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Abstract

Acoustic monitoring has become a widely used ap-
proach to study ecosystems. However, the large
amount of acquired data requires fast processing tech-
niques to efficiently analyze soundscapes. For that,
sound detection and classification algorithms, such as
BirdNET, have been developed. However, the perfor-
mance of BirdNET, quantified by the confidence score,
is closely linked to the Signal-to-Noise Ratio (SNR)
of the audio recordings. Besides, the use of Spherical
Microphone Arrays (SMA), which enable rotationally
invariant Spherical Harmonics (SH) beamforming, al-
lows for directional filtering of the soundscape and
sound source localization in any direction. In this
work, natural soundscape analysis is performed using
a SMA to capture the soundscape. In particular, the
night call of the Little Owl (Athene noctua) was auto-
matically searched for. Firstly, sector-based filtering
is carried out to provide a set of spatially filtered sig-
nals. These signals are then analyzed using Bird NET
to provide a list of sound events. Secondly, for each
sound event, the CLEAN-SC deconvolution beamform-
ing algorithm is applied to the whole 3D sound scene
captured by the SMA. Directional signals are finally
extracted in the direction of the sound sources and
analyzed through BirdNET. An improvement of over
200% in the number of Little Owl’s detections in a
natural environment has been achieved by means of
sector-based filtering in comparison to a monophonic
signal. After extracting directional signals, the confi-
dence score of BirdNET has been raised by more than
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40%. These results suggest that the proposed method
improves the robustness of BirdNET.
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1. Introduction

Acoustic monitoring of natural soundscapes presents
numerous advantages: it is an inexpensive and non-
invasive method to assess the state of biodiversity, or
to track changes in an ecosystem over long temporal
scales [1], [2]. This acoustic monitoring is usually
performed with Autonomous Recording Units (ARU),
deployed in the environment to record monophonic
omnidirectional signals of the soundscape. However,
long-term measurements result in substantial amounts
of data, making fast processing essential for efficient
analysis. To address this issue, detection and clas-
sification tools have been developed. Among them,
BirdNET! is a neural network trained to identify
more than 6000 species, most of them birds [3]. Its
identification accuracy is given by a confidence score,
between 0 and 1 [4]. Its ability to detect and clas-
sify species is related to the Signal-to-Noise Ratio
(SNR) and BirdNET becomes unefficient in noisy en-
vironments [5]. Natural soundscapes often present
multiple sound sources. In monophonic recordings,
sound sources of interest can be completly masked by
other sound sources, such as geophony (wind, rain),
anthropophony (cars, planes) or other species.

To overcome this limitation, we investigated the cap-
tation of the soundscape with a Spherical Microphone
Array (SMA) paired with beamforming techniques to
perform spatial filtering and to unmask sound sources

Ihttps://birdnet.cornell.edu/?lang=fr

12th Convention of the European Acoustics Association
Graz, Austria « 8" — 12" September 2026 o

AUSTRIAN ACOUSTICS ASSOCIATION


mailto:maud.biscarat@ec-lyon.fr
https://birdnet.cornell.edu/?lang=fr
https://euracoustics.org/
http://aaa-oega.org/

of the soundscape. Spatial filtering improves the SNR
of the recordings, and should thus enhance BirdNET’s
performance in the number of detections and their
confidence score. Sound source localization with beam-
forming is conventionally performed by steering a
beamformer across a dense grid of directions, provid-
ing a power map. The maxima of the power map
correspond to the Direction of Arrival (DOA) of the
sources. However, as shown in the Fig. 5(a), in natural
soundscapes, sound source localization can be compro-
mised. Indeed, the dominant sound source might mask
the other ones, especially if they are at a lower level.
Numerous sound sources can lead to a diffuse sound
field with no clearly identifiable DOA. Another issue
with generating heatmaps to localize sound sources is
that steering beamformers in a dense grid of directions
results in a significant computational burden when a
large volume of data is collected. We therefore propose
to steer in a limited and minimal number of directions
with a distribution of points on the sphere that neither
favors nor discriminates no direction. This criteria
is met with the condition of conservation of energy.
The nodes of a spherical t-design [6] satisfy this con-
dition [7] and are adopted here. To adress the issue
of the secondary sound sources masking, CLEAN-SC
deconvolution algorithm [8], [9] is performed to gener-
ate a cleaned power map (see Fig. 5(b)) and localize
sources. This algorithm is robust to noise, as it iter-
atively cleans the noisy map, unmasking secondary
sources.

The paper is organized as follows: in Sec. 2, the
recording and post-treatment process of the proposed
method are detailed. In Sec. 3, the method is tested
on a field recording of two Little Owls made in the
Parc Naturel Régional du Pilat in France, during Lit-
tle Owl’s census. Finally, in Sec. 4, a discussion of the
obtained results is given.

2. Method

A block diagram of the proposed method is shown
Fig. 1. The method is composed of five steps.

1. The soundscape is decomposed onto the basis of
Spherical Harmonics (SH).

2. The sphere is partitioned into non-overlapping
beampatterns following a t-design, and sector-
based signals are obtained by steering beampat-
terns toward the center of each sector.

3. Sector-based signals are analyzed through Bird-
NET to detect sound events, and the timestamps
of each Little Owl vocalization are collected.

4. For each timestamp, the CLEAN-SC algorithm
is applied to the sound scene described by the SH
components, allowing the localization of multiple
sound sources.

5. Directional signals are extracted in the direction
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of each identified sound source and analyzed
through a second BirdNET processing stage.

Those steps are discussed in the following subsections.
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Figure 1: Block diagram of the proposed method, with
pq(k,T) the microphone signals, pem(k,7) their SH de-
composition, ssec(t) the sector-based signals, sec; and ¢;
the sector and timestamp of detection for each detection
instant 4, (65, ¢i;) the location of each maximum j for a
detection instant i, with the directional signal associated
Smax;; (t), and its final confidence score conf;;

2.1. Capturing the sound scene

In this study, all recordings were carried out with
the em64 Eigenmike®, a SMA composed of 64 micro-
phones, allowing a decomposition on SH up to order
L = 6. The field recordings were made on the 17" of
May 2026, between 7 PM and 7:30 PM at the position
N 45°23/24.5” E 004°42/25.9”.

2.2. SH-Beamforming

SH-Beamforming allows for the localization of sound
sources and the extraction of directional signals [10].
It is based on the decomposition of the soundfield
captured by ) microphones on the Spherical Harmon-
ics (SHs), which form a basis of L*(S), the space of
square-integrable functions defined on the unit sphere.
The sound field is expressed in the time-frequency
domain following short-time Fourier transform pro-
cessing. The SH decomposition is performed with the
discrete spherical Fourier transform:

Zcqpq (k,7) Yem(0g, éq) (1)

q=1

péka
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with ¢ the order and m the degree of the decom-
position on the SHs, ¢, the integration weights
which depend on the position of the microphones
on the sphere, p,(k,7) the sound pressure for a
time-frequency tile, with k = 27 f /¢ the wavenumber,
f the frequency and ¢ the sound speed. The sound
pressure is captured at a microphone located at
(04, 0q), 04 the colatitude and ¢, the azimuth. k is
the wavenumber and Y ,, the vector composed of
the SHs evaluated in the direction of the microphone
up to a maximum order L, linked to the number of
microphones of the SMA.

The output of the beamformer for a steering angle
(05, ¢s) is given by

L J4

y(k77-7 08a¢s) = Z Z Bf(k7af)}/€,'m(asa¢s)p€,m(ka7—)

=0 m=—~
(2)

with By(k,a) the radial filters compensating for the
scattering of the rigid array of radius a [11]:

By(k,a) =i~V (ka)*h{?) (ka) (3)

where hf)/(ka) denotes the derivative of the spherical
Hankel function of the second kind.

Bi(k,a)Ysm(0s, ¢s) is called the steering vector and
corresponds to the SHs evaluated at a steering angle.
The output of the beamformer is a directional signal,
allowing for a listening with an enhanced directivity.
For a decomposition order L, the SNR gain in the
listening direction is described in dB by the Directivity
Factor (DF) defined as DF = 10log((L+1)?) [12]. In
our case, the DF is DF = 10log((7 + 1)) ~ 17 dB.
The directivity pattern of the beampattern is shown

in Fig. 2.

Figure 2: Beampattern at the order L = 6

The Sound Pressure Level (SPL) of the beamformer
output for each direction can also be computed to
generate a SPL heatmap and localize sources (see

Fig. 5(a)).
2.3. Sector-Based Filtering

The chosen spherical sampling scheme should neither
favors nor discriminates against any direction, which
relies on the conservation of energy for the sum of all
beampatterns. This can be expressed as [7]:

N
S Cul(6,) =1 (4)

with IV the number of sectors of the sampling scheme,
w2 (0, ¢) a beampattern steering at the center of the
sector and C' a normalization factor. Some sampling
schemes satisfying this condition for axis-symmetric
beampatterns are the t-designs [6]. A t-design allows
for a maximum order of decomposition L for each
sector with ¢ = 2L. For this study, a 84-node t-design
is chosen, enabling sector base beamforming up to
order L=6. In [7], the minimal ¢-design is chosen,
with the minimal numbers of sectors for computa-
tional efficiency. Here, the minimal number of sectors
is selected for a 6 order SHs decomposition, the
maximal order allowed by the SMA chosen. The 84
sector-based signals are then computed and analyzed
using BirdNET.

2.4. Detection of the Little Owl’s vocalizations
through BirdNET

Each directional signal is processed through BirdNET
by segments of 3 seconds. The output of this analysis
is a list of species with a confidence score between
0 and 1. These confidence scores are related to the
prediction accuracy of the neural network but are not
probabilities and should not be considered as such [4].
These confidence scores are not replicable inter-species
and highly depend of the recording’s features (sample
rate, meteorological conditions, SNR...). As the pre-
diction accuracy increases with the confidence score,
we choose a medium confidence score of 0.6 as a thresh-
old of detection for the Little Owl. In the reported
case, 84 signals are processed this way giving a sound
event timestamp log for each sector.

2.5. CLEAN-SC deconvolution algorithm for
sound source localization

For every 3-seconds segment marked, CLEAN-SC al-
gorithm is processed to localize precisely the different
sound sources. CLEAN-SC is an iterative beamform-
ing algorithm based on source coherence. It was ini-
tially developed for source localization in aeroacoustics
with planar arrays [8] and then adapted to SMA [9].
For aeroacoustics application in a wind-tunnel envi-
ronment, the sound sources are in the near-field, and
the SNR is relatively high. In the case of natural
sound sources, they are located in the far-field with
lower SNR. Thus, the parameters of the algorithm
have to be modified to analyze natural soundscapes.
At each iteration, a fraction 1 of the contribution of
the principal sound source is removed from the so-
called ”dirty” map which is the power map of the
regular beamforming 5(a), cleaning it. The DOA of
the principal sound source is added to the clean map.
After I iterations, the local maxima can be observed
on the clean map (see Fig. 5(b)). By choosing a low ¢
value, the algorithm is able to better localize sources
in cases where there are multiple sources at differ-
ent levels. However, more iterations are required to
clean up the "dirty” map. As in natural environments,
the soundscape is complex, ¢ = 0.1 and I = 300 are
chosen.
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2.6. Localization of the maxima and 2”9 Bird-
NET analysis

Once the clean map for the segment is computed, the
coordinates (0;,¢;), j = 1,2,..., J of the J maxi-
mums corresponding to the J sources of the sound-
scape are acquired. The output of the beamformer for
each maximum (6, ¢;) is computed (see Eq. (2)) up
to order L = 6. The output of the different maxima
are analyzed through BirdNET again, enhancing the
confidence score. The outputs with a high confidence
score correspond to the location of the Little Owl.

3. Results

3.1. Full recording

To test the proposed method, a recording in a natural
environment of two Little Owls is processed. The
soundscape was captured in the Parc Naturel Régional
du Pilat, France, in an open environment, composed
of fields and surrounded with trees, see Fig. 3.

Latitude (°)

0 50 100 150 200 250 300 350
Longitude (°)

Figure 3: Panoramic view of the recording environment.
The apparent size, shape, and distance of objects may be
distorted. The crosses show the localization of Little Owls

Acoustic playback of a Little Owl was used to elicit a
response of Little Owls in the environment. A loud-
speaker played Little Owl vocalizations for 90 seconds,
followed by a one-minute pause, before broadcasting
the vocalizations again for another 90 seconds. As a
territorial bird, a Little Owl is likely to respond to
the call of another Little Owl. The playback sound
was shut down immediately if a Little Owl started
vocalizing to minimize disturbance due to playback,
or if a predatory species responded.

After the playback, two apparent Little Owls were
observed vocalizing. One was located closer to the
SMA, in the trees located at (A1, ¢o1) = (4°,160°),
and the further one was at (A2, o2) = (—5°,290°)
where A = 90 — 6 is the latitude. After 60 seconds
of recording, the owl at the first location flew to join
the second one. The spectrogram of the monophonic
signal recorded as the sum of all microphone signals
is shown Fig. 4.

The omnidirectional recording signal is analyzed
through Birdnet as well as the 84 sector-based signals.
The number of detections (confidence score > 0.6) for
3-second segments in each case is indicated in Table 1,
and compared to that obtained by manual annotation.
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Figure 4: Spectrogram of the omnidirectional recording
(sum of the SMA signals)
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Figure 5: Heatmap of the soundscape for the 15 — 18-s
segment with (a) The dirty map before CLEAN-SC and
(b) The clean map after CLEAN-SC, with local maximums
indicated by blue crosses

Table 1: Number of Little Owl’s detections for omnidi-
rectional recording (OR), sector-based signals (SB) and
manual annotation (MA)

OR | SB | MA
7 23 | 24

For each 3-seconds segment where the Little Owl is
detected in the Sector-Based signals, CLEAN-SC is
performed, with an overlapping of 0.5 second for each
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segment, to improve the localization of Little Owls at
the beginning and end of the recordings. The 15 — 18
seconds segment is studied.

0 20 40 60
Sound Pressure Level (dB)

(a)
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Freq. (kHz)

Freq. (kHz)

Freq. (kHz)

15 155 16 165 17 175 18

Figure 6: Spectrograms of the 15-18 seconds segment
of the (a) omnidirectional recording, and the directional
signals at (b) (10°,110°), (c) (—2°,165°), (d) (—12°,292°),
with a bird contribution (probably a Song Thrush, Turdus
philomelos) enclosed in a green box in (b), with the nearest
Little Owl’s contribution enclosed in a red box in (c) and
the furthest Little Owl’s contribution enclosed in a red
box in (d)

3.2. 15-18 seconds segment analysis

The output map of the CLEAN-SC algorithm is shown
Fig. 5. Several local maxima can be observed on the
output map; higlighting the complexity of the studied
soundscape. The three main maximums, associated

with the highest SPL, are indicated by the blue crosses.

Directional signals in direction of the local maximums

are extracted. Their spectrogramms are shown Fig. 6.

These directional signals isolate the different sound
sources of the soundscape during this segment. On
Fig. 6(b), vocalizations of a bird are enhanced with
frequency contents between 3 and 5 kHz, whereas
on Fig. 6(c),(d), the Little Owl’s contributions are
enhanced, meaning the direction of extraction of the

signals coincides with the owls locations. On this time
segment, the confidence score of the omnidirectional
signal is 0.107 for the Little Owl’s detection. After ex-
tracting the directional signal of the second maximum,
the confidence score is 0.9565.

3.3. BirdNET 279 analysis

After analyzing directional signals for all maxima
through BirdNET for each time segment, the mean
confidence score of the detections (confidence score
above 0.6) is 0.963, whereas for omnidirectional record-
ing, the mean confidence score was 0.656. The 18—21 s
segment and the 39 — 42 s segment were not included
in this part of the analysis, as the Little Owl was at
the same angular location as an other sound source
or mainly associated with the previous segment.

4. Discussion and Conclusion

In this study, we proposed a method to enhance Bird-
NET’s performance in natural soundscapes, based
on the use of a SMA, paired with Sector-Based fil-
tering and source localization with CLEAN-SC. We
focused on the case of a recording of the Little Owl,
and investigated the detectability and the ability of
BirdNET to classify the vocalizations with confidence.
By summing the signals recorded by the SMA, we
reconstructed an omnidirectional recording that could
have been recorded with a monophonic device as an
ARU. We analyzed this omnidirectional recording as
well as sector-based recordings through BirdNET. The
results showed that 7 3-seconds time segments are de-
tected with the Little Owl’s vocalizations for a confi-
dence score over 0.6 for the omnidirectional recording,
and 23 segments for the Sector-Based signals. Con-
sequently, sector-based analysis detected 220% more
vocalizations than could be detected with a mono-
phonic recorder. At each time-segment with Little
Owl’s detection, CLEAN-SC was performed and di-
rectional signals were extracted in the direction of
the maxima. On the 15-18 seconds time segment,
the confidence score of the omnidirectional signal was
0.107. After extracting directional signals in direc-
tion of 3 local maxima, results showed the ability of
beamforming to isolate the different sound sources of
the soundscape. Thus, the presence of a bird and two
Little Owls was highlighted. By analyzing the direc-
tional signals for the three main maximums through
BirdNET, the confidence score of Little Owl’s detec-
tion was raised to 0.956. Not only did the proposed
method enable the detection of sound events that
could not be detected using monophonic recordings,
but it also greatly increased BirdNET’s confidence
scores, thereby improving the reliability of the detec-
tions. Finally, for all time-segments with Sector-Based
detections, the mean confidence score after the analy-
sis of omnidirectional signal is 0.656 and for maximum
directional signals 0.947, so a raise of over 45%.

The segments containing both owls do not allow for
strict filtering, due to the beam geometry and its
side lobes. Thus, even when directional signals are
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extracted in directions other than those of the near-
est owl, the owl’s contribution remains visible on
the spectrograms and detectable by BirdNET. Conse-
quently, two individuals vocalizing at the same time
cannot currently be correctly distinguished only by
post-processing with BirdNET.

Some segments with the end of the acoustic signature
of the Little Owl, as well as when the Little Owl is
closer to another sound source failed to be classified ef-
ficiently by BirdNET. However, these cases are specific
and do not represent the majority of the vocalizations.
Moreover, the detection confidence threshold chosen
should be investigated and tuned as a species-specific
threshold for the Little Owl, for instance using a
precision—recall analysis to achieve an appropriate
trade-off between sensitivity and false detections.

As the proposed method was only tested in one record-
ing environment, additional tests should be conducted
to confirm this efficiency in other Little Owl record-
ings and also for other nocturnal and diurnal species
evolving in different soundscapes.

To conclude, the approach introduced in this paper
showed a raise of over 220% in the number of Little
Owl’s detection and an improvement of more than
40% of the confidence score, improving BirdNET’s
detectability and robustness in the case of the Little
Owl.
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