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ABSTRACT

Acoustic impulse responses (IRs) can be used for the analysis
of a space’s acoustic properties and for convolution based aural-
isation (which has many applications, including in music pro-
duction and sound design). However, the vast majority of im-
pulse responses are recorded indoors, typically in musical per-
formance spaces. As a result there are relatively few IRs avail-
able recorded in outdoor conditions. This paper presents an
analysis of IRs recorded in a forest environment, comparing in-
situ results with those recorded using a scale model. The in-
situ recordings were measured in mono and B-format, and are
analysed in terms of reverberation parameters and spatial char-
acteristics. A 1:10 scale model of the forest environment was
then constructed and measured. This work aims to contribute
to the understanding of sound propagation in a forest environ-
ment (particularly in terms of the acoustic effect of tree trunks of
different diameters at different positions relative to the listener,
which previous studies have determined to be of particular im-
portance) and to assess the suitability of scale modelling in this
context. The resultant impulse responses are available online.

Keywords: forest acoustics, acoustic impulse response mea-
surement, scale model

1. INTRODUCTION

An understanding of the acoustic properties of forest environ-
ments is of great importance to many fields, including noise
propagation, soundscape evaluation, and sound design [1, 2].
There is existing literature focussing on different aspects of for-
est acoustics, but work remains to be done in developing a full
understanding of how the different physical characteristics of a
forest (the layout, number of trees, tree trunk diameters, bark
material) combine and result in a particular acoustic. This work
investigates the acoustics of a forest environment, by assessing
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in-situ impulse responses and scale model measurements, and
aims to answer the following questions:

1. What are the acoustic properties of tree trunks in a forest
environment?

2. Is a scale model a good approach to studying forest acous-
tics?

The structure of this paper is as follows: Section 2 presents a
review of relevant prior research; Section 3 presents the method
of impulse response recording used in the forest and the scale
model; Section 4 presents the analysis and comparison of the
impulse responses from both environments; and Section 5 con-
cludes the paper, considering the above questions.

2. BACKGROUND

This section presents a brief review of the relevant existing liter-
ature, include material on the study, analysis, and modelling of
forest acoustics, and acoustic scale modelling.

2.1 Forest acoustics

Sound attenuation by vegetation has been investigated since at
least 1946, when Eyring investigated the acoustic properties of
a Panamanian jungle [3]. It has been proposed that trees can be
used as noise barriers near sources such as highways and railroad
tracks [4,5]. The form and layout of a forest have been indicated
as important properties in determining sound attenuation [6, 7].
This is related to the interaction of various acoustic phenom-
ena in a forest environment. Noise attenuation can occur due to
sound energy absorption and scattering effects by branches, fo-
liage, and shrubbery [5, 8]. The effect of sound propagation in
a forest environment has been shown to be highly frequency de-
pendent [9]. A relatively small sound attenuation in a frequency
range between 1 and 2 kHz was observed by Fricke, and a similar
reduction in attenuation was found by Kragh, typically between
500 Hz and 2 kHz [7, 10].

Previous IR measurement work has been conducted in a for-
est environment, where Shelley et al. conducted a study at Koli
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National Park in Finland using a B-format microphone and a sin-
gle speaker [11]. This method followed ISO 3382 IR measure-
ment procedure (designed for indoor measurement) [12]. The
analysis of acoustic parameters, including reverberation time
(T30) and clarity (C50) was conducted, and a reverberation time
of between 1.3s and 1.7s was found in the 1 kHz octave band.
Previous studies have indicated that tree trunks are a key factor in
sound scattering above 1 kHz in a forest environment [9,13–15].
Chobeau determined that the scattering caused by tree trunks is
dependent on the apparent diameter of the trunk and the rela-
tionship between the diameter and the frequencies present in the
incident sound [16]. Generally, tree trunks scatter sound fre-
quencies with wavelengths equal to or smaller than their diame-
ters [9].

Previous studies in modelling forest acoustics have consid-
ered tree trunks as the key factor in sound propagation. Treeverb,
a digital reverberator, simulates acoustic reverberation in a forest
environment, modelling the scattering of acoustic waves among
trees in a simplified forest model [17]. Fig. 1 shows a simple
example of a forest modelled in this way, where T1, T2, and T3
are the interconnected tree-nodes, S is the source and R is the re-
ceiver. In this work an image-source model, along with Morse’s
solution to the acoustic scattering from a cylinder [18], was used
to generate IRs. In [19] a similar approach was used to model
forest acoustics, using a set of waveguides to connect the tree
nodes (extending the scattering delay network approach in [20]).

Figure 1. An example of a simplified model of a forest,
consisting of three tree-nodes, T1, T2, T3, a source, S, and
a receiver, R. From [19].

2.2 Scale modelling

Acoustic scale modelling was first used in the design of concert
halls and opera theatres in the 1930s [21]. This method allows
for the prediction of the acoustic properties of a full-scale space
as it captures complex wave effects such as diffusion, diffraction,
and ground interference [22, 23]. The model scale factor (k)
determines the relationship between the scale frequency (fscale)
and the corresponding full scale frequency (freal) [24]:

fscale = k × freal (1)

When determining the scale factor there is a trade-off be-
tween the capability of the available recording equipment [25],
the space available, and the increased air absorption at higher
frequencies [26]. When constructing a scale model, the mate-
rials used should closely approximate sound absorption coeffi-
cients (SACs) at the scaled frequencies [27].

Scale modelling has previously been used to study sound
propagation in outdoor spaces. Cox et al. studied the acous-
tic properties of Stonehenge using an acoustic scale model [23].
This research used a scale factor of 12, and IR measurement and
analysis were conducted in accordance with ISO 3382 [12]. The
Exponential Sine Sweep (ESS) method was used with frequen-
cies ranging from 800 Hz to 96 kHz. Four compact tweeters, ar-
ranged in a square configuration, and an ultrasonic microphone
were used to approximate an omnidirectional source and re-
ceiver. The model stones were designed and constructed to min-
imise sound absorption (given the typically low SAC of stone),
and unvarnished Medium Density Fibreboard (MDF) was used
to model the ground, to match the SACs of grassland in a true
scale frequency range of 125 Hz to 1 kHz. The scale modelling
work presented in this paper draws on Cox et al.’s approach.

3. METHODOLOGY

This section covers the methods of IR measurement used in the
real forest (Section 3.1), the design and construction of the scale
model (Section 3.2), and the scale model IR measurement (Sec-
tion 3.3).

3.1 Forest IR Measurement

The chosen measurement site was in Wheldrake Woods, c. 8
miles south-east of York [28]. Fig. 2 shows the chosen environ-
ment. The trees are all the same species (Abies Grandis), and
consist primarily of tall, straight, trunks with no large branches.
The ground surface is relatively flat with no additional low veg-
etation.

Two source and two receiver positions were selected for
measurement. Source S1 was placed with clear sight lines to
Receivers R1 and R2. S2 was placed with a tree obstructing its
view of both receivers. Each position was at least 1m away from
the nearest tree. The positions and diameters of the trees within
an area of 20m × 20m around the sources and receivers were
measured, the layout of which is shown in Fig. 3. The size of
the surveyed area was determined by the maximum scale model
size, as discussed in Sections 3.2 and 3.3.

The IRs were measured with the ESS method, using a Gen-
elec 8130A loudspeaker to reproduce a sine sweep of 15s dura-
tion with a frequency range of 60 Hz - 20 kHz (fs = 48 kHz).
Recordings were made using two microphones: an Earthworks
M30 omnidirectional measurement microphone (mono), and a
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Figure 2. The forest environment considered in this study.
The measurement setup can be seen: an Earthworks M30
omnidirectional measurement microphone and a Genelec
8130A loudspeaker.
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Figure 3. Diagram of the layout of the forest environ-
ment, showing source, receiver, and tree positions. Within
the measurement area there were 33 trees with diameters
ranging between 0.17m to 0.47m.

Soundfield ST450 MkII (B-Format). The speaker and micro-
phones were placed at a height of 1.5m. For each source po-
sition, four measurements were made: first recording a sweep

Figure 4. A picture of the forest scale model setup in the
anechoic chamber, formed by 33 aluminium tubes (filled
with plaster) and an MDF board. Here source and receiver
are at position S2R1.

with the speaker facing R1, then three further recordings with
the speaker rotated clockwise 90◦ each time. These four ori-
entations were then averaged to approximate an omnidirectional
source [11].

3.2 Design of the scale model

The scale model was constructed with a scale factor of 10. This
was determined by the maximum usable area of the anechoic
chamber in which the recording took place, and the microphone
in use (an Earthworks M30) having a flat response up to 30
kHz. This allowed for useful measurement up to freal = 3kHz,
and the use of available materials with SACs appropriate to this
scale.

Aluminium tubes were used to model the trees, due to their
smooth surface which is reflective at high frequencies. To avoid
capturing the resonant frequencies of the tubes, each was filled
with plaster. The tubes were chosen from available diameters,
resulting in some minor error (maximum 6.85%).

In this experiment, the height of each tube was 40cm. This
was chosen as it is more than twice height of the source/receiver
in the scale model (15cm). Unvarnished MDF was used to model
the ground, as in [23].

To construct the scale model, a square MDF board (with side
length of 2.1m) was mounted to the floor of the anechoic cham-
ber. Dowels were then used to attach the model trees in their
correct positions. The final forest scale model setup is shown in
Fig. 4.
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3.3 Scale Model IR Measurement

A Peerless OC20SC14-04 tweeter with a diameter of 33.2mm,
and a frequency response from 750 Hz to 38 kHz was used as the
source in the scale model measurements, with the Earthworks
M30 used to record the signals produced. A 15s duration ESS
(fs = 96 kHz) was used with a frequency range from 1 kHz to
30 kHz, allowing for IR analysis of octave bands from 125 Hz to
2 kHz at full scale. For each source/receiver pair, 16 recordings
were made: four speaker orientations (as in the in-situ measure-
ment), each recorded four times (in an attempt to improve the
signal-to-noise ratio [23]). These 16 takes were then averaged
and equalised for the speaker’s response using an inverse filter
based on a free-field measurement of the speaker.

4. EVALUATION

This section presents analysis of the IRs measured in-situ and
using the scale model. This includes ISO 3382 analysis and spa-
tial analysis of the B-format recordings. The full sets of recorded
IRs are available online [29, 30].

4.1 Forest IR Analysis

Fig. 5 shows the reverberation time (T30) results for the four for-
est IRs. They each show a similar trend, with a pronounced peak
across the 500 Hz, 1 kHz, and 2 kHz octave bands, where the val-
ues are above 1.5s. These results are partly due to the measured
tree trunk diameters (ranging between 0.17m and 0.47m), which
correspond to wavelengths from 735.6 Hz to 2072.5 Hz, this is
an expected result given the importance of tree trunk reflections
identified in the literature [9, 13–16].

Ground interference is likely to have an impact below 500
Hz [13,31], resulting in constructive and destructive interference
in the 125 Hz, 250 Hz, and 500 Hz octave bands [32]. Low-
frequency wind noise in the recordings may result in overesti-
mation of reverberation time, particularly for the 125 Hz octave
band. The significant drop in reverberation time for the 4 kHz
and 8 kHz octave bands is due to the open nature of the forest
and absorption by tree bark [19, 33].

Fig. 6 shows a comparison of Definition (D50) results for
the four forest IRs. D50 values are generally above 80%, sug-
gesting significant sound attenuation at high frequencies and
good speech intelligibility. A reduction in D50 is observed for
the 1 kHz and 2 kHz octave bands of each IR, due to the in-
creased reverberant energy. At position S2R1, the source is oc-
cluded by Tree O, and at position S2R2, the source is occluded
by Tree N. Without a clear line of sight between source and re-
ceiver there is no true direct sound present in the IR, resulting in
a decrease in D50 [34]. This is particularly evident in the results
for S2R1.

Fig. 7 shows a waveform plot of the S1R2 IR. Alongside
the IR, red lines indicate the timings of reflections from the
tree trunks in the environment (calculated using the forest lay-
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Figure 5. Reverberation time (T30) results for the four
forest IRs.
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Figure 6. Definition (D50) results for the four forest IRs.

out data). It can be seen that a number of strong early reflections
in the IR line up with these predicted timings, confirming the
impact that tree trunks have on a forest’s acoustic properties.

The spatial information captured in the B-format IRs can be
evaluated by spatial impulse response rendering (SIRR) analy-
sis. Here the signals are divided into discrete time frames, and
then a short-time Fourier transform (STFT) is performed on each
channel. A instantaneous intensity vector I vector can then be
estimated according to:

I(ω) =
√
2

Z0
ℜ{W ∗(ω)U(ω)} (2)

where U(ω) is vector [X(ω), Y(ω), Z(ω)], Z0 is the char-
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Figure 7. Waveform plot of the S1R2 IR recorded in the
forest. The red lines indicate the timing of first-order re-
flections from nearby trees.

acteristic acoustic impedance of air, and ∗ denotes the complex
conjugate [35].

Fig. 8 shows a SIRR plot for the IR at position S1R2. Only
the horizontal plane is considered in this SIRR analysis, due to
the open nature of the forest environment precluding significant
directional information in the vertical plane [36]. The arrows
indicate the direction of arrival of sound in each frequency bin
for each frame. An arrow pointing to the right corresponds to
a sound arriving straight-on to the microphone (0◦); an arrow
pointing down corresponds to a sound coming from the right to
the microphone (90◦). These arrows are overlaid on a spectro-
gram of W-channel of the IR, allowing for concurrent analysis
of the magnitude and direction of arriving acoustic energy.

The SIRR plot shows a strong direct sound followed by a
set of early reflections coming from different directions. At cer-
tain points in time, clusters of arrows can be found pointing in
the same direction. These indicate reflections from particular
tree trunks, and a summary of the first-order reflections (with
suggestions of the particular trees contributing to them) is given
in Table 1. This analysis could be continued to include further
reflection paths; previous work has shown the importance of re-
flections of up to third-order in outdoor environments [36].

4.2 Scale Model IR Analysis

The scale model IRs were interpolated to be 10 times longer, in
order to conduct analysis at true scale. Fig. 9 shows the wave-
form plot of the IR recorded at position S1R2 in the scale model.
As before, red lines indicate the estimated reflection path times
calculated using the forest layout data. The results show that the
reflections indicated in the waveform align well with the poten-
tial reflections indicated in the actual layout, and the error range

Table 1. Details of the first-order reflections identified in
the SIRR analysis in Fig. 8.

Timing
Direction
of arrival Frequency

Relevant
Tree(s)

12-16ms 0◦ 0-5 kHz K, S, H, N, O
20-22ms 315◦ 1-5 kHz M
22-26ms 45◦ 1-4 kHz V, Y
28-30ms 225◦ 2-5 kHz C

is small. The waveform shows a strong direct sound followed by
clusters of early reflections, which is similar to the IR recorded
in the real forest (as shown Fig. 7).

Fig. 11 shows the early decay time (EDT) results for the four
scale model IRs, which can be compared with Fig. 10 (which
shows the EDT results for the in-situ forest IRs). EDT was cho-
sen for comparison here as it has previously been shown to be
useful when comparing scale model and real-world IRs [23].
EDT results in the scale model show generally low values due
to the limited number of model trees and the anechoic environ-
ment. Although a similar trend can be found in both results:
higher EDT values in the 250 Hz octave band than at 500 Hz,
then a general increase for higher bands.

Spectral plots of the IRs are shown in Fig. 12 (in-situ) and
Fig. 13 (scale model). Results were calculated by filtering the
IRs into one-third octave bands and then calculating the dBFS
values (decibels relative to full scale) for each band. There are
similarities in the spectra, with a decrease in magnitude centred
around the 250 Hz band, and an increase above this range.

The spectrum of the forest shows another small decrease
in response of 2 to 4 dB around 800 Hz, and the results from
the scale model show a similar reduction at positions S1R2 and
S2R1. In the case where the source and receiver are obstructed
by a tree, the frequencies are greatly pronounced below 800 Hz
in the real forest. For these receiver positions in the scale model,
the magnitudes are higher at the tree-obstructed (S2) position be-
low this frequency. Above 250 Hz, the scale model magnitudes
are generally higher than in the real forest.

5. CONCLUSION

This paper has presented the measurement and analysis of IRs
recorded in a forest environment, comparing in-situ IRs with
those recorded using a scale model. The questions posed in Sec-
tion 1 will now be considered:

1. What are the acoustic properties of tree trunks in a forest
environment?

2. Is a scale model a good approach to studying forest acous-
tics?
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Figure 8. SIRR analysis plot of the B-format IR reorded at position S1R2 in the forest, where a spectrogram of the
IR’s W-channel is overlaid with arrows representing the direction of sound arrival (in the horizontal plane) in different
frequency bins for each time frame.
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Figure 9. Waveform plot of impulse response recorded at
position S1R2 in the scale model. The red lines indicate
the estimated timing of early reflections.

The presented IR analysis has demonstrated the impact that
tree trunks have on the acoustic of a forest environment. The
presence of tree trunks results in strong early reflections (as

shown by the SIRR analysis results), and can occlude sound
paths reducing the acoustical clarity (as shown by the D50 re-
sults), and can increase reverberation time in 1 kHz and 2 kHz
octave bands (as shown by the T30 results). The results pre-
sented here are limited by the small number of source and re-
ceiver positions, and the area of the forest environment surveyed
and measured.

The results from the scale modelling work indicate that this
may be a useful approach to the study of forest acoustics, as
there are similarities between the scale model and in-situ results
presented in the evaluation. That said, there are still a number of
unanswered questions that bear consideration. There is further
work to be done in assessing the appropriateness of the materials
used in the scale model, and whether they correctly represent the
full scale acoustic behaviour. The scale model used here is also
limited to 33 trees in a 20m × 20m area (as determined by the
chosen scale factor and model size limitations). Further work
investigating the effect of the scale factor on the results, and the
impact of the number of modelled trees, should be conducted.
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du Maine, 2014.

[17] K. Spratt and J. S. Abel, “A digital reverberator modeled
after the scattering of acoustic waves by trees in a forest,”
in Audio Engineering Society Convention 125, Audio Engi-
neering Society, 2008.

[18] P. M. Morse, A. S. of America, and A. I. of Physics, Vibra-
tion and sound, vol. 2. McGraw-Hill New York, 1948.

[19] F. Stevens, D. T. Murphy, L. Savioja, and V. Välimäki,
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vol. 66, no. 2, pp. 123–147, 2005.

[26] J.-D. Polack, X. Meynial, G. Dodd, and A. H. Marshall, “The
midas system for all scale room acoustics measurements,” in
Audio Engineering Society Conference: 11th International
Conference: Test & Measurement, Audio Engineering Soci-
ety, 1992.

[27] A. Burd, “Acoustic modelling-design tool or research
project? chapter 7 in “auditorium acoustics” r. mackenzie,”
1975.

[28] “Wheldrake Woods - Forestry England.”
https://www.forestryengland.uk/wheldrake-woods.

[29] S. Feng and F. Stevens, “Abies grandis forest, wheldrake
wood - openair.” https://www.openair.hosted.
york.ac.uk/?page_id=1293.

[30] S. Feng and F. Stevens, “Forest scale model - openair.”
https://www.openair.hosted.york.ac.uk/
?page_id=1323.

[31] H.-S. Yang, J. Kang, C. Cheal, T. V. Renterghem, and
D. Botteldooren, “Quantifying scattered sound energy from
a single tree by means of reverberation time,” The Journal of
the Acoustical Society of America, vol. 134, no. 1, pp. 264–
274, 2013.

[32] K. B. Rasmussen, “How to take absorptive surfaces into
account when designing outdoor sound reinforcement sys-
tems,” in Audio Engineering Society Convention 100, Audio
Engineering Society, 1996.

[33] F. Stevens, “Source localisation using early reflection infor-
mation,” Master’s thesis, University of York, 2015.

[34] C. Cooper, “The sound of debate in georgian england: Au-
ralising the house of commons,” Parliamentary History,
vol. 38, no. 1, pp. 60–73, 2019.

[35] J. Merimaa and V. Pulkki, “Spatial impulse response render-
ing i: Analysis and synthesis,” Journal of the Audio Engi-
neering Society, vol. 53, no. 12, pp. 1115–1127, 2005.

[36] F. Stevens and D. T. Murphy, “Acoustic source localisation
in an urban environment using early reflection information,”
Proc. EuroNoise 2015, pp. 257–262, 2015.

1258


