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Abstract

The influence of trees on sound propagation is currently discussed to reduce the sound exposure near
transport infrastructure or industrial areas. This influence is direct due to reflection and scattering at the
trees themselves as well as indirect through meteorological and ground effects modified by the trees.
Previous investigations provide a mixed picture of sound attenuation within forested areas, in particular for
the temporally and spatially variable meteorological influence. Thus, a three-dimensional model chain of
atmospheric and acoustic models was adapted and applied to special meteorological and vegetation-specific
conditions. A meteorological mesoscale model was applied to simulate temperature and wind fields within
an inhomogeneous forest site. The meteorological quantities are used as diurnally variable input data for the
acoustic FDTD (finite-difference time-domain)-model to simulate the sound propagation. Thereby, the effects
of vegetation elements, impedance ground surface, and sound refraction are considered. The simulations are
related to outdoor measurements, which were performed in early autumn 2011 near Dresden (Germany).
The sound propagation of artificial signals was measured along sound paths of up to 190 m length through a
clearing as well as through an old spruce stand. Results of the comparison between measurement and model
simulations are presented and possible applications of these results with regard to noise protection aspects
are discussed. The model results confirm the measured diurnal cycle of sound levels at the receiver positions.
Simulations with and without trees suggest an excess attenuation of the trees by about 4 dB per 100 m already
for low frequencies.
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1 Introduction

Negatively perceived or even unhealthy sound, i.e.
noise, is still a topical and urgent environmental prob-
lem. Areas of forest are presently discussed as possible
noise protections because direct (scattering, reflection of
vegetation elements) and indirect (reflection at ground
surface, refraction due to temperature and wind profiles)
effects of vegetation contribute to sound attenuation.

The sound propagation through forest areas is af-
fected by various phenomena. They include the distance-
dependent spherical wave divergence and the air absorp-
tion, which is frequency-dependent and dependent on
meteorological variables (temperature, humidity). These
effects, which occur also for a sound propagation outside
of forest areas, always lead to a sound attenuation.

In general, sound attenuation due to a forest stand
increases with increasing frequency, however not con-
tinuously (Bies and HANSEN, 1996; PrICE etal., 1988).
Depending on sound frequency, different effects domi-
nate (e.g. AYLOR, 1972; FRICKE, 1984).
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Direct sound attenuation occurs due to reflection and
scattering by trunks as well as absorption due to nee-
dles or leaves. This influence leads to a reduction of
sound level after passing the forest and increases with
increasing frequency. Scattering due to vegetation ele-
ments affects sound attenuation even at sound frequen-
cies greater than 100 Hz (e.g. FRICKE, 1984; SWEARIN-
GEN and WHITE, 2007). The scattering effect can be ex-
amined explicitly by 3D modelling using FDTD models
(HEIMANN, 2003). The direct effect is determined by the
forest characteristics like tree density and trunk diame-
ter.

Beyond, sound waves interact frequency-dependently
with the ground surface (EMBLETON et al., 1976; ATTEN-
BOROUGH etal., 2011). Acoustic flow resistance, an im-
portant parameter for impedance modelling, decreases
significantly compared with grassland and covers a wide
range of values within forests (MARTENS etal., 1985).
Hence, ground impedance is usually low in forest ar-
eas, leading to increased attenuation due to the indirect
ground effect. In addition, the meteorological influence
must be considered, especially sound refraction (PIERCY
etal., 1977; HEIMANN, 2013). This indirect effect can
result in attenuation or amplification.
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Meteorological parameters have a significant influ-
ence on sound propagation (AUMOND et al., 2012). Ver-
tical gradients of temperature and wind velocity deter-
mine sound speed gradients and thus lead to the refrac-
tion of sound, one of the most important meteorological
influences on sound propagation. Already WIENER and
KEAST (1959) measured the additional sound attenua-
tion due to sound propagation in upwind direction (or
for decreasing temperature with height). They quanti-
fied this acoustic shadow effect with maximal 35 dB as
well as more recent studies by HEIMANN and SALOMONS
(2004) and CHEINET (2012). The temporal variability
of measured sound levels is also affected by the turbu-
lent variability of temperature and wind profiles and in-
cludes a range of 10-25 dB within 30 s (e.g. WIENER and
KEeast, 1959; CHEINET, 2012). Even averaged sound
level values over 15 min measured at a distance of a few
100 m away from road traffic show a high variability up
to 20dB for different meteorological situations (GAU-
VREAU, 2013). HOHENWARTER and MURSCH-RADLGRU-
BER (2014) found differences between different temper-
ature profiles up to 10 dB for the A-weighted sound ex-
posure level, which was measured in a distance of 200 m
from a railway noise source.

Vertical temperature and wind profiles show signif-
icant differences in forest stands compared to surfaces
without vegetation (FINNIGAN, 2000). Due to changing
temperature and wind fields in forests, different refrac-
tion of sound waves and thus a different sound immis-
sion and temporal variability in comparison to grassland
are expected (TUNICK and SWEARINGEN, 2009).

Since the middle of the 20th century (e.g. EYRING,
1946), the shielding effect of vegetation strips and
forests in terms of noise pollution from traffic is inves-
tigated (overview by VAN RENTERGHEM etal., 2015). In
recent years, a rising number of studies are specifically
designed for protection against blast noise (SWEARIN-
GEN etal., 2013a, b). Meanwhile, there are numerous
publications on measurements available. The sound at-
tenuation values cover, depending on vegetation char-
acteristics, measurement geometry, frequency spectrum,
and method of investigation, an extended range of a
few tenths dB/100m (e.g. EMBLETON, 1963) up to a
few 10dB/100 m (e.g. SWEARINGEN et al. 2013a; TyaGIt
etal., 2006). The results of these studies cannot be gen-
eralized simply, due to different boundary conditions,
methods, and study areas. Thus, it is difficult to trans-
fer the results received so far for noise control applica-
tions. For some years, therefore, the number of theoret-
ical studies using models is growing significantly. Mod-
els have the advantage that some effects of sound propa-
gation in forest areas can be distinguished and examined
under ‘virtual’ laboratory conditions (HEIMANN, 2003;
VAN RENTERGHEM et al., 2012). In comparison to pre-
vious studies of narrow tree belts (e.g. TARRERO etal.,
2008; VAN RENTERGHEM etal., 2012), longer propaga-
tion distances up to 190 m and an inhomogeneous forest
area with a clearing are considered in this paper. The in-
vestigation of sound propagation through such types of
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inhomogeneous forest areas are interesting for control-
ling noise pollution due to traffic routes or wind turbines
in managed forests.

Despite many publications on the overall forest im-
pact, the strength of meteorological influence on the
sound propagation through forests and the temporal and
spatial variability of this influence are unclear. Addi-
tionally it is questionable, which uncertainty due to me-
teorological influence must be applied for a constant
value of forest sound attenuation used in guidelines
and standards (e.g. ISO 9613-2). Furthermore, sound-
channelling effects may occur depending on the vege-
tation parameters and enhance the meteorological influ-
ence on sound propagation (TuNick, 2003). Their im-
pacts, e.g. on sound propagation of wind turbines and
traffic noise sources within forest areas, are even not
clear.

The paper therefore intends to answer the following
questions:

* What is the meteorological influence on the propaga-
tion of sound through an inhomogeneous forest with
clearing?

e Is it possible to reproduce the forest influence on
sound refraction, reflection at the ground surface,
scattering at trees with a 3D model chain connecting
meteorology and sound propagation and to differen-
tiate between the single acoustic effects of the forest?

* Which similarities and differences result from the
comparison between the model chain and outdoor
measurements?

* Is it possible to generalize the simulated results and
to derive recommendations for practical applications
and uncertainty of sound attenuation constants in
guidelines?

2 Methods

2.1 Measurements

The area under investigation is a clearing and an adja-
cent stand of spruces in the forest ‘“Tharandter Wald”
(coordinates: 50°57749"" N, 13°34701’"E). The for-
est covers an area of about 65km? and is situated about
15km southwest of Dresden (Germany). Around the
clearing a line of chestnut trees (height: about 20 m)
forms the transition to an old spruce stand with a canopy
top height of around 33 m. Further information about the
site can be found e.g. in QUECK etal. (2012).
Measurements were carried out in the late summer
and early autumn of 2011. In this time of the year, the
highest temporal variability of the vertical gradients of
sound speed is expected. The topographical situation of
and around the measurement site is shown in Fig. 1.
The propagation of acoustic signals was recorded
along a sound path of 115m in the clearing and 75 m
in the old spruce stand. Besides the acoustic measure-
ments, the atmospheric state was measured using 40 m
high micro-meteorological masts in the clearing and
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Figure 1: Experimental area “Tharandter Wald”. Forested areas are green, clearings are white. The “Wildacker” clearing is framed by
a dotted line. S denotes the acoustical source (loudspeaker). R# indicates the receiver positions (microphones) and M# the meteorological
40-m masts. Isolines represent the terrain elevation in m above sea level (increment 1 m). The area shown is identical with the meteorological

model domain.

inside the forest. The present study focusses on mea-
surements of low-frequent sound for the following rea-
sons. The sound absorption in air is negligible for low
frequencies and the considered sound path lengths. In
this way, only the effects of refraction, reflection at the
ground surface as well as reflection or scattering due to
tree trunks have to be modelled and incorporated into the
analysis of measured data. The signal/noise-ratio of the
measured low-frequent sound signals is high enough for
a sound source far away and for relatively small source
strength. It is possible to provide model studies with dif-
ferent parameters (e.g. with/without forest) using low
frequencies for the simulated sound wave propagation:
the higher the sound frequency, the higher is the com-
putational effort and time requirement. Furthermore, the
low-frequency spectrum is of special interest for noise
protection studies regarding traffic noise and noise of
wind turbines.

The low-frequent sound was generated with a sub-
woofer (Raveland HBP 1028) about 1.35 m above the
ground (output loudspeaker). The loudspeaker transmits
every 20s a short signal with ten oscillations of six se-
quent frequencies (40, 50, 63, 80, 100, 125 Hz). The
frequency of 125 Hz is not further discussed, because
of strange measurement results, which are not yet suf-
ficiently explained. The sound propagation effects, es-
pecially the important ground effect, are similar for the
remaining frequencies (ZIEMANN et al., 2013).

Briiel&Kjer 1/2’’ free-field microphones with wind
screens were used to measure the sound pressure level
at distances of 26.3m (R1), 74.4m (R2), 115.9m (R3),
143 m (R4), and 190.1 m (R5) from the source, at about
1.6 m above the ground. Before and after each measure-
ment series (about 1.5 days) the microphones were cal-
ibrated. The sound signals were recorded by a frontend
3560-B (Briiel&Kjer). The frequency spectrum was an-
alyzed by the software PULSE (Briiel&Kjer) and inde-
pendently by a FFT analysis using an own MATLAB
algorithm. ZIEMANN etal. (2013) provided detailed in-
formation on the measuring set-up, the equipment, and
the execution of the measurements.

The present study refers to the 24-hour environmen-
tal situation of 3 September 2011, a day with unhindered
radiation and high temperature amplitude.

2.2 Simulations

A coupled 3D meteorological-acoustical modelling sys-
tem was applied to cover the full daily cycle of the mea-
surement period. First, the meteorological mesoscale
model FITNAH (Gross, 1992) is used to simulate de-
tails of the wind and temperature fields, which are influ-
enced by the terrain (orography and surface roughness)
and by the forest. The latter does not only act as a resis-
tance to the airflow, but it also modifies the heat budget
near the ground (Gross, 1993). Consequently, forested
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areas and clearings differ with respect to the vertical gra-
dients of wind and temperature, which again are relevant
to the propagation of sound because they determine the
strength of refraction. The results of the meteorologi-
cal model are hourly stored and coupled to an acous-
tic model to simulate the propagation of sound emerg-
ing from the loudspeaker. The acoustic model accounts
for both the direct effect of the topography (terrain ele-
vation and ground impedance, trees in the forest areas)
and the indirect effect through the topographically in-
duced modifications of the wind and temperature field.
Sound propagation was simulated with finite-difference
time-domain (FDTD) solutions of the linearized Euler
equation of motion and the conservation laws of mass
and energy (e.g. HEIMANN and KARLE, 2006). All sim-
ulations are performed in three dimensions because of
the horizontally inhomogeneous topography (e.g. clear-
ings within the forest). The three-dimensionality enables
the acoustic model to consider horizontal diffraction and
scattering and the explicit representation of tree trunks.
The model domains are aligned with the acoustic sen-
sor chain, i.e. counter clockwise rotated by 39.1 degrees
from the west-east direction.

2.2.1 Meteorological simulations

The prognostic model FITNAH was applied for this
study. It is a 3D non-hydrostatic model suitable for sim-
ulating the distribution of meteorological variables even
in small domains. The basic framework for this model
consists of the equation of motion, the continuity equa-
tion, the first law of thermodynamics, and conservation
equations for air constituents.

The vegetation is taken into account with special
source or sink terms in the basic equations of motion,
temperature, humidity, and turbulent kinetic energy. In
this way, the interaction of the vegetation with the air-
flow is parameterized for the impulse, turbulence pro-
duction, and radiation fluxes. At the ground surface, the
model simulates the energy balance including the radia-
tion balance.

The meteorological modelling domain (Fig. 1) is
discretized by 90 x 55 x 25 numerical grid cells with
a horizontal spacing of 5 m. The vertical spacing within
the acoustically interesting layer increases from 1 m near
the ground to 5m at 50 m above ground. Above, the
vertical spacing further increases up to the top of the
model at 1500 m above ground.

The model was initialized at 1800 local time (LT)
on 2 September 2011 with a neutral (adiabatic) strati-
fication and a geostrophic wind of 6.2 m/s from 230 de-
grees, i.e. nearly along the acoustic source-receiver line.
With the long and short wave radiation scheme evoked,
the simulation was continued until 4 September 2011 at
0000 LT with a numerical time step of 0.4 s. The large-
scale forcing was kept constant during the simulation
period. According to synoptic analyses, the geostrophic
wind turned slightly towards southerly directions.
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The model results were stored in 1-hour intervals for
subsequent acoustic modelling over a full 24-hour di-
urnal cycle starting from 3 September 2011, 0000 LT.
Two sets of boundary conditions were used: simulation 1
considers the forest while simulation 2 serves as a refer-
ence without forest.

2.2.2 Acoustic simulations

The FDTD sound propagation model is capable of simu-
lating time-dependently the propagation of linear acous-
tic waves in a prescribed wind and temperature field
that, in our case, is pre-determined by precursory me-
teorological simulations. The sound propagation model
accounts for a finite impedance ground using the time-
domain scheme proposed by HEuTscHI etal. (2005).
The acoustic impedance is parameterized by the flow re-
sistivity of the ground according to DELANY and BAz-
LEY (1970).

The model includes the effects of spherical diver-
gence, reflection, refraction, and diffraction. The air ab-
sorption is neglected because only low-frequency sound
is regarded in this study. Trees can be directly consid-
ered if the numerical grid is fine enough to resolve at
least the trunks.

In this study a 250 m X 175m X 50 m large domain
inside the domain of the meteorological model was de-
fined. With a spacing of 0.4m this corresponds to al-
most 35 - 10° numerical cells. The spatial resolution of
0.4 m also admits the representation of single tree trunks
by blocking out grid cells, i.e. setting the particle ve-
locity components to zero. The spacing in combination
with the application of 7-point-stencil spatial differences
(BoGEY and BAIlLLy, 2004) and a 6-step Runge-Kutta
time integration (Hu etal., 1996) allows a resolution of
a wave length by 6 grid cells. Hence, wavelengths down
to 2.4 m or frequencies up to about 141 Hz can be han-
dled in sufficient accuracy. This includes all 1/3-octave-
bands up to the centre frequency of 125 Hz and cov-
ers the spectrum, which was used by the loudspeaker.
Logarithmic classification of the frequency spectrum is
typical of acoustics in the audible frequency range. Fre-
quently, the band width of 1/3-octave is used, that means
a frequency band with an upper boundary frequency of
2173 of the lower boundary frequency.

The forest is characterized by the area density of
trees (8 m distance between trees on average), the di-
ameter of the trunks (corresponding to grid cell size:
0.4m), and the height of the trunks (33 m on average
with a standard deviation of 5 m). According to ATTEN-
BOROUGH etal. (2011) the flow resistivity of forest floor
is set to the rather low value of 50kPam™2s~! while
for the ground of the grass-covered clearings it is set to
200kPam™2s~!. This agrees with the fact that the forest
ground is normally softer (less reflecting and more ab-
sorbing) than the ground of clearings because of littered
leafs and needles.

Sound propagation simulations were performed for
all 25 simulated meteorological situations between
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3 September 2011, 0000 LT, and 4 September 2011,
0000 LT. Again, two main sets of boundary conditions
were used: simulation type 1 with forest and simulation
type 2 without forest as reference.

3 Results

3.1 Meteorological model results and their
effects on sound propagation

Fig. 2 and Fig. 3 provide examples of simulated wind
and temperature fields near the ground showing the sit-
uation at noon (1200 LT). At this time, the wind speed
at 10 m above ground varies between 1.7 m/s in the for-
est and up to 3m/s in the clearings. The wind direc-
tion varies by about 40 degrees because the wind flow
is slightly diverted towards elevated areas. The air in the
sunny clearings is up to 4 K warmer than in the shaded
layer beneath the forest canopy.

Refraction is largely determined by the vertical gra-
dients of the effective sound speed ccg, i.e. the sum of
the horizontal wind-speed component in the direction of
sound propagation and the temperature-dependent adia-
batic sound speed (e.g. OSTASHEV, 1997).

Fig. 4 shows the vertical profiles of the effective
sound speed above the receiver positions at midnight
(0000 LT) and noon (1200 LT). The difference between
the clearing (R1, R2, and R3) and the forest (R4 and R5)
is evident. Near the ground of the clearing, the vertical
gradient of c.fr amounts to maximal 0.6 s~! during night
and —0.6s~! during day.

If circular sound rays are assumed as a first and
rough approximation, then the maximum gradient corre-
sponds to a radius of about 560 m (for horizontal sound
propagation and a sound speed of 340 m/s). This is a
very strong gradient and curvature in comparison to val-
ues used by standards, i.e. ISO 9613-2 (1999), where a
sound ray radius of 5 km is characteristic for downwind
conditions.

The sound speed gradients decrease significantly
with increasing height at the grassland site. In general,
there are lower vertical gradients inside the forest in
comparison to the clearing. However, all values are pos-
itive during the nighttime hours. A lifted maximum of
the sound speed gradient is a typical phenomenon de-
veloping inside the crown space of the forest that also
occurs on daytime hours.

Negative gradients develop at 0700 LT, at first in
higher layers above ground followed by air layers near
the surface. They are associated with upward refraction.
Extreme gradients occur again at the grassland site near
the ground surface. Inside the forest, there are positive
gradients also during the daytime with maximum val-
ues again in the crown space of the trees. This results in
a distinct difference of the sound propagation between
grassland and forest. If the first upward refracted sound
from the loudspeaker in the clearing reaches the forest
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then a downward refraction can be caused with chan-
nelling effects for the sound wave below the crowns of
the trees.

Fig. 4 also shows that the magnitude of positive gra-
dients in the clearing is higher than that one for negative
gradients. The main reason for this is the wind direction
that was approximately in the direction of sound prop-
agation. At nighttime, temperature inversion together
with a wind speed increasing with height result in higher
gradients in comparison to daytime where temperature
and wind effects are acting in opposite direction.

3.2 Acoustic model results

The results of the acoustic simulations are discussed
with respect to the following effects:

* effects of the forest on the horizontal broad-band
(< 141 Hz) sound field,

« effects of the diurnal cycle on the horizontal broad-
band (< 141 Hz) sound field,

* effects of the forest on the spectral distribution
(35.5-141 Hz).

The total effect of the forest, i.e. the direct one of
trees and the indirect effect of ground and the forest-
induced meteorological fields, is visualized in Fig. 5,
which shows the horizontal distribution of the broad-
band 24-hour average sound level with the considera-
tion of the forest relative to that without forest. In the
clearing the sound field benefits from reflections and
backscattering at the trees so that it slightly increased
(by up to 0.3dB) due to the forest. The greatest ampli-
fication is simulated where the sound impinges on the
forest edge with a rather steep angle. Inside the forest
the sound level is significantly attenuated by about 4 dB
per 100 m in excess to the simulation without forest.

Please note that CET is the time base for all subse-
quent evaluations. There is a difference of about 6 min-
utes between LT and CET.

Fig. 6 and Fig. 7 display the effect of the diurnal
cycle. The figures show the deviation of sound levels at
midnight (0006 CET, Fig. 6) and at noon (1206 CET,
Fig. 7), respectively, from the 24-hour average sound
level.

Downward refraction during night leads to values of
up to 1.3 dB above the average. The highest increase is
simulated in downwind direction where both the wind
effect and the temperature contribute to a positive verti-
cal gradient of the effective sound speed. Moreover, the
clearing is elongated in downwind direction so that the
strong positive ceg-gradient above the clearing acts over
more than 100 m. In cross-wind direction the wind ef-
fect vanishes and the rather strong temperature induced
sound speed gradient in the clearing is effective only for
a short distance of a few tens of meters. The highest in-
crease is simulated near the forest edge. This follows
from the fact that the simulated vertical gradient of the
sound speed is rather weak inside the forest.
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Figure 4: Vertical profiles of the simulated effective sound speed at the receiver positions R1-R5 (see Fig. 1) at 0000 LT (blue) and 1200 LT
(red). Receivers R4 and R5 are inside the forest.

distance from source in m

0 50 100 150 200
distance from source in m

Figure 5: Simulated broadband (< 141 Hz) sound-level difference averaged over 24 hours ‘with forest” minus ‘without forest” 1.5 m above
ground (contour level in dB, increment 3 dB for sound attenuation and 0.1 dB for amplification). The circles are concentric around the
source. The square at position (0, 0) denotes the sound source. Generic trees are indicated by black dots.
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1.5 m above ground (contour levels in dB, increment 0.2 dB). Symbols as in Fig. 5.
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During day the effect is inverted and leads to a sound
level, which is by 2.2 dB lower than average. Again, the
highest values are simulated in the downwind area. This
is not only because of the long fetch inside the clearing,
but also because the average sound level is dominated
by the increased nightly sound level in this sector.

To be independent of characteristics of the sound
source, the sound level attenuation between measure-
ment points was evaluated. Position R1, located closest
to the sound source in the clearing, was used as refer-
ence. A spectral investigation of the forest influence for
this sound attenuation results in Fig. 8. The sound at-
tenuation is displayed as a relative sound pressure level
(L f.Rx — L f,.R1 )Without forest — (L f.Rx — L f,.R1 )With forest» where
the index f denotes the frequency and Rx the receivers
R2, R3, R4, or R5. Positive values indicate an excess at-
tenuation by the forest between the positions Rx and R1.
The propagation from R1 to the positions R2 and R3
in the clearing is hardly affected by the forest, except
by backscatters from the clearing edge. The propagation
from R1 to R4 and R5 inside the forest is increasingly
attenuated by the forest, mainly in the frequency range
> 100 Hz (up to 27 dB at 131 Hz at position R5).

An important advantage of a model chain is the pos-
sibility to use it as a virtual laboratory to control a chang-
ing set of parameters. In this way, it was possible to com-
pare sound levels at the position R5 with and without
forest influence (combination of ground effect and me-
teorology), see Fig. 9. At first, the typical behaviour of
the sound level during a cloudless day can be derived:
higher sound level in evening and nighttime hours and
smaller values around noon and afternoon as a result of
downward refraction due to the nighty temperature in-
version and upward refraction by superadiabatic vertical
temperature gradients during day, respectively. In com-
parison to grassland a sound attenuation results for all
frequencies at this position inside the forest (190 m away
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Figure 9: Daily variability of simulated sound levels at 1.5 m above
ground at the position RS for several frequencies with (solid line)
and without forest (symbols). Please note: curves for 63 Hz (green)
and 80Hz (blue) with forest are nearly identical due to source
characteristics and propagation effects.

from the sound source). The excess attenuation is on
the whole growing with frequency with a maximum ob-
tained for 100 Hz 1/3-octave-band: it amounts to 6.3 dB
in average with a range of daily variability of 1.3dB.
Thereby, maximal forest effects occur in the morning
(1000 CET) and in the evening (2000 CET).

3.3 Comparison to measured quantities

The measured sound pressure spectrum was investigated
by a FFT analysis, where a time window of 40 ms and
shift of 40 ms were used. Based on the maximum am-
plitude of distinct frequencies (40, 50, 63, 80, 100 Hz)
the sound level was calculated. These independently de-
rived data were compared with CPB (constant percent-
age bandwidth) analyses using the commercial black
box software PULSE. Thereby, a digital band pass fil-
tering is applied regarding the central frequency of the
band, i.e. for 1/3-octave bands a bandwidth with always
23.156 % of the central frequency. This bandwidth is
equal to the sensitivity of the human hearing process.
A linear averaging of 40 ms was applied with central
frequencies of 40, 50, 63, 80, 100 Hz. For the further
analysis, only the data derived by software PULSE were
used, but there are no qualitative differences to the FFT
analysis.

In this way, the measured sound level at the same five
positions was analysed just like using the model chain.
In Fig. 10 the sound level at the receiver position R2 is
shown, i.e. 74 m away from the sound source. The mea-
sured sound level was averaged over 30 min and plot-
ted together with standard deviation. The local sound
level depends on the strength and spectral characteristics
of the sound source, which differ between measurement
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Figure 10: Daily variability of sound level at position R2 (clear-
ing): measurements (above) on 3 September 2011 and simulations
(below). Please note (Fig. 10 below): curves for 63 Hz, 80 Hz, and
100 Hz are nearly identical due to source characteristics and propa-
gation effects.

and simulation. Nevertheless, a similar daily variability
of 2 dB occurs for both data sets.

The sound level at the position R4, i.e. inside the
forest 143 m away from the sound source, is shown in
Fig. 11. The daily variability in measured data amounts
to 2-3 dB and is slightly smaller than for the simulated
data (3—4 dB), but the direction of change is consistent
for both data sets. Comparing the sound levels at the two
positions it results that almost all signals are attenuated
more than one would expect from the effect of spher-
ical spreading (is included in the sound level scale of
Fig. 11), especially for higher frequencies (> 40 Hz).

In a next step, the sound attenuation between two
measurement points was calculated. Again, the position
R1 in the near of the loudspeaker in the clearing was
used as reference. Subsequently, a normalized sound
attenuation was derived using the difference between the
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Figure 11: The same as in Fig. 10 but at position R4 inside forest.
Sound level scale includes the effect of spherical divergence.

sound levels at two positions (Lsr1 — Lfry) divided by
the distance between the positions. Such values are often
used in guidelines to quantify several effects of outdoor
sound propagation.

The measured data in the clearing show that only
higher frequencies are more attenuated than by the
spherical spreading of 0.19 dB/m between R2 and R1
(Fig. 12). This behaviour is partly in contrast to sim-
ulations where especially during daytime the attenua-
tion values of several frequencies are equal or higher
than spherical spreading. This can be a hint that the real
meteorological effect on the sound propagation was not
completely described by the model chain. Because of
stronger sound speed gradients, the refraction effect in
downwind direction is possibly enhanced resulting in
a decreased attenuation of measured sound levels. It is
assumed that the ground effect plays only a minor role
as the simulated sound amplification for frequencies be-
tween 40 Hz and 100 Hz is very similar for positions R1
and R2. Nevertheless, attenuation effects of the natural
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Figure 12: Normalized sound attenuation at position R2 in the
clearing (reference: R1): measurements (above) on 3 September
2011 and simulations (below).

ground between R1 and R2 are not excluded because the
100-Hz-signal shows a significantly stronger attenuation
probably due to surface inhomogeneity.

Inside the forest (Fig. 13), the measured attenuation
of low frequencies agrees roughly with the spherical at-
tenuation of 0.13 dB/m between positions R1 and R4.
That means that direct effects of trees influence the
sound waves to a lesser extent at these frequencies. The
ground surface in forests is acoustically softer and re-
sults in a higher attenuation in comparison to grassland.
The difference between the ground effect at position R1
and R4 is growing with increasing frequency.

Simulations show a qualitatively similar result, but
the sound attenuation is more frequency-dependent for
40-80 Hz. The daily variability of the simulated atten-
uation is higher due to the nearly constant sound level
at the reference point R1. In comparison to that, a daily
variability of the sound level already at position R1 oc-
curs in the measurements.
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Figure 13: The same as Fig. 12 but at position R4 inside forest.

The excess attenuation effect of the forest is sig-
nificant for higher frequencies (measurement: 100 Hz,
simulation: 80 and 100 Hz) and amounts on average to
4 dB/100 m at the position R4.

4 Conclusions

Previous studies of noise barrier effects by forest showed
a wide range of attenuation values, which are very dif-
ficult to compare due to their heterogeneity in many re-
spects. In particular, the study of meteorological condi-
tions is not included in most studies or set too simpli-
fied. In measurement results, the various effects are cou-
pled and are in most cases inseparable. Only with the aid
of corresponding simulation models the single effects of
refraction, scattering or reflection at the ground surface
can be considered as dependent on certain vegetation
properties, transmitter-receiver geometry, and frequency
spectra of the sound source. Therefore, a 3D model
chain was applied in the study to a case of real out-
door measurements. The study focused on the indirect
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meteorological effect as well as on the direct influence
of forests on the sound propagation in comparison to a
grassland site.

The refraction due to vertical gradients of the effec-
tive sound speed differs between forest and grassland.
The values of sound speed gradients decrease signifi-
cantly with growing height at the grassland site. In gen-
eral, the simulations result in lower vertical gradients in-
side the forest. Thereby, a lifted maximum of the sound
speed gradient is developing inside the crown space of
the forest as a typical phenomenon that can lead to a
channelling of sound propagation due to the height of
sound source. Numerical simulation with enhanced spa-
tial resolution using more detailed information on the
leaf area density of trees as well as the comparison
to measurements could further confirm the calculated
sound speed profiles.

The daily variability of the low-frequent broadband
level (< 141 Hz) amounts to 3.5dB in the downwind
area, an especially interesting region for noise protec-
tion applications. The comparison with measurements
(1/3-octave band) shows similar values. This amount of
daily sound level variability has to be added as an un-
certainty to calculated sound level data using engineer-
ing models without meteorological influence. Thereby,
the meteorological excess attenuation during daytime is
higher than the growing sound level during nighttime.

The 24-hour average sound level is significantly at-
tenuated by about 4 dB per 100 m in excess to the sim-
ulation without forest. A similar value of forest ex-
cess attenuation results from the comparison between
measurements and simulations for the single frequency
of 100 Hz always in a small distance from the forest
edge and it can be expected that the attenuation effect
grows up for higher frequencies (e.g. PAL etal., 2000).
This value nearly lies in the range of measured total
attenuation for a road traffic noise spectrum (e.g. PAL
etal., 2000: 6.6—-12 dB(A)/100 m; FANG and LING, 2003:
5-47 dB(A)/100 m) and highlights therefore the impact
of forests for noise protection purposes. Thereby, the
simulated daily variability of the forest excess attenua-
tion amounts to a range of 1.3 dB due to meteorological
effects. In comparison to our 3D model chain and mea-
surements, the standard for outdoor sound propagation
(ISO 9613-2, 1999) recommends a lower forest attenua-
tion of 2-3 dB/100 m for the investigated low-frequency
octave bands. The study results encourage therefore the
discussion and evaluation of standardized recommenda-
tions to forest excess attenuation together with uncer-
tainty values due to meteorological effects.

To generalize the results, the analysis of mea-
sured data will be extended to other frequencies
(250 Hz-8 kHz), other measurement times (in 2012 and
2013) and other measurement setups (completely in-
side old spruce forest and beech forest). Thereby it is
intended to study relatively homogeneous forest areas
with one and the same set of vegetation parameters. The
3D model chain will be used again for a comparison with
measured data sets.

A. Ziemann et al.: Meteorological effects on sound propagation inside forest

Meteorol. Z., 25, 2016

In future, achieved study results will be evaluated and
summarized in terms of the influence of various effects
in the propagation of sound, having regard to their vari-
ation by meteorological influences. Derived parameter-
izations of these effects could be provided in a manner
that allows a direct application in standardized models
for outdoor sound propagation (e.g. ISO 9613-2, 1999).
Based on such a study, a validated recommendation for
the optimal design of sound protection forests should
also result to reduce pollution from traffic noise. In ad-
dition to the applications for noise protection, the out-
comes may also be used for the evaluation of sound
propagation from wind turbines. Wind energy will be
produced in Germany increasingly in managed and com-
mercial forests. Thus, there is a pressing need for re-
search on the effects of wind turbines in forests with re-
spect to noise protection.
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