference Microphone (Mic. A) 
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Three different sized rectangular meshed grids with round wires were positioned at the 

contraction outlet. The geometry of the grids used in this experiment is shown in Figure 2. Further, the 

geometrical parameters for the grids are presented in Table 1. 

 

                        

Figure 2. Turbulent generator grid geometry [10] and grids used in this study 

Table 1. Grid geometry 

Grid M (mm) d (mm) 

1 11 1.5 

2 25 3.2 

3 50 3.9 

 

Another way to control turbulence intensity at the position of the response microphone was to 

change the streamwise position of the response microphone in the free jet. Three streamwise positions 

of 200 mm, 400 mm and 600 mm downstream of the jet exit plane were chosen to investigate the 

effect of higher turbulence levels without any grids present.  

Hotwire anemometry was conducted to characterise the flow properties of the wind tunnel jet. 

Instantaneous velocity values were obtained at various locations using the hotwire survey and were 

processed to obtain the mean flow velocity, turbulence intensity and the integral length scale. 

Turbulence intensity in the mean flow direction is defined as [11]  

 

𝑇𝑢 =  
𝑢𝑟𝑚𝑠

𝑈̅
 (1) 

 

where 𝑢𝑟𝑚𝑠 is the root mean square of the mean flow velocity fluctuation and is equal to the standard 

deviation of the instantaneous velocity samples. Integral length scales were estimated using a frozen 

turbulence approximation [12] where spatial correlations are estimated from the temporal correlations. 

The longitudinal integral length scale, which is a measure of longest connection or correlation distance 

between the velocities at two points in the flow is defined as [13,14] 

 

𝐿𝑢(𝑥, 𝑡) =
1

𝑅𝑢𝑢(0, 𝑥, 𝑡)
∫ 𝑅𝑢𝑢(𝑒𝑢𝑟, 𝑥, 𝑡)𝑑𝑟

∞

0

 
(2) 

 

where 

 

𝑅𝑢𝑢(𝑟, 𝑥, 𝑡) ≡  〈𝑢(𝑥, 𝑡)𝑢(𝑥 + 𝑟, 𝑡)〉 (3) 

 

is the spatial correlation function of the longitudinal velocity component, u, between two points with 

distance r, and  𝑒𝑢 is the unit vector in the mean flow direction. Based on the frozen turbulence 

approximation, the integral length scale can be approximated as 

 

Grid 1 

Grid 2 

Grid 3 
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𝐿𝑢(𝑥, 𝑡) =
𝑈̅

𝑅𝑢𝑢(𝑥, 0)
∫ 𝑅𝑢𝑢(𝑥, 𝜏)𝑑𝜏

∞

0

 
(4) 

 

where 

 

 

𝑅𝑢𝑢(𝑥, 𝜏) ≡  〈𝑢(𝑥, 𝑡)𝑢(𝑥, 𝑡 + 𝜏)〉 (5) 

 

is the temporal autocorrelation function of the longitudinal velocity component, u, at a given location, 

x, and 𝑈̅ is the mean flow velocity in the mean flow direction. Equation 4 requires integration of the 

autocorrelation function over an infinite domain. In practice this is not possible. The integration 

domain used here is from zero to the first zero crossing of the autocorrelation function [15]. Note that 

the normalised temporal autocorrelation function of the fluctuating velocity component, u, represents 

the integral time scale in the mean flow direction. 

A traverse allowed continuous movement of the hotwire anemometry in different directions. 

Figure 3 shows the mean velocity and turbulence intensity along the centreline of the jet at different 

free stream velocities indicating approximately constant velocity up to the 350 mm downstream of the 

exit plane and incremental turbulence intensity as a function of streamwise distance increasing to 

values as high as 16 to 18 % at 600 mm from the jet exit plane. 

 

 
Figure 3. Free jet mean flow velocity (top left), turbulence intensity (top right) and length scale 

(bottom) as a function of distance from the jet exit plane at different free stream velocities 

 

Different flow property profiles at 200 mm from the jet exit plane are shown in Figure 4 for 

various free stream velocities. The mean velocity shows an approximately uniform velocity profile 

within 20 mm of the centreline of the jet. The turbulence intensity increases in the direction normal to 

the mean flow ranging from 2 % to values as high as 50 %. The length scale appears to decrease from 

the centre line in the direction normal to the flow to about 40 – 50 mm from the centre line and 

increases again above that point.  Figure 5 presents different flow properties measured at the centreline 

of the jet and averaged over the projected area of the 90 mm windshield for different turbulence 
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generating grids indicating, an increase in the average turbulence intensity and higher estimated length 

scales for the free jet compared to the various grids over the area of the windshield with different grids 

used. Similar trends were found with windshields of other diameters. 

It is noted that smaller or similar average length scales are measured for coarser grids (i.e. Grids 

2 and 3) compared to finer grid used (i.e. Grid 1). For a homogeneous isotropic turbulence, a larger 

length scale is expected for coarser mesh wire spacing (i.e. larger M) [10]. The measured smaller 

length scales for Grid 2 and 3 compared to Grid 1 may have been due to uneven distribution of mesh 

grids over the area of the wind tunnel contraction outlet for coarser grids compared to finer grid 

resulting in variation in mesh wire spacing due to installation limitations imposed by the wind tunnel 

contraction.   

 

Figure 4. Free jet mean airflow velocity (top left), turbulence intensity (top right) and length scale 

(bottom) profiles at 200 mm from the jet exit plane at a free stream velocity of 6 m/s. Graph origin is 

the jet centreline 

 

Figure 5. Free jet turbulence intensity (left) and estimated length scale (right) measured at 200 mm 

from the exit plane for 90 mm windshield at a free stream velocity of 6 m/s 
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4. Results 

4.1 Wind-induced noise and airflow velocity 

Figure 6 shows the effect of various airflow velocities on the Incoherent Output Power representing 

the wind-induced noise for selected windshields of 60 mm and 90 mm diameter tested in the free jet. 

For these measurements the leading edges of the windshields were positioned at 200 mm from the jet 

exit plane where the average turbulence intensity of about 2 % was measured at the centreline of the jet 

(see Figure 4). The wind-induced noise demonstrates a similar pattern among different windshield 

types at different velocities. Generally wind noise increases with the mean airflow velocity where the 

rate of the level change decreases as velocity increases. This is evident from the spacing of different 

velocity lines which are closer to each other in the 12 to 30 m/s velocity range. Increase in wind-

induced noise with increase in the airflow velocity is well explored [1,2,4,5,7,8,10]. The overall wind-

induced noise level for a specific windshield diameter appears to be proportional to the logarithm of 

airflow velocity which is in agreement with the literature [1,2,5,8].  

 

 

Figure 6: Wind-induced noise for 60 mm (left) and 90 mm (right) diameter windshields at different 

velocities 

 

It can be seen from Figure 6 that the frequency span of the wind-induced noise at different 

airflow velocities can be separated into three regions: one being a low frequency region (typically less 

than 40 Hz for velocities less than 30 m/s) where the wind-induced noise does not appear to change 

significantly with respect to frequency. This is consistent with previous studies indicating a low 

frequency region of wind-induced noise spectra being independent of frequency [5]. The other region 

appears to be a local maximum in the low to mid frequency range where the trend changes, and the 

third region of wind-induced spectra which is characterised by an almost linear decrease of the levels 

proportional to the logarithm of the frequency which is consistent with the findings of other studies 

[2,5,7]. The wind induced noise at higher frequencies outside of these three regions is sufficiently low 

that the levels are most likely affected by instrument noise.  

It appears from Figure 6 that the wind-induced noise generated in 90 mm windshield, in 

particular in low frequencies, is higher than the 60 mm windshields at the same airflow velocity. This 

may be due to the fact that larger windshield is exposed to regions of higher turbulence intensity at the 

edge of the windshield.  

4.1 Artificially generated turbulence  

Figure 7 shows the measured IOP representing the wind-induced noise for a 90 mm diameter 

windshield at two different velocities and a variety of girds positioned upstream of the flow with the 

intention of controlling the turbulence properties of the flow. It can be seen that at low and mid 

frequencies the wind-induced noise for the free jet (i.e. “No grid”) is typically higher than other cases 

where the grids were used to increase the turbulence intensity. Both the average turbulence intensity 

over the projected surface of the corresponding windshield (see Figure 5) and the turbulence intensity 

measured at the centre of the jet (see Figure 5) for the free jet stream show lower values than for the 
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case where the grids are mounted at the nozzle outlet. However, the integral length scales for the free 

jet stream (both averaged over the projected surface and measured at the centre of the jet at x = 200 

mm) show relatively higher values compared to the case where grids are inserted in the flow.  

It is noteworthy to mention that generally the free jet mean flow profiles were more uniform 

compared to the flow profiles of those with the grids installed upstream. This may indicate that the 

averaging mechanism which enhances the cancellation of the pressure fluctuations at the interior of the 

windshield, is less effective as there is less chance of pressure cancelation due to flow uniformity. The 

results may also suggest that the higher wind induced noise for the free jet (i.e. “No grid”) may be 

associated with the larger eddy scales impinging on the surface of the windshield. This might explain 

the higher values of wind-induced noise for the windshields positioned in the free jet compared to 

those with grids installed upstream. Similar wind noise spectra trends were found for the other 

diameter windshields used. 

 

 
Figure 7: Wind noise for 90 mm diameter windshield at airflow velocities of 6 m/s (left) and 18 m/s 

(right) with different grids positioned upstream 

 

The wind noise spectra shown in Figure 7 illustrate similar levels for different grids positioned 

upstream from the windshields. Although the turbulence intensity for grids 1 to 3 increases slightly and 

the integral length scale stays within a narrow range, the wind-induced noise spectra are approximately 

the same within 1 – 2 dB error. It seems that the wind induced noise is not sensitive to the turbulence 

intensity variations within the range of the magnitude explored in this study. Similar spectral shape 

with local maximum for the wind induced noise can be observed for no grid and grids 1 to 3 

experimental arrangements. The local maximum frequency does seem to slightly shift to lower 

frequencies as the turbulence intensity and the integral length scales increase. It should be noted that 

the turbulent flow characterisation of incoming flow over the windshield surface is done without the 

presence of the windshields in the flow, which indeed significantly affects the near flow field 

characteristics. 

4.2 Free jet increased turbulence 

The position of microphones equipped with different windshields were changed within the free jet 

stream to achieve higher turbulence intensity levels over the surface of the windshields. The leading 

edges of the windshields were positioned at 200 mm, 400 mm and 600 mm from the jet exit plane in 

the streamwise direction.  

The wind-induced noise spectra for different streamwise positions and airflow velocities for a 90 

mm diameter windshield are shown in Figure 8. The flow characterisation shown in Figure 3 shows 

that the turbulence intensity measured at the centreline of the jet has significantly increased from a 

value of about 2 % at 200 mm from the jet exit plane up to values of about 15 – 18 % at 600 mm from 

the jet exit plane for various airflow velocities. The integral length scale measured at the centreline of 

the jet also increased by about 5 mm to 10 mm as the position of the microphone is shifted from 200 

mm to 600 mm from the jet exit plane (see Figure 3). The increase in the turbulence intensity and the 

integral length scale seem to have resulted in increase in the level of the local maximum (or trend 

change point) in the wind noise spectrum. Further the local maximum frequency has also shifted to 
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lower frequencies as the turbulence intensity and scales were increased for a specific windshield type 

and airflow velocity. This was also observed for turbulence generated with grids to a lesser degree. 

This shift in local maximum frequency tends to higher frequencies as the mean airflow velocity 

increases. The wind noise spectra for other tested windshields also illustrates similar behaviour in 

response to the increased turbulence intensity and scales in the flow.  

 

Figure 8: Wind-induced noise for 90 mm windshield at different positions streamwise of the jet for 

airflow velocity of 4 m/s (left) and 16 m/s (right) 

 

The wind noise spectra corresponding to the rapid decay region of the wind noise (i.e. 

frequencies above the local maximum) are similar within 3 dB at different streamwise positions of the 

microphones. This suggests that the increase in the turbulence intensity and the integral length scale 

within the range observed during the experiments may not considerably affect the higher frequency 

noise generation. Increased turbulence intensity and length scale appears to increase the low frequency 

component of the wind-induced noise as well as shifting the frequency of the local maximum to lower 

values. This is particularly important in infrasonic or low frequency noise measurements outdoors 

where the smallest turbulent structures in the flow could potentially contaminate the frequencies of 

interest.  

Despite the significant increase in the measured turbulence intensity and increase in the integral 

length scale, the overall wind noise does not increase significantly (an increase of about 3 dB was 

observed at the highest turbulence conditions). This indicates that increase in the incoming flow 

turbulence parameters within the explored range does not significantly affect the wind noise for a 

specific windshield type and diameter. This may suggest that the incoming flow turbulence may not be 

the major contributor to the wind-induced noise generation in shielded microphones, as the increase in 

incoming flow turbulence intensity or scale does not noticeably increase the wind induced noise. This 

is not in good agreement with the findings of the literature, which indicate the incoming flow 

turbulence as the major contributor to the wind noise in highly turbulent flows occurring in outdoor 

conditions [4,5]. 

It should be noted that the findings of the literature indicating the domination of incoming flow 

turbulence as the contributor to the wind-induced noise compared to the self-generated noise (due to 

interaction of predominantly laminar flow with the wind shield) are mainly based on outdoor noise 

measurements [4,5]. While the findings of the current study are based on a series of indoor 

experiments conducted in a controlled environment.  

Further it is acknowledged that the behaviour of a turbulent free jet or artificially generated 

turbulent flow using grids is considerably different from the atmospheric boundary layer where 

outdoor measurements are conducted. However, the findings of this study might be to some extent 

comparable with the turbulent flow characteristics of the atmospheric surface layer where the 

mechanical turbulence (i.e. frictional turbulence) dominates over the convective turbulence [16].  

Another noticeable difference between the atmospheric turbulent flow and the free turbulent jet 

is that the length scales produced in this study by the free jet were much smaller than that of a 

turbulent flow in the atmospheric surface layer. The flow characterisation of the free jet stream has 

shown that the average length scales estimated using the integral length scales are typically smaller 
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than the diameters of the windshields tested in this study. This is less likely to be the case in outdoor 

noise measurements. 

It is noted that the mechanism and behaviour of the wind-induced noise generation due to the 

interaction of turbulent structures generated artificially by positioning the grids upstream of the 

windshields does in fact seem to be different from that of turbulent structures within a free jet. 

Admittedly, this was expected as the flow behaviour of a free jet stream is different from that of 

artificially generated turbulence using meshed grids.  

Another interesting similarity between the two cases is that the local maximum frequency shifted 

to lower frequencies for both artificially increased turbulence as well as for the free jet conditions with 

increased turbulence intensity. This might indicate that the shift in the local maximum frequency is 

associated with the increase in turbulence intensity which seems to be the common flow trend among 

the two cases (i.e. average length scales for artificially increased turbulence were roughly the same for 

a specific case).  

6. Conclusions 

The effects of increased mean flow velocity, turbulence intensity and average length scales on the 

wind-induced noise generation in shielded microphones were evaluated. An incremental trend with 

increasing airflow velocity was found for the wind noise spectral magnitudes. The effect of increased 

flow turbulence levels using artificially increased turbulence as well as various positioning of the 

microphones in a free jet were investigated. For both cases the wind-induced noise at very low 

frequencies appears to increase with increasing average length scales within the flow. Increase in 

turbulence intensity did not seem to have a considerable effect on the wind-induced noise levels.  

In summary, the results of increased turbulence levels indicate a dependency between turbulent 

scales and increase in the wind-induced noise levels at low frequencies. In addition, the overall wind-

induced noise was found to be less sensitive to change in the incoming flow turbulence intensity. This 

may be connected to the limited range of turbulence intensities and scales reproduced during the 

experiments. The integral turbulence scale was significantly less than the characteristic dimensions of 

the wind shields.   Nevertheless, a definitive conclusion cannot be drawn and further study is deemed 

necessary to account for the complex nature of turbulent structures impinging on the surface of the 

windshield.  
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