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Abstract 
Monitoring bat activity is typically performed by placing an 
Automated Ultrasonic Detector (AUD) at a designated 
location. Current AUDs can detect bats with a peak Sound 
Pressure Level (pSPL) of approximately 110 dB within a 
radius of approximately 40 m at 20 kHz and 20 m at 40 kHz. 
Several factors, such as geometric and atmospheric 
attenuation, as well as the sensitivity and directionality of the 
AUD's microphone, affect the covered 3D detection volume, 
making it difficult to directly compare bat activities between 
different species. 
In this study, We apply both geometric and atmospheric 
attenuation models to estimate the 3D volume of coverage by 
an AUD. In addition, we consider the effect of the directional 
response and sensitivity of the microphone, to calculate the 
3D detection volume of multiple AUDs. Our findings indicate 
that attenuation and directional sensitivity have a significant 
impact on the detection volume of AUDs. 

Introduction 
Monitoring bat activity with Automated Ultrasonic Detector 
(AUD) is the current standard. A common application is 
acoustical monitoring of bat activity at wind turbines, where 
the AUD microphone can either be installed on top of the 
nacelle [1] or in the bottom of the nacelle facing downwards 
[2]. The latter is the preferred method, as it provides easier 
access to the AUD (from the inside of the nacelle) and better 
environmental protection. 
European Bats Under Threat 
The bat species most frequently killed by wind turbines in 
Europe are the Common noctule bat (Nyctalus noctula), the 
Nathusius' pipistrelle bat (Pipistrellus nathusii) and the 
Common pipistrelle bat (Pipistrellus pipistrellus) [3]. The 
average peak sound pressure levels (pSPL) of the call 
intensities for the most common bat species mentioned above 
are listed in Table 1, with each species emitting sound at a 
characteristic peak frequency [4]. The SPL level at a distance 
of 1 m was calculated based on spherical propagation, which 
attenuates the call by 20 dB compared to the SPL measured at 
a distance of 10 cm from the bat. 

Table 1: Average Peak frequency and SPLs of three com-
mon European bat species [4] 

Species Peak frequency 
in kHz 

SPL at 
10 cm in dB 

SPL at 1 m 
in dB 

Common 
noctule 

20 128 108 

Nathusius's 
pipistrelle 

39 126 106 

Common 
pipistrelle 

45 124 104 

Methodology 
Our theoretical model is based on a bat peak SPL of 110 dB 
re 20 μPA at 1 m distance from the bat at three different 
frequencies (f): 20 kHz, 40 kHz and 60 kHz. Similar to [2], 
the ambient atmospheric pressure (pat) for our simulations was 
set to 101.325 kPa, the relative humidity (hr) to 87 % and the 
ambient temperature (T) to 10.8 °C. To simulate acoustic 
attenuation, we applied a spherical sound propagation model. 
Furthermore, we implemented an atmospheric model (ISO 
9613-1) to account for the effect of molecular absorption in 
the air [5]. With the given parameters, we obtain the ambient 
atmospheric pressure pat at a given radius r from the bat as a 
function of f(r,T,hr,f,pat). 
The typical AUD threshold is 60 dB re 20 μPA at a default 
frequency of 40 kHz [6]. Since our simulations account for 
different frequencies, we adjusted the microphone sensitivity 
psens relative to the SPL sensitivity at 40 kHz based on the 
frequency response graph provided by the manufacturer. 
Furthermore, we extracted the microphone directional 
sensitivity attenuation for 11 angles between 0 and 90° from 
the datasheet. Given the default threshold of 60 dB, radii 
(rthres,i) of the volume can be calculated as a function of 
f(T,hr,f,pat,ϕ), where ϕ is the directional angle of the 
microphone’s directional sensitivity. 
A polynomial approximation was applied to model the 
directional properties based on the radii rthres,i. This 
polynomial approximation was then used to compute the 
volume for a polar angle θ ranging from 0 to 180° of a half-
sphere. 

 
Figure 1: Methodology to predict the bat surveillance vol-
ume covered by the AUD. 

For all simulations, we assumed that the microphone 
amplifier stage of the AUD exhibits a linear frequency 
response and therefore has no influence on the calculated 
volume. 
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Results and Discussion 
Figure 2 depicts the simulated results for a bat pSPL of 
110 dB at 20 kHz as a function of distance. The geometrical 
attenuation decreases proportionally to the inverse square of 
the distance. In contrast, under the given environmental 
conditions, atmospheric attenuation decreases linearly at a 
rate of 0.46 dB/m. The combined effect of both attenuation 
factors results in a detection distance of 40.0 m for an AUD 
threshold of 60 dB. This distance is frequently cited in the 
literature, along with the detection distance of 21.5 m (~20 m) 
for a bat pSPL of 110 dB at 40 kHz, where atmospheric 
attenuation is 1.14 dB/m. 

 
Figure 2: Calculated values of the geometric and atmos-
pheric attenuations for a bat pSPL of 110 dB at 20 kHz at an 
atmospheric pressure of 101.325 kPa, relative humidity of 
87 % and an ambient temperature of 10.8 °C. The 60 dB de-
fault threshold of the AUD is also shown. 

Microphone Simulations 
Adding the microphone offset caused by the AUD threshold 
being fixed at 60 dB at 40 kHz (20 kHz: 5 dB, 40 kHz: 0 dB, 
60 kHz: -5 dB) and incorporating the microphone’s 
directional sensitivity results in the calculated distances in the 
x- and z-planes as shown in Figure 3 for frequencies of 
20 kHz, 40 kHz and 60 kHz of a Knowles FG electret 
microphone [7]. Notably, at 40 kHz, the radii of the curve that 
includes directional properties are extended compared to the 
Non-Directional Sensitivity (NDS) radius. This is because the 
microphone exhibits a gain of approximately 3 dB between 
30° and 50° from the center (0°). 

 
Figure 3: Calculated distances of the x- and z-planes of a 
Knowles FG electret microphone at 20 kHz, 40 kHz and 

60 kHz. The abbreviation NDS stands for non-directional 
sensitivity. 

Figure 4 presents a 3D visualisation of the cross sections 
depicted in Figure 3. As the frequency increases, the volume 
covered decreases significantly. The directional sensitivity of 
the microphone further reduces the volume for both, 20 kHz 
and 60 kHz. 

 
Figure 4: 3D visualisation of the covered volume of a 
Knowles FG electret microphone at 20 kHz, 40 kHz and 
60 kHz of the cross sections presented in Figure 3. 

The calculated volumes at 20 kHz, 40 kHz and 60 kHz for a 
Knowles FG electret microphone based on a bat pSPL of 
110 dB are listed in Table 3. The extracted ratios between the 
directional volumes at 20 kHz, 40 kHz and 60 kHz referenced 
to the volume at 20 kHz are 100 %, 12.6 % and 2,6 %, respec-
tively. 

Table 3: Calculated NDS volumes vs directional sensitivity 
volume of a Knowles FD electret microphone for three dif-
ferent frequencies. 

The microphone offsets caused by the AUD threshold of a 
Song Meter SMM-U2 microphone being fixed to 60 dB at 
40 kHz are: 1 dB at 20 kHz, 0 dB at 40 kHz and -1 dB at 
60 kHz [8], [9]. The simulation results are listed in Table 4. 
The extracted ratios between the directional volumes at 
20 kHz, 40 kHz and 60 kHz referenced to the volume at 
20 kHz are 100 %, 16.2 % and 5.2 %, respectively. 

Table 4: Calculated NDS volumes vs directional sensitivity 
volume of a Song Meter SMM-U2 microphone for three dif-
ferent frequencies. 

Knowles 
FG 

 Volume 

Frequency 
in kHz 

Radius 
in m 

NDS in m3 Directional 
in m3 

Ratio 
in % 

20 47.6 225.8e3 177.8e3 78.7 
40 21.5 20.7e3 22.5e3 108.7 
60 13.9 5.57e3 4.66e3 83.7 

Song Meter 
SMM-U2 

 Volume 

Frequency 
in kHz 

Radius 
in m 

NDS in m3 Directional 
in m3 

Ratio 
in % 

20 41.5 149.9e3 131.2e3 87.6 
40 21.5 20.7e3 21.2e3 102.7 
60 15.6 7.97e3 6.81e3 85.3 
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Notably, the calculated Song Meter SMM-U2 volume at 
20 kHz is 73.8% of the volume covered by the Knowles FG 
electret microphone. 

Capturing European Bats 
Based on the pSPL and peak frequencies listed in Table 1, we 
calculated the detection volume for each bat species under 
threat from wind turbines (Table 5). In addition, Table 5 pre-
sents the volume ratios of each microphone for the specie’s 
peak frequency, based on the calculated volume of the Com-
mon noctule as a reference for comparison. The results clearly 
indicate that when comparing the recoded bat events of dif-
ferent species, in some cases only a small fraction of bat calls 
are captured. The recalculated equal radii of the ideally cov-
ered half-spheres vary between 40.9 m for the Common noc-
tule and 17.9 m for the Common pipistrelle. Note, we simu-
lated both, Nathusius's pipistrelle (peak frequency at 39 kHz) 
and Common pipistrelle (peak frequency at 45 kHz) at 40 kHz 
due to the limited data available. 

Table 5: Calculated volume and equal radius of a half sphere 
for three common European bat species that are impacted by 
wind turbines. 

Conclusion 
Our simulations are based on microphone frequency response 
and directional sensitivity data provided by the AUD manu-
facturer. In this study, we focus on the directional properties 
within ±90° of the microphone beam's centre. Our results re-
veal significant variations in the calculated overall volume de-
pending on the bat’s peak frequency, which can greatly im-
pact the captured number of recorded bat calls. Specifically, 
bats emitting high-frequency calls are generally less detecta-
ble. 
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  Volume  
Species Micro-

phone 
Directional 

in m3 
Ratio 
in % 

Equ. ra-
dius in m 

Common 
noctule 

FG 143.7e3 100 40.9 
SMM-U2 104.4e3 100 36.8 

Nathusius's 
pipistrelle 

FG 15.5e3 10.8 19,5 
SMM-U2 14.6e3 14.0 19.1 

Common 
pipistrelle 

FG 12.74e3 8.9 18.3 
SMM-U2 11.92e3 11.4 17.9 
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