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Traffic noise in big cities impacts the people who live and work in high-rise buildings alongside arterial
roads. To determine this impact magnitude, this paper proposes and validates a microscopic level method that
locally predicts the total noise level and the spectral characteristics of traffic flow in the near-road region. In the
proposed method, the vehicles on the road are considered as multiple queues of moving point sound sources with
ground reflection considered. To account for the flow of vehicles on the road, traffic field data, and individual
vehicle noise source models are also employed. A field measurement is conducted to validate the proposed
method. Results comparison shows that the predicted and the measured overall A-weighted sound pressure
level and A-weighted noise spectra are within 3 dBA and 5 dBA, respectively. Based on the validated method,
the spatial distribution of traffic noise near the arterial road is investigated for different traffic scenarios.
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1. Introduction

1.1. Background and motivations

In many big cities, arterial roads, and overhead
freeways have been constructed in the urban areas or
between the urban and suburban areas to meet the
cities’ transportation demands. Due to the high traffic
speed and volume, the noise generated by traffic flows
on such roads is much more important than that gen-
erated by traffic on secondary streets. In many densely
populated cities, it is common for high-rise buildings,
whether residential, educational, business or commer-
cial, to be built just by the overhead freeways or no
more than several hundred meters away from the arte-
rial roads. People who live or work in those buildings
experience daily traffic noise annoyance, which can be
harmful to their health (Lokhande et al., 2018; Bar-
rigón Morillas et al., 2022; Sanok et al., 2022).

To evaluate the traffic noise impact on existing or
planned infrastructures, a series of traffic noise predic-
tion methodologies have been established. Depending
on the scope and degree of detail of the researched
problem, these methods could be divided into three
categories. The first methodology is the deterministic
model. It relies on single vehicle noise emission model as
well as traffic speed and volume data (Nielsen et al.,
1996; Bendtsen, 1999; Kephalopoulos et al., 2012;
Directive EN, 2015; Lin et al., 2012; Peng et al.,
2019). Although the prediction range is limited, de-
tailed information, such as the third-octave spectra
and higher accuracy, is ensured. The second modeling
category, based on the noise map (Hinton et al., 2005;
Popp, 2003), extends the road traffic noise predic-
tion to city regions (Lee et al., 2008). By noise maps,
the traffic noise exposure of the population could be
estimated (Kaddoura et al., 2017; Lan et al., 2020;
Lokhande et al., 2017). However, for regional or even
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national scale noise exposure estimation, incomplete
data makes the noise map partially efficient. For such
a scale, the statistical model (Staab et al., 2022) based
on available data and linear land-use regression could
be employed.

In view of the traffic noise issue alongside arterial
roads in big cities, this paper targets to develop a traffic
noise prediction method at a microscopic level, which
is applicable to evaluating locally the impact of traf-
fic noise from a segment of the arterial road on people
living or working in nearby high rise buildings, and
provides detailed spectral features and noise level spa-
tial distributions. Under such circumstances, the width
of the noise source could vary from 25 m to over 60 m
depending on the road width, while the distance of the
observer in nearby buildings from the road is mostly
no more than 500 m, making the dimension of the
noise source non-negligible as compared to the range
of sound propagation.

The method proposed by this paper aims at pre-
dicting locally the traffic noise near a segment of big
roads with the multi-lane configuration of the arterial
road considered to avoid the linear source assumption
(Steele, 2001; Quartieri et al., 2009). On each lane,
the vehicles are modeled as a queue of moving point
sound sources in half space. The time-dependent sound
pressure field of each vehicle is derived by acoustic the-
ory considering the translational movement of the ve-
hicle and the reflection of the ground. At the receiver
point, the total sound pressure at a certain moment is
considered as the superposition of the sound pressure
fields of all the vehicles on the road. The noise intensity
of each vehicle as a point source follows the noise emis-
sion expression in (Lin et al., 2012) and the noise spec-
tral characteristics for different vehicle types follow the
work of Yang et al. (2020). The sound attenuation ef-
fect of trees by the road is also considered. Therefore,
the valid range of the method is in the vicinity of ar-
terial roads where the road width makes simple line
source assumption less suitable. The 1/3 octave sound
pressure level spectra could be predicted with different
lane configurations, vehicle speeds, and vehicle types.

1.2. Related work

In predicting traffic noise alongside roads, three ba-
sic elements are needed: 1) the noise source charac-
teristics: the noise level and spectral characteristics of
a single vehicle depending on vehicle speed and type;
2) traffic flow data: including traffic speed data and
traffic volume data; 3) the propagation module: the
noise emission model that estimates the noise inten-
sity at a certain distance away from the vehicle. Many
researchers worked on these elements and have laid
a well-established foundation for reference.

To obtain the noise source characteristics of a single
vehicle, field tests have been conducted with different

vehicle types, speeds, accelerations, and road surface
status. By collecting noise measurement results near
the roads in the Nordic countries, the Nordic Predic-
tion method (Nielsen et al., 1996; Bendtsen, 1999)
established the noise emission curves as a function of
vehicle speed for light and heavy vehicles. Lin et al.
(2012) measured the noise data of light, medium. and
heavy vehicles at a traffic intersection and established
the relationship of the sound pressure level of a sin-
gle vehicle as a function of speed and acceleration at
a reference location of 7.5 m from the first lane. In the
report of Common Noise Assessment Methods in Eu-
rope (CNOSSOS-EU) (Kephalopoulos et al., 2012;
Directive EN, 2015), the influence of frequency and
noise source type was introduced to the source emis-
sion module. For instance, the vehicle noise is decom-
posed into rolling noise and propulsion noise. Their
dependencies on vehicle speed and frequency were pro-
vided, respectively. To obtain detailed spectral noise
characteristics, Luo et al. (2013) and Yang et al.
(2020) collected and classified the 1/3 octave noise spec-
tral energy contribution of single vehicles based on ve-
hicle type and speed, which allows the prediction of
the traffic noise spectrum.

Another aspect of traffic noise prediction is to re-
late the noise emitted by the traffic flow with the
receiver at a certain point. A variety of models have
been established by researchers from different coun-
tries. For example, see the FHWA (Barry, Reagan,
1978), the CoRTN (CoRTN, 1975), the RLS 90 (RLS,
1990), the Nord2000 (Nielsen et al., 1996; Bendt-
sen, 1999), the NMPB-Route-2008 (Dutilleux et al.,
2010), and the CNOSSOS-EU (Kephalopoulos
et al., 2012; Directive EN, 2015; Khan et al., 2021).
In these models, the propagation module adopts the
energy type equation or the ray tracing theory to cal-
culate the sound attenuation caused by geometrical di-
vergence during the propagation. Influences of the ab-
sorption of air, the effect of obstacles, the reflection of
the ground, etc., are also implemented in the models.
By using these emission models, the equivalent sound
pressure level of traffic flow could be estimated. For
instance, Stoilova and Stoilov (1998) applied this
kind of model to study noise pollution control by traf-
fic lights. In (Yang et al., 2020) the noise spectrum
of the traffic flow was calculated based on a localized
noise emission model.

2. Methodology

This section describes the formulation of the pro-
posed method from a single vehicle to the traffic flow
on the road.

2.1. Acoustic field of a single vehicle on the road

The basic hypothesis in the current formulation is
that the vehicle could be regarded as a point sound
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source or acoustic monopole. This means that the di-
rectivity of the vehicle noise is dropped in the first
place. However, unlike aircraft, the vehicle does not
operate in free space but on the road and moves along
a certain direction with variable speed. Therefore, the
reflection effect of the ground and the moving effect
of the vehicle on sound propagation should not be ne-
glected.

With the above considerations, the vehicle on the
road is modeled as a moving point sound source in half-
space. Figure 1a sketches the geometric configuration
of the observation point (Xo, Yo, Zo, t) and the i-th ve-
hicle (in red) on the road (Xi, Yi, Zi, t) at time t. The
formulation starts from the three-dimensional sound
pressure field expression of a static point source at fre-
quency f . At time t the acoustic pressure at the obser-
vation point is (Smith III, 2010)

ps(Xo, Yo, Zo, t) =
pa
rio
ei(2πft−krio), (1)

where pa represents the acoustic pressure amplitude
of the point sound source, f and k are the frequency
and the wavenumber of the sound wave, and rio is the
distance between the sound source and the observation
point. In Eq. (1), the pressure variable whose ampli-
tude is proportional to 1/r with propagation distance
(Smith III, 2010) is used instead of the acoustic inten-
sity, which follows the inverse square law in order to
consider the phase difference when superimposing the
contribution of all the vehicles on the road in Eq. (3).

The moving effect means that the measurement of
acoustic pressure at the observation point at the mo-
ment t does not come directly from the vehicle’s cur-
rent position at t (red vehicle in Fig. 1a) but from
a certain moment prior to t at the position of (Xi−Viτ ,
Yi, Zi, t − τ) (upward pink vehicle in Fig. 1a). This
difference in time is called the retarded time τ or de-
lay. To estimate it, the simplified sketch in Fig. 1b
should be referred to. The first step is to calculate the

a) b)

Fig. 1. Schematic representation of the formulation: a) geometry configuration; b) simplified sketch.

orientation angle θ. According to the dot product of
vector

ÐÐ⇀
A′A and

Ð⇀
AO, the orientation angle is

θ = arccos

⎛
⎜
⎜
⎝

ÐÐ⇀
A′Ag

Ð⇀
AO

∣
ÐÐ⇀
A′A∣ ∣

Ð⇀
AO∣

⎞
⎟
⎟
⎠

, (2)

where
Ð⇀
AO is the vector from the vehicle’s current po-

sition to the observation point at time t.
ÐÐ⇀
A′A is the dis-

tance traveled by the i-th vehicle during the retarded
time. In Eq. (2), since the retarded time τ is unknown,
the direction of the vector A′A is sufficient for the cal-
culation.

After obtaining the orientation angle θ, it is possi-
ble to derive the retarded time τ . During the retarded

time, the vehicle has traveled a distance of ∣
ÐÐ⇀
A′A∣ = Viτ

if its speed was assumed constant during that period.
Let us take the triangle ∆OAA′, the cosine theorem
says:

(c0τ)
2
= (Viτ)

2
+ ∣
Ð⇀
OA∣

2

− 2 (Viτ) ∣
Ð⇀
OA∣ cos(θ), (3)

where c0 is the speed of sound and Vi is the speed of
the i-th vehicle. By solving this second degree equa-
tion, the retarded time τ is obtained so that the exact
position of the i-th vehicle at time t − τ is derived as
A′ = (Xi − Viτ, Yi, Zi, t − τ).

The ground effect means that the sound traveling
downwards z-direction is reflected by the road surface.
This effect is treated by adding an image point source
beneath the road (Hudson, 2008; McLaughlin et al.,
2008), as shown in Fig. 1b by an upside-down pink ve-
hicle. Mathematically, the position of the image point
source is A′′ = (Xi − Viτ, Yi,−Zi, t − τ). The strength
of the image source varies with different types of road
surface due to different sound reflection and absorption
coefficients.

With the moving point sound source and the
ground effect, the acoustic pressure of frequency f at
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the observation point at time t caused by the i-th vehi-
cle is the sum of the two point sources located at A′ =
(Xi−Viτ, Yi, Zi, t−τ) and A′′ = (Xi−Viτ, Yi,−Zi, t−τ).

pio(XoYoZot) =
pia
R2

ei(2πf(t−τ)−kR2)

+
Cg(f)p

i
a

R3
ei(2πf(t−τ)−kR3), (4)

where R2 = ∣OA′∣ is the distance between the i-th ve-
hicle at the moment of sound emission t − τ and the
observer point, and R3 = ∣OA′′∣ is the distance be-
tween the image of the i-th vehicle and the observer
point. The coefficient Cg(f) stands for the frequency-
dependent reflection coefficient of the ground surface.
In the current paper, it is set according to the mea-
sured absorption coefficients of asphalt pavements in
the work of Knabben et al. (2016) and Li et al. (2014).
Detailed values of the reflection coefficient are listed in
Appendix A.

2.2. Vehicle noise source characteristics

Subsection 2.1 derived a formulation that could cal-
culate the acoustic pressure field of a single moving
vehicle on the road. However, in Eq. (4), the acous-
tic pressure amplitude pa is dependent on the strength
of the sound source. The dependence of this variable
on vehicle type, speed and frequency requires the sup-
port of field data. In this paper, we are not engaged
in collecting vehicle noise source characteristics but in
using the source model of Lin et al. (2012) and the
single vehicle noise spectral characteristics in the work
of Yang et al. (2020). A brief introduction and the
use of the employed models are presented herein for
completeness.

According to Lin et al. (2012), the sound pressure
level of a vehicle at the reference location 7.5 m away
from the first lane and 1.2 m in height is dependent on
its speed and vehicle type by:

light vehicle: L = 27.96 + 24.91 log 10(V ),

medium vehicle: L = 28.36 + 29.73 log 10(V ),

heavy vehicle: L = 31.77 + 29.70 log 10(V ),

(5)

where V is the speed of the vehicle in km/h. Lin et al.
(2012) expression establishes the relationship between
vehicle noise pressure level and vehicle speed based on ve-
hicle type. It means that the acoustic pressure ampli-
tude could be written as pia(Typei, Vi). However, Lin’s
expression (Lin et al., 2012) is only valid for the over-
all sound pressure level that does not contain spectral
energy distribution.

In (Yang et al., 2020) detailed noise spectral en-
ergy distribution at 1/3 octave frequencies from 12.5 Hz
to 20 kHz is provided for four types of vehicles: light
vehicle, medium vehicle, heavy vehicle, and bus. Since

the vehicle speed also influences the spectral energy
distribution, Yang et al. (2020) have also provided the
noise spectral energy distribution at different velocity
intervals. By collecting the spectral information the
authors of this paper have established a database for
four vehicle types and five vehicle speed intervals at
28 1/3 octave frequency bands. Detailed spectral distri-
butions can be found in Appendix B.

To combine the model of Lin et al. (2012) and the
data of Yang et al. (2020), the acoustic pressure am-
plitude pa at frequency fk for a certain type of ve-
hicle at velocity Vi is the multiplication of the sound
pressure (converted from sound pressure level) from
Eq. (5) and the spectral energy distribution at fre-
quency fk. Finally, the acoustic pressure amplitude in
Eq. (4) is dependent on vehicle type, speed and fre-
quency pia(Typei, Vi, fk). It should be pointed out that
although the field data in the literature was acquired
by experimental measurements, the absolute ampli-
tude of pia(Typei, Vi, fk) still needs to be calibrated
for realistic application. This is because the exact val-
ues of the first terms in Eq. (5) (Lin’s expression (Lin
et al., 2012)) depend on the reference location of the
measurement.

2.3. Prediction of traffic flow noise on the road

With the formulation of the acoustic field of a single
vehicle and the vehicle noise feature database, it is pos-
sible to evaluate the total noise spectrum of the whole
traffic flow on the road. At a given observation point
position and time (Xo, Yo, Zo, t), the total acoustic
pressure ptotal at one of the 1/3 octave frequency bands
fk is the sum of the contribution of each vehicle on the
road:

ptotal(Xo, Yo, Zo, t, fk) =

∑
i

(
pia(Typei, Vi, fk)

R2
ei(2πfk(t−τ)−kR2)

+
Cgp

i
a(Typei, Vi, fk)

R3
ei(2πfk(t−τ)−kR3)), (6)

where i represents the i-th vehicle on the road, and
k is the k-th 1/3 octave frequency band. To obtain
the noise spectrum at the observation point, the total
acoustic pressure ptotal at every 1/3 octave frequency
band should be calculated following Eq. (6).

To derive the sound pressure level spectra, the
sound pressure level at each frequency band SPL(fk)
is calculated first with the A-weighting factor. Then,
considering that vegetation by the side of the arte-
rial roads could attenuate sound that passes, sound at-
tenuation through trees should be accounted for when
calculating the sound pressure level spectra in the far
field (Van Renterghem et al., 2012). Figure 2 shows
a schematic configuration when calculating the sound
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Fig. 2. Schematic configuration for sound attenuation cal-
culation by vegetation.

attenuation by vegetation on a certain cross-section
plane of the road. The origin of the cross-section plane
is placed on the road’s centerline, where the noise
source location is assumed. For the observer points in
the dashed line region, the attenuation of the trees is
accounted for because the trees would block the sound
propagating directly from the source to the observers,
such as the far-field observer point C in the figu-
re. However, for far-field observer point B and near-
field observer point A, the sound attenuation by the
vegetation needs not to be counted. Detailed sound at-
tenuation values employ those in (Price et al., 1988),
as listed in Appendix C.

2.4. Comments on the proposed traffic noise
prediction method

The proposed traffic noise prediction method is based
on the acoustic pressure field of moving point sources
in half-space and the field data of vehicle noise from the
literature, as explained in Subsecs. 2.1 and 2.2. These
two elements are independent of the traffic flow status
because they deal only with one vehicle. However, the
traffic flow on arterial roads contains hundreds to thou-
sands of vehicles. The summation in Eq. (6) is math-
ematically rigid but not easy to be applied in real cir-
cumstances since it demands the time-dependent posi-
tion and velocity of every vehicle on the road.

In real circumstances, traffic noise from arterial
roads is more important at rush hours during the day
because of the very high traffic volume. During rush
hours, the traffic volume is not only high, but also
steady and uniform. This means that all the vehi-
cles on the road are driven at a relatively high and
steady speed, and the gaps between vehicles are nearly
uniform. Under this condition, the lane-wise time-
averaged vehicle speed and volume could be a good
approximation of the realistic traffic scenarios. As it
could represent the main feature of the traffic flow on
the road and it does not demand every detail of the
traffic flow. Therefore, to apply the proposed method
to realistic traffic noise prediction problems, we could
first obtain lane-wise traffic data by field measure-
ments during rush hours. Then establish numerically
an equivalent traffic flow calculated from the lane-wise
measurement data. With the equivalent traffic flow es-

tablished, the position and the velocity of each vehicle
in the traffic flow could be derived so that the formu-
lation in Subsecs. 2.1, 2.2, and 2.3 could be applied to
calculate the noise spectra from the whole segment of
the road at a certain observation point.

3. Calibration and validation

In order to validate the proposed method, a field
measurement is conducted, obtaining four groups of
traffic flow and roadside noise data. The logic be-
hind is to use one group of the data to calibrate the
absolute value of the acoustic pressure amplitude
pia(Typei, Vi, fk) in Eq. (6) and use the other three
groups for validation.

3.1. Test site

The test site is chosen to be a segment of Jingshi
Road, Jinan, China. It is a two-way 14-lane arterial
road that is the most important road in Jinan city.
Near Jingshi Road, three residential districts, business
buildings, hotels, and hospitals are located. During
rush hours, due to the very high traffic flow volume,
the traffic noise is very explicit and impacts the people
who live and work in the buildings by the road.

As shown in Fig. 3a, the length of the tested road
segment is about 1.2 km. The observation points are

a)

b)

Fig. 3. Spatial configuration of the test site: a) overall ge-
ometry of the tested road segment; b) lane definition of the

tested road segment.
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chosen to be near the middle of the tested segment
to make sure that the vehicles’ speeds passing the ob-
servation points reached a quasi-steady state. A flyover
bridge is located near the observation points where the
video of the traffic flow is taken. The road has 14 lanes
and 2 green areas. The width of each lane is 3.75 m and
that of the green area is approximately 8 m. On both
sides of the road, there are two belts of barrier trees.
These barrier trees, consisting of a mixture of poplar
(Populus simonii), cypress, and Chinese holly (Ilex cor-
nuta), are 40 m away from the road’s centerline and
have a width of 24 m and a height of about 20 m. The
total road width is 68.5 m including the automotive
lanes only, and 128 m including the pedestrian lanes
and barrier trees. The road direction is chosen to be
along the x-direction in the formulation. The origin is
at the west end of the road segment. The road width
direction is the y-direction, originating at the road’s
centerline. The lane is numbered from south to north,
as shown in Fig. 3b.

The test was conducted on May 30th, 2021, during
rush hour from 5:30 pm to 6 pm (sunny, local tempera-
ture 25○ (Hourly Historical Weather Data [OL])). Four
groups of traffic flow and roadside noise data were col-
lected. For group #1 and group #2, the noise mea-
surement was conducted at point 1 (710 m, −36 m,
1.6 m), which is 1.75 m to the southern edge of lane
#1 and at the height of 1.6 m, as shown in Fig. 3a.
For group #3 and group #4, the observation location
was on the other side of the road at point 2 (710 m,
36 m, 1.6 m), as shown in Fig. 3a. The sound pressure
levels at 1/3 octave frequencies were recorded at the
observation points.

Table 1. Lane-wise traffic flow data of group #1, group #2, group #3, group #4 (separated by slash sign).

Group #1/Group#2/Group #3/Group #4

Lane
Traffic volume [veh/h]

Lane speed [km/h] Lane gap [m]
Light vehicle Medium vehicle Bus

#1 90/90/90/90 0/0/0/0 0/0/0/0 27/20/20/20 300/222.2/222.2/222.2
#2 720/810/810/810 0/0/90/0 90/0/270/90 36/36/36/32 44.44/44.44/30.77/35.56
#3 900/810/540/1260 0/0/0/0 90/0/90/0 48/52/52/52 48.48/64.20/82.54/41.27
#4 1350/990/1350/1170 0/90/0/0 0/90/0/0 54/56/56/52 40.00/47.86/41.48/44.44
#5 1350/1530/1710/1440 0/0/0/0 0/0/0/0 54/56/56/56 40.00/36.60/32.75/38.89
#6 990/1170/1350/1530 90/0/0/0 0/0/0/0 54/56/56/56 50.00/47.86/41.48/36.60
#7 990/720/720/1080 0/0/0/0 0/0/0/0 60/54/54/60 60.61/75.00/75.00/55.56
#8 990/1260/900/1350 0/0/0/0 0/0/0/0 58/58/60/62 58.59/46.03/66.67/45.93
#9 1260/1170/1530/1080 0/0/0/0 0/0/0/0 52/54/56/54 41.27/46.15/36.60/50.00
#10 900/1080/1530/1350 90/0/0/0 0/90/0/0 52/58/54/54 52.53/49.57/35.29/40.00
#11 1530/1080/990/1350 0/90/0/0 0/0/90/180 58/54/54/51 37.91/46.15/50.00/33.33
#12 360/360/1080/720 0/0/0/0 0/450/90/90 50/48/52/50 138.9/59.26/44.44/61.73
#13 720/1080/720/810 0/0/0/0 180/90/90/90 40/42/48/48 44.44/35.90/59.26/53.33
#14 0/0/0/0 0/0/0/0 0/0/90/0 0/0/45/0 –/–/500/–
Total 12690/13050/14130/14490

3.2. Lane-wise average traffic flow volume and speed

The traffic volume on the tested road segment is
wavy in time due to the traffic lights being located
at the two ends (Fig. 3a). In reality, the traffic noise is
crucial only when the traffic volume is high. Therefore,
we choose to record the noise and flow data only when
the traffic flow volume is high and steady. This corre-
sponds to a duration of about 40 s for each group of
measurement where the green lights are on (the green
cycle is 120 s) and the vehicles passing the observation
points reach relatively high and steady speeds. By an-
alyzing the videos of the traffic flow, the traffic volume
and average speed on each of the 14 lanes could be
derived. Detailed traffic flow data are listed in Table 1.

In the measured traffic flow data, group #1 and
group #2, focusing on the traffic from west to east,
have comparable traffic volumes of 12690 veh/h and
13050 veh/h. Group #3 and group #4, focusing on
the other direction, have comparable traffic volumes
of 14130 veh/h and 14490 veh/h. The aforementioned
traffic volumes are the total volume of both directions,
and the difference is due to the measurement time,
where the first two groups were measured between
5:30 pm to 5:45 pm and the last two groups were mea-
sured between 5:45 pm to 6 pm. As for vehicle type,
most vehicles moving on the road during this period of
time are light vehicles and buses. No heavy trucks were
found. In terms of the lane-wise data, traffic volume is
high in middle lanes (#4, #5, #6 and #9, #10, #11)
for both directions and the speed is high in the fast
lanes (#7 and #8). For the lanes near the roadside
(#1 and #14), the traffic volumes and speeds are
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very low. This phenomenon has two reasons. The first
reason is that during rush hours, these two lanes are
reserved only for buses and other vehicles are allowed
to use them only for taking turns. The other reason is
that electric and traditional motorcycles on the road
nearly block the side lanes at rush hour, so buses can
only take the lanes next to the side lanes.

3.3. Equivalent traffic flow

Based on the time-averaged lane-wise traffic flow
data in Table 1, the equivalent steady traffic flow could
be established numerically. In this equivalent traffic
flow, vehicles on the same lane have identical speed
and vehicle gap. The total number of vehicles depends
on the traffic volume values. The type of vehicle also
depends on the lane-wise percentage.

As mentioned above, each vehicle is regarded as
a moving point sound source in half space. The vehi-
cles are set to be moving at constant speed along the
centerline of each lane. The z-coordinates of the sound
source of vehicles depend on its type. For light, me-
dium, and heavy vehicles and buses, the heights of the
point sound sources are set to z = 0.5 m, 0.7 m, 1.0 m,
and 1.0 m, respectively. A simple geometric configura-
tion of vehicles on the road and the observer in the far
field is shown in Fig. 4. In accordance with the field
measurements, the duration of the equivalent traffic
flow in the predictions is also set to 40 s.

3.4. Roadside traffic noise

The roadside traffic noise was measured simultane-
ously with the traffic flow. By averaging the measured
noise data, the time-averaged noise spectra and the
overall sound pressure levels could be derived for each
group of measurement. As previously pointed out, the
data of group #1 is used to calibrate the method and
the other three groups’ data are used for validation.

3.4.1. Calibration of the formulation

Since the observer-to-road distances are different
in Lin’s equations (Lin et al., 2012) and in the cur-
rent measurement, the constant values need to be cal-
ibrated. By shifting the constant values in Eq. (5)

x-coordinate [m]

y-
co
or
di
na
te
[m
]

Fig. 4. Geometric configuration of the vehicles on the road and the observer point (each * represents one vehicle).

by −1.94 dB, the measured and predicted traffic noise
spectra are shown in Fig. 5. It can be seen in the figure
that the predicted spectrum approximates the measu-
red one within an error band of 3 dB between 400–
6000 Hz where the sound pressure level is high. The
error band in the measurements is 3 dB, because dur-
ing the field measurement, randomly-occurred noise
sources such as motorcycles, walking-by pedestrians
and wind would alter the sound levels at the ob-
servation points and thus influencing the consistency
of the measurement results. The A-weighted overall
sound pressure level calculated from the prediction
is 67.3 dBA, while the measured value is 67.7 dBA.
Therefore, it is believed that under this parameter set-
ting, the prediction is close enough to the measure-
ment where the shifting value in Eq. (5) is −1.94 dB.
These parameters are fixed and are employed to check
whether the predictions by the proposed method could
well approximate the other field measurements.

Frequency [Hz]
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Prediction group #1
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Fig. 5. Comparison of measured and predicted traffic noise
spectrum for group #1 (error band for the measurement

is 3 dB).

3.4.2. Validation of the method

With the calibrated formulation and the measured
traffic flow data of group #2, group #3, and group #4,
the noise generated by the traffic flow could be esti-
mated and compared with the measured noise. Figure 6
compares the measured and predicted noise spectra.
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a)

b)

c)

Fig. 6. Comparison of measured and predicted traffic noise
spectrum for: a) group #2; b) group #3; c) group #4

(error band for the measurement is 3 dB).

For group #2 in Fig. 6a, the predicted spectrum
approximates the measurement quite well. At some
1/3 frequency bands from 100 Hz to 6000 Hz, the dif-
ferences in sound pressure level exceed the error band
of 3 dB but are mostly less than 5 dB. For group #3
and group #4, where the noise measurement point is
on the other side of the road, the predicted spectra
seem to be even closer to the measurements than the
calibration group. Especially for group #3, the differ-

ences in sound pressure level from 50 Hz to 6000 Hz
are mostly within the error band of 3 dB.

In terms of the overall sound pressure level, the
predicted values are 67.3 dBA, 68.0 dBA, 68.0 dBA,
and 67.7 dBA for group #1, group #2, group #3, and
group #4, while the measured values are 67.7 dBA,
65.0 dBA, 66.5 dBA, and 65.3 dBA. The differences in
the overall sound pressure level are −0. dB, 3.0 dB,
1.5 dB, and 2.4 dB, respectively. The four groups’ over-
all sound pressure level differences are less than 3 dB.

Table 2. Comparison of the overall sound pressure level.

Purpose Calibration Validation
Group number #1 #2 #3 #4
Measurement 67.7 dBA 65.0 dBA 66.5 dBA 65.3 dBA
Prediction 67.3 dBA 68.0 dBA 68.0 dBA 67.7 dBA

SPL difference −0.4 dB 3.0 dB 1.5 dB 2.4 dB

4. Prediction of roadside noise
in different scenarios

In Sec. 3, the proposed traffic noise prediction
method was calibrated and validated by field measure-
ments. The predicted and the measured overall sound
pressure levels and spectra show good coherence. On
this basis, we intend to investigate the influence of traf-
fic noise on people who live and work alongside arterial
roads. This means more attention will be paid to the
sound field distribution in the far field.

Of all the traffic scenarios, two are considered an
obvious annoyance. The first one is during rush hours,
when the impact of traffic noise is quite severe due to
the high traffic volume on the road. Then it is interest-
ing to know how the traffic noise evolves with traffic
volume and vehicle average speed. The second scenario
is near midnight when people are about to fall asleep.
During this period of time, there are frequently fully-
loaded heavy-duty trucks running on the road because
trucks are not allowed to enter the urban area during
daytime due to local traffic regulations. Since the traf-
fic volume is low during that period, these heavy trucks
tend to be driven at very elevated speeds generating
high-level noise.

Therefore, this section intends to employ the previ-
ously established method to study the far-field traffic
noise of the above two scenarios.

4.1. Roadside noise distribution during rush hours

In Subsec. 3.4.2, since the predicted and the mea-
sured spectra are the closest for group #3 (Fig. 6b)
among group #2, group #3, and group #4, we em-
ploy the equivalent traffic flow established from the
data of this group to represent the traffic flow dur-
ing rush hours. Near the middle of the road segment
(x = 710 m), a cross-section observation plane is set up,



M. Li, J. Liu – A Microscopic Prediction Model for Traffic Noise in Adjacent Regions. . . 441

y-coordinate [m]

z-
co
or
di
na
te
[m
]

Fig. 7. Overall time-averaged A-weighted sound pressure level on cross-section observation plane (grid size 20× 20 m).

which is 600 m in width (y-direction) and 200 m in
height (z-direction).

With the equivalent traffic flow and the pro-
posed traffic noise prediction method, the overall time-
averaged A-weighted sound pressure level on the obser-
vation plane is calculated (Fig. 7). From the predicted
results, it can be seen that traffic noise at rush hours
on the tested road is quite strong. In the region be-
tween the two tree belts and within 100 m from the
road centerline, the maximum overall sound pressure
level could reach as high as 74.3 dBA, and the mini-
mum value is no less than 65 dBA. The far-field noise
level distribution has a sort of directivity due to the
attenuation of the trees on both sides of the road. In
the region “behind” the trees, the noise pressure level
is reduced significantly.

To provide a detailed evolution of noise level with
distance, the overall time-averaged A-weighted sound
pressure level as a function of distance away from the
road centerline is drawn in Fig. 8 along the directions of
the arrows in Fig. 7. The angles between the arrow and
positive y-axis for line A, line B, and line C are 45○,
18.43○, and 9.46○, respectively. It can be noted that
the traffic noise level decreases with distance. Starting
from 50 m, for the direction of line B and line C, due to
the attenuation of the trees, the overall sound pressure
levels are 2–3 dB lower than that along line A.
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Fig. 8. Overall time-averaged A-weighted sound pressure
level as a function of distance from the road centerline.

Figure 9 plots the predicted noise spectrum at a far-
field observation point of (450, 350, and 100 m). This
far-field point represent the location of the windows of
the nearest high-rise residential buildings by the road.
It can be seen that the sound pressure level exceeds
40.0 dBA during rush hours for a frequency range be-
tween 630 Hz to 2500 Hz. The overall predicted sound
pressure level at this point is 53.2 dBA.
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Fig. 9. Noise spectrum at far-field observation point
(450, 350, and 100 m).

4.2. Traffic noise evolution with traffic volume

Besides rush hours, it is also interesting to know the
traffic noise evolution when the traffic volume varies.
In this section, we are going to test different traffic
volumes. The equivalent traffic flow is also based on the
data of group #3. The total traffic volume on the road
is set to be 7065 veh/h, 10598 veh/h, 14130 veh/h, and
17663 veh/h, corresponding to 50%, 75%, 100%, 125%
of that in group #3.

Figure 10 shows the predicted overall time-avera-
ged A-weighted sound pressure level on the cross-sec-
tion observation plane at x = 710 m for the traffic vol-
ume of 7065 veh/h, 10598 veh/h, and 17663 veh/h (the
14130 veh/h case is shown in Fig. 7). As the traffic vol-
ume increases, the maximum A-weighted overall sound
pressure level near the road increases from 70.1 dBA
to 73.5 dBA to 74.3 dBA and to 75.0 dBA.
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Fig. 10. Overall time-averaged A-weighted sound pressure level on cross-section observation plane at x = 710 m:
a) 7065 veh/h; b) 10598 veh/h; c) 17663 veh/h (grid size 20× 20 m).

Figure 11 compares the spatial evolution of the
overall A-weighted sound pressure level at different
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  7065 veh/h (50% traffic volume of group #3) 
10598 veh/h (75% traffic volume of group #3) 
14130 veh/h (100% traffic volume of group #3) 
17663 veh/h (125% traffic volume of group #3)

Fig. 11. Overall time-averaged A-weighted sound pressure
level as a function of distance from the road centerline

(along line B in Fig. 7) at different traffic volumes.

traffic volumes along line B in Fig. 7. From a traf-
fic volume of 7065 veh/h, each increase of 3533 veh/h
would bring an increase in the overall sound pressure
level of about 1.8 dB, 1.3 dB, and 1.0 dB, respectively.

4.3. Traffic noise evolution with vehicle speed

In this section, the influence of the average vehicle
speed on traffic noise is tested. To make a comparison,
the lane-wise average vehicle speeds in group #3 are
multiplied by a ratio of 0.75, 1, and 1.25, making an
average speed of 37.45, 49.93, and 62.41 km/h.

Figure 12 shows the predicted overall time-
averaged A-weighted sound pressure level on the cross-
section observation plane at x = 710 m for the average
speed of 37.45 km/h and 62.41 km/h (the 49.93 km/h
case is shown in Fig. 7). It can be seen that with higher
average vehicle speed, the traffic noise level becomes
higher. The maximum A-weighted overall sound pres-
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Fig. 12. Overall time-averaged A-weighted sound pressure level on cross-section observation plane at x = 710 m:
a) 37.45 km/h; b) 62.41 km/h (grid size 20× 20 m).

sure level near the road increases from 72.0 dBA to
74.3 dBA and to 77.5 dBA with increasing speed.

To quantify the influence of traffic flow speed, the
spatial evolution of the overall A-weighted sound pres-
sure level at different average vehicle speeds are com-
pared in Fig. 13. The mean difference in decibel be-
tween the 37.45 km/h case and the 49.93 km/h case is
1.7 dB and that between the 50.31 km/h case and the
62.41 km/h case is 2.2 dB.
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37.45 km/h (75% average speed of group #3)
49.93 km/h (100% average speed of group #3)
62.41 km/h (125% average speed of group #3)

Fig. 13. Overall time-averaged A-weighted sound pressure
level as a function of distance from the road centerline at

different vehicle speeds.

4.4. Traffic noise from heavy trucks

Finally, the midnight scenario dominated by heavy-
duty trucks’ noise is studied. We name this case

group #5. During mid-night on Jingshi Road, except
for heavy trucks, there are still occasionally light ve-
hicles, but medium vehicles and buses are rare. Since
the traffic volume is low, the vehicles on the road tend
to be driven at full speeds. The speed limit on Jing-
shi Road is 80 km/h and the speed limit for trucks
is 50 km/h within urban areas. Based on these con-
siderations, the traffic flow for group #5 is presented
in Table 3. In this case, heavy trucks having a lane-
wise volume of 360 veh/h exist on lane #2, #3, #4,
#11, #12, and #13 at the limit speed of 50 km/h. On
the other lanes of the road exists a certain number of
light vehicles at 80 km/h. The total traffic volume is
3420 veh/h for both directions.

Figure 14 plots the predicted overall time-averaged
A-weighted sound pressure level distribution on the
cross-section observation plane at x = 710 m. Compa-
red with previously tested cases, the truck-dominated
case is as ‘noisy’ as the group #3 case in Fig. 7. In the
region near the road, the maximum A-weighted over-
all sound pressure level for group #5 is 73.5 dBA and
that of group #3 is 74.3 dBA.

Since the noise characteristics depend on vehicle
type, the noise spectral feature could be different even
with the same value of sound pressure level. Figure 15
compares the spectra of the two cases. It is observed
that for the truck-dominated case, the contribution
at low frequencies is more important. Between 100 Hz
and 200 Hz, the noise level emitted by trucks is 5 dB
higher than for a mixed type of vehicles. The over-
all A-weighted sound pressure level for group #5 is
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Table 3. Lane-wise traffic flow data of group #5.

Group #5

Lane number
Traffic volume [veh/h]

Lane speed [km/h] Lane gap [m]
Light vehicle Medium vehicle Heavy vehicle Bus

#1 90 0 0 0 30 333.33
#2 0 0 360 0 50 138.89
#3 0 0 360 0 50 138.89
#4 0 0 360 0 50 138.89
#5 180 0 0 0 80 444.44
#6 180 0 0 0 80 444.44
#7 180 0 0 0 80 444.44
#8 180 0 0 0 80 444.44
#9 180 0 0 0 80 444.44
#10 180 0 0 0 80 444.44
#11 0 0 360 0 50 138.89
#12 0 0 360 0 50 138.89
#13 0 0 360 0 50 138.89
#14 90 0 0 0 30 333.33

3420 (total)
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Fig. 14. Overall time-averaged A-weighted sound pressure level on cross-section observation plane at x = 710 m
for the heavy truck-dominated case (grid size 20× 20 m).
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Fig. 15. Noise spectra at far-field observation point (450 m,
350 m, 100 m) for the truck-dominated case and that of

group #3 case.

52.9 dBA, while that of group #3 at the same obser-
vation point is 53.2 dBA.

5. Conclusions

Focusing on the influence of traffic noise from arte-
rial roads on people in nearby high-rise buildings, this
paper proposes and validates a microscopic-level noise
prediction method that could estimate the spatial dis-
tribution and spectral characteristics of traffic noise in
the vicinity of multi-lane arterial roads.

In the prediction method, the sound pressure field
for each vehicle could account for the motion of the ve-
hicle and the reflection effect of the ground. With lane-
wise field data as input, an equivalent traffic flow
could be established to model the road as a multiple-
lane noise source. Accompanied by the noise source
model and spectral characteristics in the literature, the
method is able to evaluate the spectral and total sound
pressure level at a certain observer point by superim-
posing the individual contribution of all the vehicles
on the road. The proposed method is only applicable
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to noise issues near city arterial roads where the linear
source assumption of the traffic flow does not hold.

To validate the proposed method, a field measure-
ment on a segment of Jingshi Road, Jinan, China, was
conducted, obtaining four groups of traffic flow and
noise data. The data of group #1 was employed to cali-
brate the formulation, whereas the other three groups
were used for validation. The validation shows that, af-
ter calibration, the predicted overall sound pressure le-
vel could approximate the measured values by no more
than 3 dB and the predicted noise spectra are within
an error band of less than 5 dB for the frequency range
between 500 Hz to 6000 Hz.

Based on the validated method, the roadside noise
of some scenarios was studied. First, the traffic noise
during rush hours was investigated. Prediction re-
sults show that the overall sound pressure level of
the traffic flow during rush hours is over 60.0 dBA
within a distance of 100 m from the road centerline.
At a distance of 300 m, the noise level could still be
as high as over 55.0 dBA. Then the influence of traf-
fic volume and speed is investigated. The investigation
shows that from a total traffic volume of 7065 veh/h to
17663 veh/h, each increase of 3533 veh/h would cause
the overall sound pressure level to increase by 1.8 dB,
1.3 dB, and 1.0 dB, respectively. From an average traf-
fic speed of 37.45 km/h to 62.41 km/h, each increase
of 12.48 km/h would cause the overall sound pressure
level to increase by 1.7 dB and 2.2 dB.

At last, a heavy truck-dominated scenario was
studied. Prediction results show that at a total traf-
fic volume of 3420 veh/h, the heavy truck-dominated
scenario during the night could be as noisy as a total
traffic volume of 14130 veh/h for a mixture of vehi-
cles in the daytime. It was also found that the spec-
tral contribution in the low-frequency range of 100 Hz
and 200 Hz is more important for the heavy truck-
dominated case.

The current paper demonstrates that the proposed
method predicts traffic noise distribution near a seg-
ment of arterial road with a short-term quasi-steady
traffic flow with a reasonable accuracy. However, the
applicability and feasibility of the proposed method for
long-term dynamic scenarios with detailed traffic flow
data have not been investigated. Besides, some of the
details in the modeling could be further extended, in-
cluding the effect of sound attenuation of the ground
(compacted field, loose ground, soft forest floor, etc.)
and the effect of noise shielding of the vegetation belts
(Van Renterghem et al., 2012).
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Appendix A. Frequency-dependent road reflection coefficient

The reflection coefficient Cg(f) of the road employed in the model of the current paper takes the averaged values
of the measurement data by Li et al. (2014) and Knabben et al. (2016) for asphalt pavements.

Table 4. Reflection coefficient Cg(f) at 1/3 octave frequencies.

Frequency
[Hz]

Reflection coefficient Frequency
[Hz]

Reflection coefficient Frequency
[Hz]

Reflection coefficient

40 0.909 400 0.889 4000 0.689
50 0.908 500 0.883 5000 0.689
63 0.908 630 0.876 6300 0.689
80 0.907 800 0.867 8000 0.689
100 0.906 1000 0.856 10000 0.689
125 0.904 1250 0.842 12500 0.689
160 0.902 1600 0.822 16000 0.689
200 0.900 2000 0.800 20000 0.689
250 0.897 2500 0.772
315 0.894 3150 0.736

Appendix B. Vehicle spectral noise database

Based on the noise spectra provided by Yang et al. (2020) the authors of this paper have established a vehicle
noise database for four vehicle types and five vehicle speed intervals at 28 1/3 octave frequencies.

Table 5. Spectral energy contribution at 1/3 octave frequencies for light vehicle.

Velocity
[km/h]

40 Hz 50 Hz 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz 315 Hz

0 ∼ 18 0.001 0.005 0.007 0.014 0.019 0.022 0.025 0.045 0.048 0.055
18 ∼ 36 0.001 0.005 0.007 0.013 0.019 0.022 0.024 0.044 0.048 0.054
36 ∼ 54 0.001 0.005 0.007 0.012 0.018 0.021 0.023 0.043 0.047 0.053
54 ∼ 72 0.001 0.004 0.007 0.010 0.017 0.020 0.022 0.043 0.046 0.052
72 ∼ 90 0 0.001 0.001 0.001 0.002 0.002 0.005 0.011 0.02 0.013

Velocity
[km/h]

400 Hz 500 Hz 630 Hz 800 Hz 1000 Hz 1250 Hz 1600 Hz 2000 Hz 2500 Hz 3150 Hz

0 ∼ 18 0.043 0.059 0.084 0.100 0.132 0.089 0.084 0.070 0.046 0.020
18 ∼ 36 0.043 0.058 0.083 0.098 0.131 0.090 0.085 0.071 0.047 0.021
36 ∼ 54 0.042 0.057 0.082 0.098 0.130 0.091 0.086 0.072 0.048 0.022
54 ∼ 72 0.041 0.056 0.082 0.096 0.128 0.093 0.87 0.073 0.049 0.023
72 ∼ 90 0.019 0.064 0.06 0.065 0.137 0.152 0.166 0.142 0.078 0.033

Velocity
[km/h]

4000 Hz 5000 Hz 6300 Hz 8000 Hz 10000 Hz 12500 Hz 16000 Hz 20000 Hz

0 ∼ 18 0.008 0.004 0.004 0.005 0.003 0.003 0.003 0.002
18 ∼ 36 0.019 0.006 0.005 0.005 0.003 0.003 0.003 0.002
36 ∼ 54 0.011 0.007 0.006 0.006 0.004 0.003 0.003 0.002
54 ∼ 72 0.012 0.009 0.007 0.008 0.004 0.003 0.003 0.002
72 ∼ 90 0.013 0.008 0.004 0.002 0.001 0 0 0
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Table 6. Spectral energy contribution at 1/3 octave frequencies for a medium vehicle.

Velocity
[km/h]

40 Hz 50 Hz 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz 315 Hz

0 ∼ 18 0.001 0.006 0.015 0.003 0.006 0.011 0.014 0.032 0.046 0.05
18 ∼ 36 0.001 0.006 0.014 0.002 0.005 0.009 0.009 0.027 0.042 0.043
36 ∼ 54 0.001 0.006 0.012 0.002 0.005 0.008 0.008 0.026 0.037 0.041
54 ∼ 72 0.001 0.004 0.01 0.002 0.005 0.008 0.008 0.023 0.034 0.037
72 ∼ 90 0.001 0.003 0.005 0.002 0.005 0.007 0.008 0.02 0.034 0.04

Velocity
[km/h]

400 Hz 500 Hz 630 Hz 800 Hz 1000 Hz 1250 Hz 1600 Hz 2000 Hz 2500 Hz 3150 Hz

0 ∼ 18 0.072 0.091 0.08 0.078 0.067 0.071 0.088 0.077 0.076 0.052
18 ∼ 36 0.073 0.096 0.086 0.081 0.067 0.072 0.092 0.077 0.077 0.054
36 ∼ 54 0.07 0.09 0.086 0.81 0.07 0.079 0.096 0.081 0.078 0.054
54 ∼ 72 0.066 0.086 0.084 0.083 0.074 0.081 0.1 0.084 0.08 0.056
72 ∼ 90 0.064 0.08 0.081 0.084 0.079 0.087 0.103 0.086 0.082 0.059

Velocity
[km/h]

4000 Hz 5000 Hz 6300 Hz 8000 Hz 10000 Hz 12500 Hz 16000 Hz 20000 Hz

0 ∼ 18 0.029 0.021 0.008 0.004 0.001 0.001 0 0
18 ∼ 36 0.03 0.022 0.009 0.004 0.001 0.001 0 0
36 ∼ 54 0.032 0.022 0.009 0.004 0.001 0.001 0 0
54 ∼ 72 0.034 0.024 0.01 0.004 0.001 0.001 0 0
72 ∼ 90 0.038 0.019 0.008 0.003 0.001 0.001 0 0

Table 7. Spectral energy contribution at 1/3 octave frequencies for a heavy vehicle.

Velocity
[km/h]

40 Hz 50 Hz 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz 315 Hz

0 ∼ 18 0 0.001 0.01 0.028 0.011 0.011 0.02 0.04 0.054 0.071
18 ∼ 36 0 0.001 0.01 0.026 0.008 0.009 0.017 0.036 0.05 0.068
36 ∼ 54 0 0.001 0.01 0.026 0.007 0.008 0.015 0.033 0.047 0.066
54 ∼ 72 0 0.001 0.008 0.022 0.006 0.007 0.014 0.031 0.045 0.064
72 ∼ 90 0 0.001 0.006 0.02 0.005 0.006 0..013 0.03 0.043 0.06

Velocity
[km/h]

400 Hz 500 Hz 630 Hz 800 Hz 1000 Hz 1250 Hz 1600 Hz 2000 Hz 2500 Hz 3150 Hz

0 ∼ 18 0.076 0.079 0.073 0.067 0.072 0.071 0.075 0.071 0.064 0.04
18 ∼ 36 0.073 0.078 0.073 0.069 0.074 0.074 0.078 0.073 0.067 0.041
36 ∼ 54 0.07 0.075 0.074 0.074 0.079 0.077 0.079 0.074 0.068 0.045
54 ∼ 72 0.068 0.072 0.071 0.075 0.085 0.081 0.084 0.077 0.071 0.048
72 ∼ 90 0.065 0.07 0.071 0.079 0.089 0.086 0.09 0.08 0.073 0.05

Velocity
[km/h]

4000 Hz 5000 Hz 6300 Hz 8000 Hz 10000 Hz 12500 Hz 16000 Hz 20000 Hz

0 ∼ 18 0.028 0.017 0.01 0.006 0.003 0.001 0.001 0
18 ∼ 36 0.03 0.019 0.012 0.007 0.004 0.002 0.001 0
36 ∼ 54 0.031 0.018 0.011 0.006 0.003 0.002 0.001 0
54 ∼ 72 0.033 0.018 0.01 0.005 0.002 0.001 0.001 0
72 ∼ 90 0.031 0.016 0.008 0.004 0.002 0.001 0.001 0
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Table 8. Spectral energy contribution at 1/3 octave frequencies for a bus.

Velocity
[km/h]

40 Hz 50 Hz 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 250 Hz 315 Hz

0 ∼ 18 0 0.006 0.091 0.101 0.082 0.069 0.075 0.026 0.027 0.031
18 ∼ 36 0 0.004 0.088 0.099 0.08 0.067 0.075 0.025 0.025 0.03
36 ∼ 54 0 0.004 0.086 0.095 0.077 0.065 0.072 0.025 0.026 0.031
54 ∼ 72 0 0.004 0.083 0.092 0.075 0.063 0.069 0.024 0.027 0.032
72 ∼ 90 0 0.004 0.08 0.088 0.072 0.06 0.065 0.024 0.028 0.033

Velocity
[km/h]

400 Hz 500 Hz 630 Hz 800 Hz 1000 Hz 1250 Hz 1600 Hz 2000 Hz 2500 Hz 3150 Hz

0 ∼ 18 0.038 0.037 0.045 0.043 0.041 0.042 0.042 0.044 0.049 0.036
18 ∼ 36 0.039 0.038 0.046 0.044 0.042 0.043 0.043 0.045 0.05 0.037
36 ∼ 54 0.041 0.04 0.047 0.045 0.043 0.044 0.044 0.046 0.051 0.038
54 ∼ 72 0.043 0.042 0.049 0.047 0.044 0.045 0.046 0.048 0.052 0.04
72 ∼ 90 0.045 0.044 0.051 0.048 0.046 0.047 0.047 0.049 0.054 0.042

Velocity
[km/h]

4000 Hz 5000 Hz 6300 Hz 8000 Hz 10000 Hz 12500 Hz 16000 Hz 20000 Hz

0 ∼ 18 0.029 0.022 0.011 0.008 0.003 0.001 0.001 0
18 ∼ 36 0.031 0.024 0.013 0.007 0.003 0.001 0.001 0
36 ∼ 54 0.032 0.025 0.012 0.006 0.003 0.001 0.001 0
54 ∼ 72 0.033 0.023 0.011 0.005 0.002 0.001 0 0
72 ∼ 90 0.035 0.022 0.01 0.004 0.001 0.001 0 0

Appendix C. Frequency-dependent sound attenuation by vegetation

The amount of sound attenuation (in dB) by vegetation in the current paper takes the averaged values of the
measurement data by Price et al. (1988).

Table 9. Sound attenuation by vegetation.

Frequency
[Hz]

Amount of sound
attenuation

[dB]

Frequency
[Hz]

Amount of sound
attenuation

[dB]

Frequency
[Hz]

Amount of sound
attenuation

[dB]
40 2.000 400 2.000 4000 4.000
50 2.000 500 2.000 5000 4.667
63 2.000 630 2.000 6300 5.533
80 2.000 800 2.000 8000 6.667
100 2.000 1000 2.000 10000 8.000
125 2.000 1250 2.167 12500 9.667
160 2.000 1600 2.400 16000 12.000
200 2.000 2000 2.667 20000 14.667
250 2.000 2500 3.000
315 2.000 3150 3.433




