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Abstract—Simulating forest acoustics has important applica-
tions for rendering forest sound scenes in mixed and virtual re-
ality, developing wildlife monitoring systems that use microphone
arrays distributed in a forest, or as an artistic effect. Previously
proposed methods for forest impulse response (IR) synthesis
are limited to small or sparse forests because of their cubic
asymptotic complexity with respect to the number of trees. Here
we propose a simple and efficient parametric forest IR generation
algorithm that relies on a multitude of single scattering cylinders
to approximate scattering caused by tree trunks. The proposed
method was compared to measured forest IRs in terms of the IR
echo density, energy decay, reverberation time (T60), and clarity
(C50). Experimental results indicate that the proposed algorithm
generates forest reverb with acoustic characteristics similar to
real forest IRs at a low computational cost.

Index Terms—Artificial reverberation, forest acoustics, outdoor
impulse response, single scattering

I. INTRODUCTION

Modeling forest acoustic impulse responses enables applica-
tions including designing or training forest wildlife monitoring
systems based on microphone arrays and audio signal pro-
cessing, synthesizing artificial forest sound scenes to generate
or augment training data for machine learning systems for
sound event detection, creating reverberation sound effects
for artistic expression and multimedia, or enabling plausible
auditory rendering of virtual forests in mixed reality (MR)
and immersive gaming. Studies related to forest acoustics date
back to the 1940s [1], [2]. Prior work on forest acoustics or
systems of multiple scatterers focused on computing the atten-
uation of a sound wave propagating through a forest, which
can be represented by the bulk effective wavenumber [3]–[5].
Under the assumption that trees can be approximated by ideal
cylinders, previous works considered multiple scattering by
trees [3]–[5]. However, the bulk effective wavenumber is a
result of statistical averaging and does not take into account
geometric details including tree positions. Therefore, a bulk
effective wavenumber alone is not sufficient to reproduce the
echo patterns due to individual scattering events that depend
on source, receiver, and tree positions.

∗This work was done while Shoken Kaneko was an intern at Microsoft
Research Labs in Redmond, WA, USA.

Another line of research related to forest acoustics is recent
work in the context of audio effects and outdoor reverbera-
tion synthesis. Spratt et al. devised a forest reverb synthesis
algorithm based on a digital waveguide approach, referred
to as the treeverb algorithm [6]. Stevens et al. introduced a
more general scheme to model outdoor reverberation which is
referred to as the waveguide web algorithm [7]. It too is based
on waveguide techniques but not limited to forests. Although
both of these algorithms consider multiple scattering, their
asymptotic complexity is cubic with respect to the number
of trees. This computational cost severely limits the size and
density of the forest that can be modeled. Only results for
small or sparse forests consisting of 25 to 30 trees have been
reported using these algorithms [6], [7]. As shown later in
this paper, experimental results indicate that 30 or fewer trees,
even if multiple scattering is considered, may not be sufficient
to generate acoustically plausible forest IRs.

Here we propose a simple, efficient, and scalable algo-
rithm for parametric forest impulse response synthesis. Source
code and sample audio of the proposed method are available
online.1 The proposed algorithm models the effect of tree
scattering analytically via scattering from rigid cylinders, and
approximates multiple scattering in a forest by single scat-
tering from a multitude of virtual single scattering cylinders
(SSCs). Since the SSCs do not interact with each other, this
approximation results in an algorithm which can be easily
parallelized and which has linear asymptotic complexity with
respect to the number of SSCs, allowing the algorithm to
generate forest IRs using hundreds of thousands of SSCs
within a few seconds. Rather than aiming at a physically
accurate simulation of a particular forest scene with given
tree positions, the proposed algorithm produces acoustically
plausible forest IRs. For many practical applications, including
sound effects, audio rendering in MR, or data augmentation for
training machine learning systems, physical accuracy may be
of lower importance than subjective plausibility, computational
cost, and parametric tunability of the reverberator. Experi-
mental results indicate that the proposed algorithm produces
synthetic forest IRs that exhibit acoustic and sonic qualities
similar to real measured forest IRs [8], given a sufficiently
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large number of SSCs. This is achieved at a significantly lower
computational cost compared to previous cubic order methods
that try to model multiple scattering accurately. Using recorded
real forest IRs as a baseline, the synthetic IRs produced by
the proposed algorithm compared favorably to IRs synthesized
by previously proposed algorithms in terms of energy decay
curves, reverberation time (T60), clarity (C50) [9], and a
recently proposed echo density measure [10].

II. PROPOSED APPROACH

A. Algorithm overview
Assuming linearity and time-invariance, the acoustic path

from a sound source to a receiver position is described by an
impulse response (IR). A forest IR hforest is modeled here as:

hforest = hdirect + hground + htree, (1)

where hdirect, hground, and htree are IRs describing the di-
rect path, ground reflection, and tree scattering components,
respectively. The direct-path component is given as:

hdirect = hair(|rr − rs|) ∗ h(1)dist(rr, rs), (2)

where hair(x) = F−1(e−bx) denotes the air dissipation filter
given the frequency-dependent sound attenuation factor b and
the propagation distance x. F−1 denotes the inverse discrete
Fourier transform (DFT). Note that the IRs are functions of
time t while the variable t is omitted for clarity. The source and
receiver positions are denoted by rs and rr, respectively, and ∗
denotes the convolution operator. h(α)dist describes a generalized
distance attenuation and delay filter defined as:

h
(α)
dist(r1, r2) = δ(t− |r1 − r2|/c)|r1 − r2|−α, (3)

where δ is Dirac’s delta function, c is the speed of sound, and α
a distance decay parameter. This parameter allows the spatial
spreading of the scattered wave to be interpolated between
ideal cylindrical spreading (α = 0.5) and spherical spreading
(α = 1). In the proposed model, the sound wave emitted
from the source is modeled as a spherical wave with α = 1,
while the scattered waves traveling from the tree trunks to the
receiver are modeled with a parameter 0.5 ≤ αc ≤ 1. This is to
account for the fact that real trees are not ideal cylinders with
infinite length. The ground reflection component is modeled
as:

hground = g(rr, rs)
(
hair(|rr − řs|) ∗ h(1)dist(rr, řs)

)
, (4)

where řs denotes the source position reflected by the ground
plane and g the ground reflection coefficient which is imple-
mented as a frequency-independent reflection constant. If the
frequency dependence of a forest ground reflection coefficient
is known, that can be used here instead of a constant coeffi-
cient. The frequency spectrum of the reflection filter could be
used to model different boundary conditions, e.g., the presence
or absence of snow on the ground, which we leave for future
studies. The tree scattering component is defined as:

htree =

Nc∑
m=1

hair(rr,cm,s) ∗ hscat(rr, rcm , rs) ∗ h
(1)
dist(rcm , rs),

(5)

where m denotes the SSC index, Nc the total
number of SSCs, rcm the position of the mth SSC,
rr,cm,s = |rr − rcm | + |rcm − rs| the total path length of the
wave scattered by the mth SSC, and hscat the scattering-angle
dependent tree-scattering filter. The path lengths |rr − rcm |
and |rcm − rs| are evaluated in two dimensions, while the
lengths of the direct path and the ground reflection path is
evaluated in three-dimensional coordinates. The effect of tree
scattering is modeled as the scattering of a plane wave by a
rigid cylinder [11]:

hscat(rr, rcm , rs) = βh
(αc)
dist (rr, rcm) ∗ hangle(rr, rcm , rs), (6)

with β denoting a parameter controlling the scattering am-
plitude. The scattering-angle dependent component hangle is
defined as:

hangle(rr, rcm , rs) = F−1(Hangle), (7)

where Hangle denotes a frequency-domain filter modeling the
frequency and scattering-angle dependent attenuation to an
incoming wave scattered by a rigid cylinder:

Hangle = ei
π
4

√
2

πk

Nmax∑
n=0

(2−δn,0) sin (γn) cos (nϕ)eiγn , (8)

γn = arctan
Jn−1(ka)− Jn+1(ka)

Nn−1(ka)−Nn+1(ka)
, (9)

and
γ0 = arctan

J1(ka)

N1(ka)
, (10)

with ϕ = arccos(
(rr−rcm )·(rcm−rs)
|rr−rcm ||rcm−rs|

) denoting the scattering
angle, k the wave number, a the tree radius, and Nmax the
truncation number of the series expansion. Jn and Nn are the
Bessel functions of the first and second kind, respectively. To
remove the tree–receiver distance dependency on the spectrum,
the far-field approximation is used here [11].

As can be observed from (1), (2), (4) and (5), the asymptotic
complexity of the proposed forest IR generation algorithm is
linear with respect to the number of SSCs. In addition, since
all scattering paths can be evaluated in parallel, the proposed
algorithm allows efficient synthesis of forest IRs with dense
scattering patterns. In our experiments, we compute IRs for a
forest of 1 km × 1 km size with up to 500 000 SSCs.

B. Implementation and optimization details

The tree scattering filter hscat is implemented as a 128-tap
finite impulse response (FIR) filter. The scattering-angle de-
pendent tree scattering amplitude spectra are shown in Fig. 1.
The scattered wave has an amplitude drop of approximately
30 dB relative to the incident wave for scattering angles
larger than about 20 degrees, implying that the majority of
the multiple scattering paths will experience a quick decay of
amplitude while traveling from the source to the receiver.

The air dissipation filter hair is modeled based on the
ISO9613-1 standard [12], and was implemented as a 128-
tap FIR filter. We found the incorporation of air dissipation



Fig. 1. The amplitude spectrum of the angle-dependent tree scattering filter
Hangle [11].

to play an important role for obtaining a realistic timbre
in the late reverberation. The ground reflection coefficient
g was set to 0.8. For faster computation, all tree scattering
and air dissipation filter coefficients are pre-computed for
predefined discrete angles and distances. The processing cost is
dominated by the computation of the tree scattering component
htree. For better performance, the convolution is performed
in the frequency-domain. Note that the frequency-domain
filter banks for air dissipation and cylindrical scattering can
be pre-computed. A Python implementation of the proposed
algorithm was able to compute IRs of a forest with 1 km ×
1 km size and 100 000 SSCs at a sampling rate of 24 kHz
in about 1.2 seconds on a laptop PC with an Intel Core i7-
8665U CPU. In contrast, a Matlab implementation [13] of the
algorithm by Spratt et al. [6] took about 31 minutes on the
same machine to compute a forest IR considering multiple
scattering for a forest with 50 trees. Note that this significant
difference of computation cost, which is a consequence of the
cubic complexity of the previously proposed method, prevents
direct comparison of the methods using the same number of
scatterers since the proposed method uses large numbers of
scatterers by design.

III. EXPERIMENTAL EVALUATION

A. Echo density of synthetic and real forest IRs

The echo density measure [10] of forest IRs for two existing
algorithms [6], [7], forest IRs synthesized by the synthesis
algorithm proposed here, and real forest IRs measured in the
Koli national park in Finland [8], was evaluated. All reference
forest IRs were downloaded from Openair [14]–[17]. The IRs
using the treeverb and waveguide web algorithms were com-
puted for a forest of 25 trees and source-receiver distance D
of 5.8 m. These IRs generated by previous algorithms, which
are computed for a forest of a significantly smaller number
of scatterers compared to the proposed method, should be
considered only as references and not as a direct comparison
since their cubic complexity only allows computation of small
forests within a realistic amount of time. The real forest IRs
were measured with D = 9 m. For the proposed algorithm, we
set αc = 0.7, a = 0.25 m, source and receiver height to 1.5 m,
D = 10 m, and β = 2. The SSC positions were randomly

sampled using a uniform distribution within a square-shaped
forest of size 1 km × 1 km. A constant tree radius was used
here to allow reusing a single scattering coefficient table for
all SSCs for the sake of computational efficiency, although this
too can be randomized with an additional computational cost
linear with respect to the number of SSCs. It was found by
informal listening that randomness of the SSC positions is im-
portant to synthesize perceptually natural IRs. Configurations
with regularity, e.g. regular Cartesian grids or two-dimensional
quasi-random sequences with approximate regularity, tend to
result in IRs with noticeable unnatural sound.

The waveforms and frequency responses of each forest IR
are shown in Fig. 2. The comb-filter effect visible in the
spectrum of the synthetic IRs obtained with the proposed
method is a result of the interference of the direct path and
the ground reflection. This effect can be controlled by tuning
the amplitude, or, if frequency-dependence is considered, the
spectrum, of the ground reflection coefficient g. While this
comb-filtering is noticeable in the spectra, it did not result in
unnatural sound in informal listening.

Fig. 3 shows the echo density profiles for all evaluated IRs.
It is notable that real forest IRs have nearly constant echo
density profiles. We can see that this property is present in
forest IRs synthesized with the proposed algorithm using a
large number of SSCs (Nc = 500k), especially at low source–
receiver distances D. However, this is not the case when using
fewer SSCs (Nc ≤ 200k) or for synthetic IRs obtained with
previously proposed algorithms. While the reason for this near-
constant echo density profile in real forest IRs is unclear, the
results suggest that having a large number of SSCs may be
necessary to produce comparable synthetic IRs.

Informal listening indicates that for Nc ≤ 200k, the reduced
echo density in the first 200 ms compared to real forest IRs is
audible. It should be noted that Nc = 500k corresponds to an
SSC density about five to ten times higher than tree densities
observed in typical forests [18]. We hypothesize that the high
SSC density used here leads to denser echo profiles similar to
real forest IRs by compensating for the fact that the SSCs are
modeled as simple cylinders rather than complex geometric
objects and that multiple scattering is not considered.

B. Energy decay curves of synthetic and real forest IRs

Fig. 4 shows the energy decay curves (EDCs) of the
reference and synthetic forest IRs with parameters described
in Sec. III-A. As can be seen, the synthetic forest IRs obtained
with the proposed method exhibit energy decay characteristics
similar to real forest IRs. On the other hand, the EDCs of
the previous algorithms exhibit characteristics which are far
from real forest IRs. This difference was clearly audible in
informal listening. To study the source–receiver distance (D)
dependence of the EDCs, we measured forest IRs in a real
forest (Volunteer Park, Seattle, USA) at various distances D.
As can be seen in Fig. 4 (bottom), the energy decays more
slowly with increasing D, a property present in both the
synthetic and real measured forest IRs.
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Fig. 2. The waveforms (left) and frequency responses (right) of various forest
IRs. From top to bottom: Koli national park in winter and summer [8], [16],
[17], treeverb algorithm [6], [15], waveguide web algorithm [7], [15], proposed
method with Nc = 100k, 200k, 500k.

C. Reverberation time and clarity

Fig. 5 shows the T60 and C50 of the synthetic forest IRs and
the reference forest IRs introduced in Sec. III-A and Sec. III-B.
In the proposed method, T60 was able to be controlled over
a wide range by varying Nc. Clear frequency dependence of
T60 was only observed in real forest IRs and in synthesized
forest IRs by the proposed algorithm. The synthetic forest IRs
obtained with the proposed method exhibit a decrease of C50
as a function of D, which was also observed in measured
forest IRs.

IV. SUMMARY AND DISCUSSION

We proposed a simple and efficient parametric forest re-
verberator that approximates multiple scattering in real forests
by scattering from a multitude of single scattering cylinders
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Fig. 3. The echo density profiles of forest IRs. Comparison with reference
forest IRs (top), and comparison among forest IRs generated by the proposed
method for a square-shaped forest of 1 km × 1 km, with various D and Nc

(bottom). Each subplot in the bottom shows results for Nc = 100k (bottom
left), 200k (bottom center), and 500k (bottom right), respectively.

(SSCs). Experimental results show that the proposed algo-
rithm synthesizes forest IRs with plausible acoustic and sonic
properties at a low computational cost. The synthetic forest
IRs were compared to real forest IRs, captured at two forests
with varying seasons or source-receiver distances, in terms
of the echo density, energy decay curves, reverberation time,
and clarity. When modeling 0.5 million SSCs distributed over
one square kilometer, the proposed algorithm produces IRs
with an echo density profile similar to real forest IRs. The
experimental results also indicate that the proposed algorithm
produces plausible energy decay profiles and characteristics
similar to real forest IRs, such as the frequency-dependence of
T60 and the distance-dependence of C50. The cubic arithmetic
complexity of previously proposed algorithms may be too high
to model forests with large tree numbers, resulting in synthetic
IRs with audibly different echo density profiles compared to
real forest IRs.

Note that the exact relation between the model parame-
ter Nc determining the number of simulated SSCs and the
number of actual trees in a real forest is unknown. While
this relation could potentially be determined by additional
measurements and simulation, this was outside the scope of
the present work.This parameter can be subjectively tuned by a
sound designer to match the desired acoustic characteristics. A
practical recommended default value is between Nc = 200 k
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with varying D. Nc was set to 500k for the proposed method. All EDCs are
computed from the IRs after applying a band-pass filter with a passband of
500Hz-8kHz.

and Nc = 500 k for a forest of 1 km2, which results
in a good balance between echo density and energy decay
characteristics, as shown in the experiments. A limitation
of both previous methods as well as the method proposed
here is that scattering from fine structures, e.g., leaves and
branches, is not considered. It is possible that the high density
of SSCs used in the experiments here is necessary to account
for this limitation of the models. Efficient incorporation of
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Fig. 5. T60 as a function of octave-band frequency (left) and C50 as a
function of D (right). The set of shown forest IRs is the same as in Sec. III-A
and Sec. III-B for the left and right sub-plot, respectively. IRs from the Koli
forest and previous algorithms are not included in the C50 plot since the
available dataset only contained IRs for a fixed distance.

multiple scattering and the consideration of scattering from
fine structures, which may reduce the number Nc that delivers
realistic acoustic profiles, is a subject of future research.
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