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Abstract

Sound propagation over intensive and extensive green roofs was numerically studied by using the finite-difference time-

domain method. The Zwikker and Kosten model was used to simulate sound propagation in the substrate layer itself. The

presence of a green roof is mainly interesting in a street canyon configuration, and fits well in the concept of quiet sides.

Positive effects of green roofs, relative to fully rigid roofs, are mainly observed at the octave bands with centre frequencies

500 and 1000Hz. The source type was shown to be unimportant when considering this particular parameter. There is a

linear relationship between the fraction of the roof covered with green and the decrease in sound pressure level at the non-

exposed canyon. The slopes increase with octave band centre frequency. The width–height ratio of the street canyon

configuration has only a limited effect. For extensive green roofs, a pronounced attenuation peak is found when varying

the layer thickness, leading to a maximum reduction of up to 10 dB, relative to an acoustically rigid roof, for the octave

band of 1000Hz. A good overall efficiency is observed near the maximum layer thickness (15–20 cm) for this type of green

roof. For an intensive green roof with a substrate layer thickness exceeding 20 cm, which is common, positive effects are

not influenced anymore by substrate thickness.

r 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Vegetated rooftops (green roofs) have become increasingly popular. In Germany, for example, it is
estimated that about 10% of all flat roofs are green. In Flanders (in Belgium), most local governments
subsidize the construction of a green roof to a large extent.

Green roofs can be categorised as extensive or intensive, depending mainly on the depth of the growing
medium. Extensive green roofs need only a thin layer of soil substitute or substrate. They support low-growing
plants that are extremely sun and drought tolerant, like Sedum species and grasses. Intensive green roofs
(often called roof gardens) on the other hand require larger soil depths, and may contain shrubs or even trees,
just as in conventional gardens. Due to its large weight, constructional issues may occur in the case of intensive
green roofs, in contrast to extensive roof systems.

Vegetated rooftops have a large number of ecological and economic advantages. Most often cited is the
increase in thermal insulation of roof systems, leading to a decrease in energy costs, in both hot and cold
ee front matter r 2008 Elsevier Ltd. All rights reserved.

v.2008.03.025

ing author. Tel.: +329 264 99 94.

ess: Timothy.Van.Renterghem@intec.Ugent.be (T. Van Renterghem).

www.elsevier.com/locate/jsvi
dx.doi.org/10.1016/j.jsv.2008.03.025
mailto:Timothy.Van.Renterghem@intec.Ugent.be


ARTICLE IN PRESS
T. Van Renterghem, D. Botteldooren / Journal of Sound and Vibration 317 (2008) 781–799782
climates [1–3]. Green roofs may also store a large amount of water, thereby significantly reducing the runoff
peak of rainfall events [4–6]. Since urban areas consist mainly of impervious surfaces, green roofs help to
reduce flooding risks. Green roofs may contribute to an improved air quality—directly or indirectly—as well.
Plant structures like leaves and branches filter airborne particles from the air. Indirectly, the temperature
reduction in cities leads to a reduced production of atmospheric ozone [7]. Uncovered roofs are further subject
to very large surface temperature fluctuations, inducing stresses on the roof system and materials. Vegetation
and substrate moderate these temperature fluctuations [8], and act therefore as a protection for the roof
membrane. It was shown in Ref. [9] that life cycle costs of extensive green roofs are lower than those of
exposed flat roofs, even without considering potential energy savings. Other advantages are an increase in
carbon dioxide uptake, an improved biodiversity in urban areas [10], and the creation of a more pleasant
environment for citizens.

Research on the acoustical benefits of green roofs is rather scarce. Ref. [11] reports on measurements
showing the large sound insulation capacity of vegetated roofs. Studies on sound propagation over vegetated
rooftops have not been reported yet. Since the exterior of a non-vegetated roof is most often a rigid material,
there is potential in reducing acoustic waves diffracting over houses and buildings. In this paper, it is
numerically investigated to what extent a green roof decreases the sound pressure levels at the non-exposed
side. Although houses are already efficient noise barriers, creating very quiet areas is useful. It was shown that
inhabitants of noisy cities, with easy access to a quiet place, are generally less highly annoyed [12,13].

The centres of large cities consist of a number of confined spaces, enclosed by tall buildings. Therefore, the
study of sound propagation between such ‘‘city canyons’’ is clearly relevant. Engineering models tend to
overestimate the shielding in such geometries [14], indicating the need for wave-based models. Accurate sound
propagation calculations between city canyons have been reported using the equivalent sources method [15]
and the finite-difference time-domain method (FDTD) [16–18].

The current study focuses on the effect of green roofs, assuming a still atmosphere and flat fac-ades. Detailed
numerical calculations of sound propagation between city canyons with a coupled FDTD-PE (parabolic
equation) method were reported in Ref. [17]. A parameter study was performed, and the effects of the
width–height ratio of the canyons, fac-ade absorption, diffuse reflection, the presence of balconies, and
building-induced refraction of sound (in a turbulent and non-turbulent atmosphere) were quantified. In
addition, combinations of parameters were studied, like downwind sound propagation in the presence of
diffusely reflecting fac-ades.

Due to computational limitations, the numerical simulations in this paper are essentially two-dimensional.
This means that a coherent line source is modelled. When expressing sound pressure levels relative to free field
sound propagation, the coherent line source solution is equivalent to a point source solution [19]. A traffic
flow, however, is more accurately described by an incoherent line source. The approach, as described in
Refs. [17,20], enables constructing the incoherent line source solution based on a number of coherent
line source simulations. The impact of the source type on the effect of the green roof will be studied
as well.

The remainder of this paper is organised as follows. In Section 2, the numerical FDTD method is described
together with the ground model, and their numerical parameters are discussed. Section 3 compares sound
propagation calculations from a coherent and an incoherent line source for the particular situation of sound
propagation between city canyons. Sections 4 and 5 present and discuss the numerical results of the green roof
effect on waves diffracting over buildings. Finally, conclusions are drawn in Section 6.

2. Sound propagation model and parameters

Sound propagation from a ‘‘source canyon’’ towards a ‘‘receiver canyon’’ is studied, as shown in Fig. 1. The
origin is located at the left bottom of the source canyon. Both canyons have a width Wc, and the central
building has a width Wb. All buildings have an equal height H. The green roof is located on top of the central
building. Parameter D indicates the distance between the edges of the building and the beginning of the green
part of the roof. Parameter S indicates the depth of the green roof soil or substrate. Multiple layers may be
present. All horizontal planes are acoustically rigid, except for the green part of the roof. The fac-ades of the
buildings are fully specularly reflecting (flat) and partly absorbing.
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Fig. 1. Sound propagation configuration under study. The origin is located at the left bottom of the source canyon. The geometrical

parameters Wc, Wb, H, and D are indicated. The substrate layer on top of the central building is shown, together with the soil

depth S. A horizontal line of receivers is present in the receiving canyon, and a vertical receiver line above the central building.
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The sound propagation equations in a still and homogeneous medium are given by

r � pþ r0
qv
qt
¼ 0, (1)

qp

qt
þ r0c20r � v ¼ 0. (2)

In these equations, p is the acoustic pressure, v is the particle velocity, r0 is the mass density of air, c0 is the
adiabatic sound speed, and t denotes time. Viscosity, thermal conductivity, molecular relaxation, and gravity
are neglected.

The FDTD method is used to solve the wave equations (1) and (2). A staggered spatial grid and a staggered
time discretisation are applied [21]. Staggered-in-space means that the acoustical variables (pressure and
the components of the particle velocity) are not discretised at the same physical locations in the computational
grid. Staggered-in-time means that the pressure and velocity fields are not updated at the same, discrete
times. An overview of the discretised FDTD equations used in this study can be found in Appendix A.
The central difference approximation of the spatial and temporal derivatives in such a scheme
results in second-order accuracy [21]. The stencil is very limited, which makes the implementation of
boundary conditions and interfaces between different propagation mediums simple. On material boundaries,
only particle velocities appear. Sound reflection from the fac-ades is modelled using the impedance plane
approach, as described in Ref. [21]. The normalised real-valued frequency-independent surface impedances of
the fac-ades equal 10. Perfectly matched layers are applied at the left and right boundaries (above the
buildings), as well as at the upper boundary of the FDTD computational domain, to simulate an unbounded
atmosphere.

Numerical stability is ensured as long as the Courant number is smaller than or equal to 1 [21]. The
numerical model is free of amplitude errors [21]. The phase error is smallest when propagating along the
diagonal of the computational cells and if the Courant number equals 1 [21].

Sound propagation inside the soil is described by means of the phenomenological porous-rigid frame model
of Zwikker and Kosten [22]:

r � pþ r0
qv
qt
þ Rv ¼ 0, (3)

qp

qt
þ r0c02r � v ¼ 0, (4)
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r0 ¼
r0ks

j
, (5)

c0 ¼
c0ffiffiffiffiffi
ks

p . (6)

Compared to Eqs. (1) and (2), a damping term is introduced based on the flow resistivity R of the ground
medium. The mass density of the soil (i.e. an air and solid mixture) r0 and the speed of sound in the ground c0

are adapted using its porosity j and structure factor ks. The previous Eqs. (3)–(6) reduce to Eqs. (1) and (2)
when R ¼ 0, j ¼ 1 and ks ¼ 1. The discretised ground propagation equations can by found in Appendix A. It
was shown in Ref. [23] that the above-described 3-parameter model can be used for accurate sound
propagation modelling over finite-impedance ground.

The spatial discretisation scheme is illustrated in Fig. 2, showing the locations of the particle velocities and
acoustic pressures near the edge of the building top. To perform time stepping, only direct neighbouring
particle velocities or pressures are involved. The use of such a compact scheme allows an easy implementation,
although different propagation mediums and different boundary types are situated very close to each other.

By including the ground in the propagation domain, in contrast to modelling sound reflection from an
impedance plane [21,24], substrate depth may be varied as well. This allows discriminating more accurately
between an extensive and intensive green roof.

It can be derived that the normalised acoustic impedance Z of an infinitely thick and homogeneous medium,
obeying Eqs. (3)–(6), equals:

Z ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R

roj
j þ

ks

j2

s
. (7)
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Fig. 2. Schematic representation of the locations of the particle velocities and acoustic pressures near the edge of the rooftop of the central

building. The distinction is made between locations with different FDTD equations.
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In Ref. [25], it was indicated that the accuracy of the Zwikker and Kosten model could be improved by
making the ground parameters frequency dependent, especially when modelling attenuation by acoustically
soft porous materials. The Zwikker and Kosten model, with frequency-dependent parameters, can be written
in a form equivalent to the Wilson viscous/thermal relaxation model [26]. The time-domain implementation of
the latter was discussed in Ref. [25]. It was shown however that memory-intensive evaluations of convolution
integrals are needed, limiting practical applications.

The ground parameters used for the calculations in this paper are estimated from literature review. An
intensive green roof constitutes typically of loose, uncompacted earth, above a drainage layer. A flow
resistivity of 50 kPa sm�2 [27] is appropriate for the top layer. The porosity and structure factor of a soft soil
are used [25]: j ¼ 0.45 and ks ¼ 1.35. For the drainage layer, measured values of gravel with a maximum
particle size of 1 cm are used: R ¼ 5 kPa sm�2 [28], j ¼ 0.40 [28], and ks ¼ 1.5 [25]. The extensive green roof
substrate is usually a layer of granular material, like e.g. clay pellets [11]. The following values are used:
R ¼ 10 kPa sm�2, j ¼ 0.40, and ks ¼ 1.5. For the porosity and structure factor, the values of gravel with a
maximum particle size around 1 cm are used. The substrate thickness S of intensive roofs is typically between
20 and 60 cm. For extensive green roofs, values range from about 5 cm to 15–20 cm.

The presence of vegetation on the ‘‘green’’ roof is not considered in this study. Scattering on plant elements
is mainly a high-frequency phenomenon. Since the sound propagation problem is governed by diffraction over
a building, mainly low frequencies will reach the non-exposed side with sufficient amplitude. High frequencies,
on the other hand, are already largely attenuated when propagating over the building. Therefore, the
additional reduction by propagating through multiple layers of foliage, or the increase in sound pressure level
by scattering into the non-exposed canyon is not relevant for the noise climate in the shielded region.

For accurate calculations in case of sound propagation in air, roughly 10 computational cells per
wavelength are needed for the highest frequency of interest. Sound calculations in this configuration will be
performed including the octave band of 1000Hz. The highest frequency is 1405Hz. Higher frequencies are
well shielded and absorbed by the atmosphere and are therefore of less relevance for the quiet side. This would
lead to a spatial discretisation step of 2.5 cm. At the interface between ground and air, a finer grid is however
needed to accurately simulate reflection. With increasing surface impedance, smaller grid steps are needed to
capture the strong decay of the sound pressure in the ground layer.

The grid resolution required to accurately model reflection on the ground was investigated numerically.
A plane wave, normal incident on a few ground cells was simulated. Based on the incident and ground-reflected
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Fig. 3. Comparison between numerically obtained (dashed lines) and analytical (full lines) complex impedances. The real part (Re),

imaginary part (Im), and the magnitude (| |) are considered. The following set of ground parameters is used: R ¼ 50 kPa sm�2, j ¼ 0.45,

and ks ¼ 1.35. The spatial discretisation step is 1 cm, the Courant number equals 1.
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pulse, the complex surface impedance of the soil was calculated. In Fig. 3, a comparison
is made between the acoustic surface impedance obtained by the FDTD simulation with a 1-cm grid step,
and the analytical impedance as described by Eq. (7). Since the plane wave is normal incident, the (characteristic)
impedance of the ground medium equals its surface impedance. The real part, the imaginary part, and the
magnitude of the normalised, complex impedance are considered separately. The ground parameters of loose
earth were used in this analysis.

The use of a spatial discretisation step of 1 cm is shown to be sufficiently accurate. Such a discretisation
leads to acceptable memory use and computing times when applied to the city canyon configuration. A grid
refinement near the interface air-ground may however significantly decrease the computational cost. Care is
however needed in such an approach. For accurate calculations, a gradual transition is needed to reduce
spurious reflections in the refinement area [16]. When using a fixed time step, the Courant number in the coarse
part of the computational domain will be much smaller than 1, leading to increased phase errors. Adapting the
time-discretisation steps in each part of the computational domain on the other hand would further
complicate the numerical implementation. For these reasons, such a grid refinement near the air–ground
interface was not used.

For the simulations in this paper, the source is positioned at (4, 0.30). The vertical receiver line is placed in
the centre of the middle building (15, y). Receiver points inside the substrate layer are included (yo10). The
horizontal receiver line in the non-exposed canyon is placed at (x, 2), where x ranges from 20 to 30m. The
perfectly matched layers at the boundaries of the domain consisted of 40 computational cells, and absorption
parameters were optimised. A broadband asymmetric Gaussian pulse is emitted at the source position.

The numerical parameters are as follows. The time-discretisation step equalled 20 ms, leading to a
two-dimensional Courant number near one when using a spatial discretisation step of 1 cm. The simulation
times were chosen to be long enough to capture all significant reflections in the canyons. After 30 000 time
steps, sound pressure levels did not change anymore when H ¼ 10m and Wc ¼Wb ¼ 10m. At each time step,
the pressure was recorded at the receivers, leading to a sampling frequency of 50 kHz. In all calculations, the
sound speed in air c0 is 340m s�1, and the mass density of air is 1.2 kgm�3.

3. Influence of source type

Source type influences the shielding efficiency of noise barriers [29,30] and buildings [31]. In a street canyon
configuration, a coherent line source causes strong destructive interferences, which are not observed when consi-
dering an incoherent line source. As a result, the shielding efficiency of a coherent line source is generally larger.

Ref. [29] shows how the sound pressure field from an incoherent line source may be calculated as a
post-treatment of two-dimensional pressure fields. An important condition is that the sound propagation
configuration has a constant cross-section: The geometry is unchanged by a translation in the z-direction. The
calculation is based on a Fourier-type integration over a modified frequency spectrum. This method has
been applied mainly to frequency domain techniques [29–32], leading to a large number of additional
two-dimensional calculations over a wide range of frequencies. The application in an FDTD context has the
advantage of only needing a single two-dimensional solution when working with a pulse-like source.

For accurately calculating point source solutions at very low frequencies (o100Hz), or if finite-impedance
materials are present, imaginary sound frequencies are needed. Unfortunately, such imaginary frequencies
cannot be derived from a time-domain model. This means that the Fourier approach applied to the FDTD
technique is limited to rigid surfaces only. The approach as described in Refs. [17,20] gives an alternative to
calculating the incoherent line source solution based on coherent line source calculations. The incoherent line
source in the street canyon is discretised in a number of point sources, as depicted in Fig. 4. For each point
source, a calculation is performed in a vertical plane through the source and receiver. This approach uses the
excess-attenuation equivalence between a coherent line source (point source in 2D) and a point source in 3D,
as was theoretically derived in Ref. [19]. In the next step, the relative sound pressure levels from the different
sources are averaged out energetically. This means that a 3D incoherent line source is modelled by performing
a number of 2D simulations, with different canyon widths. In this approach, it is implicitly assumed that all
buildings fac-ades are oriented orthogonal to the different cross-sections where a calculation is made. Such a
‘‘twisting’’ of the fac-ades is an approximation. This approach will be further indicated as ‘‘Twist’’.
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The Twist method is compared to the Fourier method in a numerical experiment. The comparison is
possible for rigid surfaces only (see previous paragraphs). Under this condition, reverberation times in the
canyons become very long. To keep computing times limited, the canyon widths Wc, the building width Wb,
and the building height H were reduced to 5m. The source was present at (2, 0.30), the receiver at (12.5, 2).
The spatial discretisation step was 2 cm, the time step equalled 40 ms. The incoherent line source was
represented by 17 equidistant point sources. Due to symmetry, sound propagation calculations for only 8
different canyon widths were necessary. The angle f, as defined in Fig. 4, ranged from 01 to 701. This
corresponds to canyon widths ranging from 5m to 17.22m, respectively. Fig. 5 illustrates the good
correspondence between the Fourier and Twist approach, expressed in 1/3 octave bands. Both approaches
differ significantly from the coherent line source solution. The destructive interferences, especially at 200 and
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500Hz, disappear in case of an incoherent line source. This comparison shows that the Twist approach is
adequate to simulate an incoherent line source.

This paper will focus mainly on the effect of the presence of a green roof, relative to a rigid roof. It was
therefore studied whether the time-consuming incoherent line source calculations need to be performed with
the Twist approach for this specific quantity. To check this, a comparison was made between calculations for a
rigid and absorbing roof (with a normalised real-valued surface impedance Z0 equal to 10), using a coherent
and an incoherent line source. The fac-ades were partly absorbing as well (Z0 ¼ 10). Results are shown in
Fig. 6. The sound pressure levels are expressed in octave bands, relative to free field sound propagation. The
sound pressure levels caused by a coherent and incoherent line source are significantly different, but both are
affected in a very similar way by introducing absorption on the roof. The difference in the effect is less than
0.7 dB. Therefore, it can be concluded that the green roof effect calculated using a coherent line source is valid
for an incoherent line source as well.

4. Parameter study of an intensive green roof

In a first set of simulations, a two-layered intensive green roof is considered, constituting of a layer of gravel
of 10 cm, below a layer of loose earth of 40 cm. The corresponding ground parameters of both layers can be
found in Section 2. For comparison, numerical simulations for a fully rigid roof are performed in all situations.

The sound pressure levels for the octave bands with centre frequencies 125, 250, 500, and 1000Hz are shown
in Fig. 7, along the horizontal receiver line at y ¼ 2m in the non-exposed canyon. All sound pressure levels are
expressed relative to free field sound propagation. In this simulation, the canyon widths Wc, the building width
Wb, and building height H are all 10m; D equals 1m. In Fig. 8, the relative sound pressure levels are shown
along the vertical array of receivers at x ¼ 15m, above the central building. The sound fields inside the
substrate layers are shown as well.

At low frequencies, the acoustic impedance of a natural ground is high. As a consequence, the effect of the
presence of the green roof, relative to a rigid roof, is limited for the octave bands of 125 and 250Hz. At 500
and 1000Hz, an important decrease in sound pressure level is observed in the non-exposed city canyon. For
the octave band of 1000Hz, the improvement compared to a rigid roof reaches 7 dB. Despite the presence of
distinct zones with destructive and constructive interference, the effect of the green roof is quite uniform over
the full length of the receiving canyon.
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It is further investigated whether the multiple reflections in the canyons affect the efficiency of placing a
green roof. Therefore, a similar numerical experiment was performed, considering sound propagation over the
central building only. This means that the canyon widths Wc went to infinity, and as a consequence, there was
no street canyon configuration anymore. It is shown in Figs. 9 and 10 that in such a configuration, the effect of
the green roof, relative to a rigid roof, is enhanced, especially at the octave bands with higher central
frequencies. The additional reduction in sound pressure level at the octave bands of 500 and 1000Hz, relative
to a street canyon configuration, is between 2 and 3 dB. Close to the building, sound pressure levels are
significantly smaller, since the diffraction angle is larger there. The sound pressure levels for a rigid roof
however are already largely reduced compared to a street canyon configuration, because of the absence of
multiple reflections. This means that the additional reduction by the presence of a green roof will not lead to a
noticeable improved noise climate, since sound pressure levels are already very low. The positive effect of a
green roof will therefore be observed mainly in a dense, urban environment.

The effect of the fraction of the roof surface covered with green is shown in Fig. 11. The influence of
parameter D is studied, which is the distance between the edge of the building and the green part of the roof.
A symmetrical design was chosen. The non-green parts of the roof were rigid in all simulations. The values of
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D were 0.1, 1, 1.75, and 2.5m, while the width of the central building Wc equalled 10m. This corresponds to
green roof fractions ranging from 98% to 50%. It is observed that with increasing D, the average effect of the
green roof over the receiver line, relative to a complete rigid one, decreases. An almost perfectly linear
relationship is found. The slope of this line increases with the centre frequency of the octave bands. The height
of the receiver line does not influence this behaviour: Changing the receiver height (y ¼ 4, 6, and 8m) leads to
very similar curves (not shown). This linear relationship indicates that the sound propagation problem is
governed by diffracting waves, shearing over the building top. This is also illustrated by the vertical
distribution of the sound pressure level, as shown in Fig. 8, for D equal to 1m. Differences between the rigid
roof and the partly green-covered roof appear only in the first metre above the roof. The presence of the layer
of gravel is clearly observed in these figures as well. Because of the limited attenuation in the gravel layer, the
reflection on the rigid roof, just below the gravel layer, becomes visible. The effect of the gravel layer, for
sound propagating over the building, is negligible in this particular configuration. The error bars in Fig. 11 are
the standard deviations of the effect of the green roof, relative to a rigid roof, over the line of receivers in the
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Fig. 9. Octave band sound pressure levels with centre frequencies 125Hz (a), 250Hz (b), 500Hz (c), and 1000Hz (d), relative to free field

sound propagation, along the receiver canyon at y ¼ 2m. The full lines are for a fully rigid roof, the dashed lines for a two-layered

intensive green roof (S1 ¼ 40 cm, loose earth; S2 ¼ 10 cm, gravel). (Wb ¼ H ¼ 10m, Wc ¼ infinity, D ¼ 1m, coherent line source).
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non-exposed canyon. These values are very small, indicating clearly that the studied effect is uniform over the
receiver canyon.

The influence of the height of the buildings, forming the city canyons, is studied as well. The heights of the
canyons H in the simulations were chosen to be 2.5, 5, 10, and 15m. The canyon widths and the width of the
central building were kept constant at 10m. This leads to width/height ratios of 4, 2, 1, and 0.5, respectively.
The source position remained unchanged. With increasing height, the reverberation times increased
drastically. The simulation times were increased accordingly until the octave band results, at the receiver
line at y ¼ 2m in the non-exposed canyon, did not change anymore. The average results over this line,
together with their standard deviations, with increasing height of the buildings, are given in Fig. 12. The
influence of the width/height ratio is very limited. Only at 1000Hz, a slightly increased shielding (up to 1 dB) is
observed by the presence of a green roof, relative to a rigid roof, when increasing the width/height ratio.

5. Influence of substrate layer thickness

In this section, the effect of layer thickness is studied for both an extensive and intensive green roof. Only
homogeneous substrate layers were considered. In addition, numerical calculations were performed for
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extensive green roofs exceeding their typical depths, and for intensive roofs with layer thicknesses that are
much smaller than those observed in practice. This analysis indicates whether the typical substrate
depths for both types, in combination with their ground characteristics, are optimal for sound diffracting
over them. Layer thicknesses of 5, 10, 20, and 50 cm were simulated for both the extensive and intensive
green roofs. The canyon widths Wc, the building width Wb, and building height H were all 10m;
D equalled 1m.
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Fig. 13 shows the influence of substrate (clay pellets) depth for the extensive green roof. The average
decrease of the octave band sound pressure level, relative to a fully rigid roof, over the receiver line at a height
of 2m, is displayed. A 5-cm-layer gives an improvement for the 1000Hz octave band only. At 125 and 250Hz,
a slightly worse situation, relative to a fully rigid roof, is observed for this thin substrate layer. The positive
effect of the presence of a green roof starts from about 30 cm at 125Hz, and from 15 cm at 250Hz. An optimal
layer thickness is observed, which shifts towards smaller values with increasing octave band centre frequency.
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For the 500 and 1000Hz octave bands, this minimum is found in the range of layer thicknesses that were
simulated. For 1000Hz, this optimum is near 10 cm, leading to a decrease of 10 dB compared to a fully rigid
roof. At 500Hz, this optimum is observed for a layer thickness near 20 cm, leading to 6 dB reduction. This
minimum becomes more pronounced with increasing frequency.

In Fig. 14, the influence of substrate depth for an intensive green roof (loose earth) is shown. Sound pressure
levels, relative to a rigid roof, are displayed, with increasing substrate layer thickness. Starting from about
20 cm, the effect of the green roof becomes nearly constant at all octave bands considered. For the octave band
of 125Hz, no improvement by the presence of a green roof is observed. For the 250Hz octave band, the
positive effect is smaller than 1 dB. For the octave bands of 500 and 1000Hz, the improvement is important,
and is respectively near 3 and 6 dB. The presence of a layer of gravel, as a drainage layer below the loose earth
in the intensive green roof configuration (see Section 2), was not considered in this analysis. An intensive green
roof typically consists of a substrate depth of at least 20 cm. It is clear from Fig. 14 that once a layer of loose
earth of 20 cm is present, the substrate at larger depths does not influence anymore sound propagating over the
building. Therefore, the gravel layer is not considered to be essential. Simulating a layer thickness below 20 cm
has only limited practical applications. It illustrates nevertheless that the minimum, as observed in the case of
an extensive green roof, is present here as well. It is shifted to lower substrate layer thicknesses, and these
minimums are less pronounced compared to extensive green roofs. Additional simulations allowed
determining more carefully the optimums. For the octave band with a centre frequency of 1000Hz, it is
observed at 6 cm. At 500Hz, this optimum is found at 10 cm. For lower octave bands, this minimum is less
pronounced.

Figs. 15 and 16 show in detail the sound pressure level distribution near the rooftop of the central building.
The interaction between the incident (diffracting) wave and the sound wave propagating through the substrate
and reflecting on the rigid roof just below the substrate layer results in a standing wave. For frequencies with a
minimum sound pressure level in the receiving canyon, a node is found just above the rooftop. For a larger
substrate thickness, this minimum is present inside the substrate. For a smaller layer, this minimum is present
at some height above the rooftop. In case of the clay pellets layer, the phase of the substrate impedance is
smaller than for the loose earth. This means that a larger substrate depth is needed to achieve a phase shift of p
radials for sound waves travelling through the substrate and back. The optimum layer thickness of the
extensive green roof for the 1000Hz octave band is near 10 cm, while it is 6 cm for the intensive green roof.
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The maximum decrease in sound pressure level for the extensive green roof is larger, since the flow resistivity
of the clay pellets is smaller. This means that the substrate-travelling wave will be less attenuated, and as a
consequence, the destructive interference is stronger.

From this analysis, it can be concluded that both an extensive and an intensive green roof are interesting for
reducing diffracting waves over a building. Even the small layer thicknesses of extensive green roofs may result
in large attenuations. In the latter, the improvement is very sensitive to the layer thickness, especially for the
octave band of 1000Hz, where a distinct minimum is observed. A good overall efficiency is possible for a layer
thickness near 15–20 cm. This is close to the maximum layer thickness of extensive green roofs. Since the
substrate thickness of an intensive green roof usually exceeds 20 cm and the maximal acoustic effect is reached
at this thickness, sound shielding is not increased anymore by thicker layers. When considering sound
transmission through the roof system, however, large substrate depths may be interesting. For low
frequencies, an extensive green roof slightly reduces the screening by the building but this negative effect is less
than 1 dB. In case of an intensive green roof, no negative effect, relative to a fully rigid roof, is observed at low
frequencies.
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Fig. 16. Octave band sound pressure levels with centre frequencies 125Hz (a), 250Hz (b), 500Hz (c), and 1000Hz (d), relative to free field

sound propagation, along a vertical line (at x ¼ 15m) above the central building. The full, black lines are for a fully rigid roof. Intensive

green roofs (loose earth) with different substrate thickness are shown by the grey lines (S ¼ 5 cm—full lines, 10 cm—dashed lines, 20 cm—

dash-dotted lines, and 50 cm—dotted lines). The sound pressure level distributions in the soil layers are shown as well

(Wb ¼Wc ¼ H ¼ 10m, D ¼ 1m, coherent line source).
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6. Conclusions

In this work, sound propagation over both intensive and extensive green roofs has been numerically studied
using the FDTD model. The sound propagation equations in a homogeneous and still environment were
considered. The building fac-ades were modelled as fully specularly reflecting. Including the substrate layer
itself in the sound propagation domain, by using the Zwikker and Kosten phenomenological ground model,
allowed investigating the effect of layer thickness. The presence of plants was not considered in this study,
since this mainly affects high-frequency sound, which is not important for sound propagation over high
buildings. In the case of an extensive green roof, clay pellets were simulated. For the intensive green roof, a
layer of loose earth was considered. Corresponding ground parameters were deduced from the literature. The
spatial discretisation needed for an accurate prediction of sound reflection from the ground layers was found
by means of a numerical experiment.

The influence of source type was studied in detail. The Fourier approach can be used to find an incoherent
line source solution based on two-dimensional calculations. However, it cannot be straightforwardly applied
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to a time-domain method, in particular for situations involving absorbing materials. Therefore, the validity of
the alternative Twist method was numerically proven in a street canyon configuration by comparing it
to the Fourier approach, in the case of perfectly reflecting surfaces only. In a next step, the Twist method was
used to show that the effect of the presence of a green roof, relative to a rigid roof, is rather independent of
source type.

In a numerical parameter study, an intensive green roof was considered, where a layer of loose
earth of 40 cm was present above a 10-cm-layer of gravel. The presence of such a green roof results
in an important decrease in sound pressure level at the non-exposed side of a building. This decrease
is relevant when keeping in mind the quiet-side approach. In the case of an isolated building, the
effect of a green roof, relative to a rigid roof, is somewhat enhanced, especially at higher frequencies. It is,
however, mainly interesting to use a green roof in a street canyon configuration, since sound pressure
levels at the quiet side are much higher there. The effect of the presence of a green roof, relative to a rigid one,
increases with increasing octave band centre frequency, and amounts to 6 dB at 1000Hz, when the green
fraction of the roof is 0.8. This effect is very uniform over the non-exposed canyon. The width–height
ratio of the street canyon has only a limited influence. There is a linear relationship between the green roof
effect and the fraction of the roof covered with green, and the slopes increase with the octave band centre
frequency.

Both extensive and intensive green roofs are interesting to reduce diffracting waves over a building. In the
range of the typical layer thicknesses for extensive green roofs, pronounced maximum attenuations are
present, depending on layer thickness and frequency. These peaks become more distinct with increasing
frequency. A good overall efficiency is observed near the maximum layer thickness of extensive green roofs,
which is between 15 and 20 cm. Since the substrate thickness of an intensive green roof usually exceeds 20 cm,
its behaviour does not change when further increasing layer thickness. Low frequencies are hardly affected by
the presence of either an extensive or intensive green roof.

Appendix A. Discretised FDTD equations

The staggered-in-space, staggered-in-time FDTD equations used for the calculations in this study are
presented here. In a staggered spatial grid, the acoustic pressures are typically situated in the centre of each
computational cell, the components of the particle velocity are on the faces that border each cell. The acoustic
pressures are updated at the full time steps, while the particle velocities are updated at the intermediate times.

This leads to the following notations in a two-dimensional simulation space: pl dt
ði dx;j dyÞ, v

ðlþ0:5Þ dt
xðði�0:5Þ dx;j dyÞ, and

v
ðlþ0:5Þ dt
y i dx;ðj�0:5Þ dyð Þ

, where dx and dy are the spatial discretisation steps, and dt is the time-discretisation step.

Indices i and j locate the spatial points, the index l the discrete times. Indices of spatial and temporal grid
points are indicated as subscripts and superscripts, respectively.

The discretised FDTD sound propagation equations in free air then become:

v
ðlþ0:5Þ dt
xððiþ0:5Þ dx;j dyÞ ¼ v

ðl�0:5Þ dt
xððiþ0:5Þ dx;j dyÞ �

dt

r0 dx
pl dt
ððiþ1Þ dx;j dyÞ � pl dt

ði dx;j dyÞ

� �
, (A.1a)

v
ðlþ0:5Þ dt
yði dx;ðjþ0:5Þ dyÞ ¼ v

ðl�0:5Þ dt
yði dx;ðjþ0:5Þ dyÞ �

dt

r0dy
pl dt
ði dx;ðjþ1Þ dyÞ � pl dt

ði dx;j dyÞ

� �
, (A.1b)

p
ðlþ1Þ dt
ði dx;j dyÞ ¼ pl dt

ði dx;j dyÞ � r0c
2
0 dt

v
ðlþ0:5Þ dt
xððiþ0:5Þ dx;j dyÞ � v

ðlþ0:5Þ dt
xðði�0:5Þ dx;j dyÞ

dx
þ

v
ðlþ0:5Þ dt
yði dx;ðjþ0:5Þ dyÞ � v

ðlþ0:5Þ dt
yði dx;ðj�0:5Þ dyÞ

dy

 !
. (A.1c)

The particle velocities appearing at a rigid boundary must be fixed to zero:

vxððiþ0:5Þdx;j dyÞ ¼ 0, (A.2a)

vyði dx;ðjþ0:5Þ dyÞ ¼ 0. (A.2b)



ARTICLE IN PRESS
T. Van Renterghem, D. Botteldooren / Journal of Sound and Vibration 317 (2008) 781–799798
The particle velocities at the fac-ades are modelled as frequency-independent real-valued impedance planes.
For a left-hand side fac-ade, the discretised FDTD equation reads:

v
ðlþ0:5Þ dt
xððiþ0:5Þ dx;j dyÞ 1þ

dtc0Z0

dx

� �
¼ v
ðl�0:5Þ dt
xððiþ0:5Þ dx;j dyÞ 1�

dtc0Z0

dx

� �
�

2dt

r0 dx
pl dt
ððiþ1Þ dx;j dyÞ. (A.3a)

A similar equation can be derived for a right-hand side fac-ade:

v
ðlþ0:5Þ dt
xððiþ0:5Þ dx;j dyÞ 1þ

dtc0Z0

dx

� �
¼ v
ðl�0:5Þ dt
xððiþ0:5Þ dx;j dyÞ 1�

dtc0Z0

dx

� �
þ

2dt

r0dx
pl dt
ði dx;j dyÞ. (A.3b)

In Eqs. (A.3a) and (A.3b), Z0 is the normalised acoustic real-valued fac-ade impedance.
The discretised equations for sound propagation in the substrate are given below:

v
ðlþ0:5Þ dt
xððiþ0:5Þ dx;j dyÞ 1þ

0:5Rdtj
r0ks

� �
¼ v
ðl�0:5Þ dt
xððiþ0:5Þ dx;j dyÞ 1�

0:5Rdtj
r0ks

� �
�

jdt

ksr0 dx
pl dt
ððiþ1Þ dx;j dyÞ � pl dt

ði dx;j dyÞ

� �
, (A.4a)

v
ðlþ0:5Þ dt
yði dx;ðjþ0:5Þ dyÞ 1þ

0:5Rdtj
r0ks

� �
¼ v
ðl�0:5Þ dt
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� �
�

jdt

ksr0 dy
pl dt
ði dx;ðjþ1Þ dyÞ � pl dt
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� �
, (A.4b)

p
ðlþ1Þ dt
ði dx;j dyÞ ¼ pl dt

ði dx;j dyÞ �
r0c

2
0 dt

j

v
ðlþ0:5Þ dt
xððiþ0:5Þ dx;j dyÞ � v

ðlþ0:5Þ dt
xðði�0:5Þ dx;j dyÞ
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þ
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