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Summary

A theoretical study is conducted to investigate the impact of different time-averaging approaches with regard
to meteorological conditions (influencing sound propagation), traffic intensity patterns, and correlation between
them, on calculated noise levels. The indicators Lge, and Lygy, prescribed by the European Environmental Noise
Directive for noise mapping, are of main interest. Sound propagation over flat ground from a long, straight
highway is simulated, for receiver distances ranging from 50 m to 2000 m. Detailed, meteorological data from
a tower (located near Mol, Belgium), for a full year, is used. An extended database containing yearly-averaged
hourly traffic counts is available. Detailed sound propagation calculations are made with the Green’s Function
Parabolic Equation method, accounting for the refractive state of the atmosphere and range-dependent ground
effect. The imprecision introduced by averaging meteorological conditions and traffic intensities over time, and by
not fully accounting for the temporal correlation between them, may result in an underestimation up to 20 dB(A)
for one-day L., values, using this particular meteorological data set. For yearly-averaged values, the imprecision
may reach 3dB(A). For Lygy, very similar conclusions could be drawn. Multiple linear regression analysis is
used to rank the factors that contribute to the imprecision. This led to the conclusion that the decrease in accuracy
resulting from different averaging approaches is mainly proportional to the variability in the refractive state of the
atmosphere over a 24 hour-period. The type of traffic intensity profile may intensify this error up to 10 dB(A).
The use of meteorological data, statistically-averaged over the year, results in a small loss in accuracy compared
to calculating noise levels for every hour of the year and averaging the result afterwards. The error introduced by
the approach used to average meteorological condition and traffic intensity over the day is not affected by this.

PACS no. 43.28.Fp, 43.28.Js

1. Introduction

The European Environmental Noise Directive 2002/49/EC
prescribes the use of the noise indicators Lge, and Lygn
for noise mapping and reporting to the European Union.
Lgen is defined as
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where Lday, Levening and Lyign are the A-weighted long-
term average sound levels determined over respectively the
day period (12 hours, by default from 7.00h till 19.00h),
the evening period (4 hours, by default from 19.00h till
23.00h) and the night period (8 hours, by default from
23.00h till 7.00h). Sound pressure levels in the evening
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period are ‘penalised’ with 5dB(A), those at night with
10dB(A). These penalties partly account for the difference
in perceived noise annoyance during different parts of the
day caused by varying sensitivity to environmental noise,
changing activities, and expectations.

Noise maps for road traffic are often based on the out-
put of traffic models. Most traffic models are developed to
describe traffic intensity at peak hours, with the purpose of
performing congestion analysis [1]. Information on diur-
nal and seasonal traffic fluctuations is often missing. As
a result, it is important to estimate the error introduced
by using less frequent or averaged traffic data to calculate
long-term average equivalent sound pressure levels.

In addition, both traffic intensity data and attenuation
data show a typical diurnal pattern. Traffic intensity on
highways usually peaks in the morning and evening, cor-
responding to rush hours. Favourable and unfavourable
sound propagation conditions are often linked to different
periods of the day as well. At night and in the early morn-
ing, temperature inversion often occurs, resulting in an in-
crease of sound pressure level at distant receivers. During
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the day, the atmosphere is usually unstable, resulting in
upward refraction of sound and decreased sound pressure
levels. Wind speed is often higher during the day. Ignoring
this correlation between the diurnal pattern in traffic inten-
sity and sound propagation condition could increase the
imprecision caused by a lack of sufficiently detailed traffic
data.

In an effort to quantify the above mentioned sources of
imprecision in calculating long term average noise indi-
cators, we theoretically studied the effect of gradually de-
creasing temporal resolution in both meteorological and
traffic data. The study is based on a highly detailed meteo-
rological dataset for a single year. Sound propagation from
a long, straight road is modeled, for receivers at a distance
of up to 2 km. The Green’s Function Parabolic Equation
method (GFPE) is used. The GFPE is a wave-based sound
propagation model accounting in detail for the refraction
of sound. The Parabolic Equation method yields accurate
predictions of long-term Ly, levels. In [2], measurements
and numerical predictions were compared for the case of
sound propagation from a highway towards receivers at a
distance of 1115 m over flat terrain (Ladenburg II experi-
ment). The measurement duration was 32 days. Discrepan-
cies between measurements and simulations were limited
to only 0.5dB(A).

By combining GFPE with the detailed meteorologi-
cal data, sound propagation conditions are obtained on a
highly detailed, temporal scale. The combination of these
propagation conditions with hourly traffic counts yields
the reference value for Lge, and Lyign. By subsequent sim-
plification of the calculations by using averages over dif-
ferent periods, insight is gained in the imprecision that the
lack of detailed traffic information may introduce. Since
it is rather uncommon to have a detailed meteorological
dataset like the one used in this study, the impact of using
statistically averaged meteorological data is quantified as
well.

A preliminary, less detailed study [3] was performed
in the framework of Work Package 2 of the IMAGINE
project. This work package focused on the requirements
for traffic models to produce accurate noise maps. A de-
tailed, meteorological dataset, during two 20 day-periods
was used in that study. The emission from a single point
source was considered.

The paper is organized as follows. Section 2.1 describes
the geometrical set-up and the calculation methodology.
The detailed Harmonoise source model is used, and is ad-
dressed in section 2.2. Parameters related to the GFPE
method are given in section 2.3. The meteorological data
set is described in detail in section 3.1, and it is indicated
how this information is used to model refraction by the
atmosphere in the GFPE model. Information on the traf-
fic database can be found in section 3.2. Section 4 shows
how the computational cost can be largely reduced. The
temporal averaging approaches are described in section 5.
Results are shown and discussed in section 6. Distinction
is made between calculations using the actual meteorolog-
ical data (section 6.1), and calculations that make use of
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statistically-averaged data (section 6.2). Finally, conclu-
sions are drawn.

2. Calculation methodology

2.1. General

Lgen and Lyigpe levels are calculated at receivers near a
long, straight, hypothetical highway. Different configura-
tions are considered. The highway can be oriented either
from North to South or from East to West. For the N-S
highway, receivers are placed on a line orthogonal to the
road, both in eastern and western direction. For the E-W
highway, receivers are placed in northern and southern di-
rection. Receiver distances, orthogonal to the roads, are
50m, 100 m, 500 m, 1000 m, and 2000 m. The ground sur-
face between source and receiver is grassland.

The noise emission from the highway traffic is modelled
by a number of point sources. An equi-angular distribution
of point sources is chosen. This means that the discretisa-
tion of the road is finest near the line of the receivers. The
constant angular interval A{ is 7.5 degrees. The maximum
angle between the receiver line and the line connecting the
furthest source point and the receiver point, {max, equals
75 degrees. The maximum source-receiver distance is then
7700 m, for the receiver at 2000 m, orthogonal to the road.

The calculation procedure involves the following steps.
First, the sound pressure level relative to free field sound
propagation is calculated with the GFPE model, for each
point source (at two source heights, see section 2.2) and
receiver combination. This is done for the 10-minute av-
eraged meteorological parameters (see section 3.1), for
the full year, and for the four different configurations de-
scribed above. Three frequencies per one third octave band
are considered, ranging between 50 Hz and 5000 Hz. In
section 4, it is indicated how this large amount of calcu-
lations can be strongly reduced.

In a next step, the total attenuation for all source re-
ceiver pairs is calculated by accounting for geometrical di-
vergence of sound and atmospheric absorption, following
ISO 9613-1 [4]. The 10-minute averaged total attenuation
data is reduced to hourly attenuation data by energetically
averaging over time.

The sound pressure level at the receiver is then calcu-
lated as the source power minus the total attenuation, for
each one-third octave band. The total A-weighted sound
pressure level at a receiver is the incoherent, energetic
sum of the contributions of all point sources. Each point
source contribution has its own weight because of the equi-
angular distribution. The Harmonoise source model uses
two source heights (see section 2.2). Contributions from
these two sources are summed incoherently as well.

In a final step, integration in time is performed to ob-
tain equivalent sound pressure levels. These form the base
of the actual Lge, and Lyign calculations. The different
approaches for averaging in time are discussed in sec-
tion 5. Differences in Lge, and Lyigy, arising from these
approaches, will indicate the importance of the temporal
correlation between traffic data and sound attenuation data.
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2.2. Source description

The Harmonoise source model is used [5]. The number
of calculations is reduced by only simulating light vehi-
cles. Such vehicles can be represented by two (incoher-
ent) point sources: The first one is placed at a height of
0.01 m above the road surface, and the second one at a
height of 0.30 m. For each source height, separate GFPE
calculations are needed. The first source point is associ-
ated with rolling noise, the second one with engine noise.
80% of the rolling noise source power obtained from the
Harmonoise model should be attributed to the lowest point
source, 20% to the highest source point. The engine source
power on the other hand is attributed for 80% to the source
at 0.30m, and for 20% to the source at 0.01 m.

A passenger car with two axles is assumed. For each
source height, a horizontal and vertical directivity function
is available. These depend on the emitted sound frequency
and on the vertical and horizontal angle between the source
and the receiver location. For each point source, a match-
ing directivity is calculated. The vehicles are assumed to
drive at constant speed. Rolling noise is corrected for the
temperature of the road. We focus on a common dense as-
phalt concrete (DAC) top layer, with a temperature cor-
rection coefficient of 1 dB/10 °C (air temperature). During
colder periods, there will be an increase in the rolling noise
emission. The Harmonoise road source model does not in-
clude frequency dependent temperature corrections. Tyre
corrections, aging and wetness of the road, and regional
corrections are not considered. Detailed information and
background information on the Harmonoise road source
model can be found e.g. in [5].

2.3. GFPE calculations

An axi-symmetric Green’s Function Parabolic Equation

model is used, as described in [6] and [7]. The GFPE

model is used to calculate sound pressure levels at the re-
ceiver, relative to free field sound propagation.

The GFPE method has a number of important advan-
tages:

e GFPE allows one to use large step sizes in horizontal
direction, which are limited by the inhomogeneity of
the atmosphere rather than by the sound wavelength.
The maximum acceptable range step varies roughly be-
tween 5 to 50 times the wavelength in case of a refract-
ing atmosphere [7]. Since we are aiming at receivers at
2 kilometers orthogonal to the highway, and for typical
traffic noise (including relatively high frequencies), the
use of large step sizes is an important advantage.

e The computational cost of GFPE is based mainly on
the efficiency of the FFT algorithm, and very fast FFT
algorithms are available.

e The effective sound speed profiles may contain upward
and downward refracting parts.

e Locally reacting, range-dependent impedance planes
can be used to model reflection from the ground.

The road surface is modeled as a rigid plane. The grassland

is modeled by a complex, frequency-dependent impedance
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with the one-parameter model of Delany and Bazley [8].
A value for the effective flow resistivity of 200 kPas/m? is
considered appropriate to model grassland. At 10 m from
the road axis, the transition from the rigid road to the grass-
land is made.

The vertical grid spacing is one tenth of the wavelength,
while the horizontal grid spacing is chosen to be 10 times
the wavelength with the exception that a variable horizon-
tal propagation step is allowed to exactly reach the position
of the impedance jump and the receiver positions.

The presence of a source close to the ground might re-
sult in a decrease in accuracy when using a standard Gaus-
sian starting function in the PE model, especially at low
frequencies. The approach described in [9] is therefore
used. A column of complex pressures is calculated at lim-
ited distance from the source with an analytical model, ig-
noring meteorological effects, and the PE calculation starts
from this location.

Near the upper limit of the computational domain, an
absorbing layer with a thickness of 150 times the wave-
length is applied to simulate an unbounded atmosphere.
Inside this layer, an imaginary term is added to the wave
number equal to i4,(z — z,)?/(zam — z:)%, Where z is the
height, z, is the height where the absorbing layer starts,
and z, is the top of the computational domain. The op-
timum choice of the constant coefficient A, depends on
frequency and lies between 0 and 1 [10].

3. Datasets

3.1. Meteorological dataset

The meteorological data was recorded on a tower near the
city of Mol, in Belgium. Measurements during the year
1997 are available, as 10-minute averages. Wind speed
was measured at 5 heights (at 24 m, 48 m, 69 m, 78 m,
and 114 m above the ground). Air temperature was mea-
sured at 5 heights as well (8§ m, 24 m, 48 m, 78 m, and
114 m above the ground). Wind direction was measured at
3 heights (24 m, 69 m, and 114 m above the ground). Rel-
ative humidity data is available from a nearby observation
point, on an hourly base, at 1.5 m above the ground.

For the analysis in this paper, only days having at least
a single 10-minute period with complete observations in
each hour could be used. This requirement resulted in a
60-day missing period during summer.

Frequency distributions of the wind speed at 24 m, wind
direction at 24 m, air temperature at 8 m, relative humid-
ity at 1.5 m, and the temperature difference between 114 m
and 8 m (normalized over 100 m) are shown in Figure 1.
The mean wind speed at 24 m equals 3.1 m/s. Wind is
blowing most of the time from the south-western direction
(225 degrees), and second most from the eastern direction
(near 90 degrees). The atmosphere is most often slightly
unstable to neutral.

The GFPE model uses the effective sound speed ap-
proach. The effective sound speed at the measured heights
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can be calculated using air temperature, wind speed, and
wind direction:

ceit = VKRT + uggr(2), 2)

In this formula, « is the ratio of the specific heat capacities
at constant pressure and constant volume, which equals
1.4 in air. R is the gas constant of dry air and equals
287J/(kg K). The dependency of the sound speed on wa-
ter vapor fraction in air is neglected. The wind speed along
the source-receiver line is given by usg(z), and may have
a positive or negative sign. When the wind is blowing or-
thogonal to the source-receiver line, its contribution to the
effective sound speed is zero. The propagation of sound
emitted by different stretches of roads to the same obser-
vation point experiences different wind components within
a single meteorological observation. The wind direction at
24 m (the lowest observation point) is most relevant since
sources and receivers are located close to the ground.

Meteorological parameters are measured at a single hor-
izontal location. The refractive state of the atmosphere is
therefore assumed to be constant between the locations of
source and receiver.

The PE method needs the effective sound speed profiles
with high vertical resolution. Since observations are avail-
able on a limited number of heights, a linear-logarithmical
(effective) sound speed curve will be fitted on the data,

+ 20
w0

Ceft = Ao + Alin + Aiog lOg £ (3)
The parameters aji, and ajog can be related to the physical
parameters of theoretical-empirical flux-profile relation-
ships for the case of a flat, homogeneous terrain [11]. Good
fits on meteorological tower measurements were obtained
in [12], notwithstanding the limited number of parameters
in equation (3). This type of effective sound speed profile
is recommended by the Harmonoise project.

Meteorological measurements at low heights (< 8 m)
are not available in our database. Air temperature observa-
tions close to the ground could improve the fit on the above
described sound speed profile, especially under conditions
of ground-based temperature inversion. On the other hand,
the observation point at 114 m above the ground limits the
need for extrapolation of wind speed and air temperature
data. This is an important advantage, since meteo at this
height is relevant for sound propagation up to a receiver at
2 km from the source.

For each meteorological observation, the parameters
ap, ajip and aj,e were estimated, for each combination of
source and receiver locations, in all configurations. The
absolute value of the effective sound speed profile is not
important to model refraction of sound. Therefore, the
sound speed profiles are determined by the parameters
ajin and ajoe only. A value of ay equal to 340m/s is as-
sumed in all cases. The roughness length zo was chosen to
be 0.1 m, which is typical for agricultural land with scat-
tered obstacles. Because of the large amount of combina-
tions, the aji,—ai,, parameter space is reduced to a number
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Figure 1. Histograms of some parameters in the meteorological
dataset. Wind direction at 24 m, wind speed at 24 m, air tempera-
ture at 8 m, relative humidity at 1.5 m, and the temperature lapse
are shown.

of classes. Similar ajj,—ajog combinations result in simi-
lar sound propagation conditions. Class widths of 0.01/s
and 0.1 m/s are used for respectively aj;, and aog, and cal-
culations will be performed for the centre values of each
class. This resulted in about 1500 different classes, as is
shown in Figure 2. A number of calculations were per-
formed for the centre values of classes, using smaller class
widths (namely 0.0075/s and 0.075 m/s). The differences
in sound pressure level between corresponding classes in
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both approaches were not significant at a propagation dis-
tance of 2000 m. Thus the selected resolution of 0.01/s and
0.1 m/s was assumed sufficient for the reference calcula-
tions in this paper.

When considering statistically-averaged meteo classes
(see section 6.2), this number of classes will be reduced
to 25 [2], since this detail in available data is unlikely in
practical applications.

Relative humidity and air temperature are used to calcu-
late the frequency-dependent atmospheric absorption. The
influence of atmospheric pressure is limited and is there-
fore neglected. The magnitude of the atmospheric absorp-
tion is calculated as ar, where « is the absorption coeffi-
cient following ISO 9613-1 [4] and r is the distance trav-
elled by the direct sound ray between source and receiver.
Atmospheric absorption changes from hour to hour in the
reference calculations.

The acoustical characteristics of the ground between the
edge of the road and the receivers will change with mete-
orological condition. As is shown e.g. in [13] and [14], an
increase in soil moisture content causes an increased flow
resistivity, resulting in an acoustically harder ground. Soil
humidity data was unfortunately not present in the mete-
orological dataset. In case of a snow-covered ground on
the other hand, an acoustically much softer ground is ex-
pected. The change of soil characteristics over time is not
considered in this study because of a lack of sufficient data.

3.2. Traffic intensity dataset

The traffic data consists of yearly-averaged hour-by-hour
traffic intensities, for the different days of the week sepa-
rately. The database is based on traffic counts at 285 loca-
tions along highways in Flanders, Belgium. A large vari-
ety of traffic intensity profiles are available, ranging from
profiles with distinct rush-hour peaks in the morning and
in the evening, to profiles with a rush-hour peak only in
the morning or only in the evening, as well as more uni-
form distributions of traffic intensity over a 24-hour pe-
riod. Day-by-day or seasonal variations in traffic intensity
can not be deduced from the database. Traffic composition
and traffic speed are not known. This information is how-
ever not essential for the analysis made in this paper.

4. Improving computational efficiency

4.1. Maximum frequency to be calculated at each
distance

To calculate Lgen and Lygn, total A-weighted sound pres-
sure levels are needed. Computational efficiency can be
drastically increased by a priori limiting the maximum
propagation distance that needs to be considered for each
frequency to reach a given accuracy.

The importance of the contributions of different fre-
quencies to the total A-weighted sound pressure level at
each distance is estimated. To do this, different values of
atmospheric absorption are combined with typical traffic
noise spectra of light vehicles corresponding to driving
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Figure 2. Scatter plot of the aj;,—ay,, classes used for the reference
calculations in this paper. The centres of the circles represent the
class midpoints. The radius of each circle is proportional to the
number of data points in each class.
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Figure 3. The open circles indicate the maximum and minimum
frequencies that should be considered (taking into account the
—15dB(A) criterion) at different source receiver distances, for
different combinations of the magnitude of atmospheric absorp-
tion, and for A-weighted traffic spectra. The maximum and min-
imum frequencies that are used in the GFPE calculations are
shown with respectively the full line and the dashed line.

speeds ranging from 70 to 130 km/h. Atmospheric absorp-
tion is mainly determined by air temperature and relative
humidity. In this analysis, air temperature ranged from
—10°C to 30°C, relative humidity ranged from 30% to
90%. Frequencies where the level is 15 dB(A) below the
total A-weighted sound pressure level were considered to
be unimportant. Excess attenuation either by the presence
of the ground or by the refractive state of the atmosphere
is neglected in this analysis which makes it a fast pre-scan.

The maximum and minimum frequencies to be consid-
ered at each distance, for the different combinations de-
scribed above, are shown in Figure 3. In a conservative ap-
proach, the maximum of the maximums and the minimum
of the minimums are used as the frequency band of inter-
est at each distance. Figure 3 shows that very low frequen-
cies should not be considered at short distances, because
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of their limited importance in the traffic spectrum, and be-
cause of the application of the A-weighting filter. Since the
computational cost of the PE method at these frequencies
is very low, they were not omitted from the calculations.

Computational efficiency benefits especially from limit-
ing the propagation distance at high frequencies. The one-
third octave band of 5000 Hz is only relevant until 600 m,
while the largest frequency to be calculated near 7700 m is
reduced to 1500 Hz.

To validate the choice of the 15 dB(A) cut off, the same
analysis was repeated for a 20dB(A) cut off. As a con-
sequence, the maximum distance to be reached for each
frequency increased, and the computational cost increased
drastically. For a number of ajj,—ajo, pairs, with values in
each of the four quadrants of the parameter space, total A-
weighted sound pressure levels were calculated with fre-
quency ranges obtained with both cut offs. The results dif-
fered only at a few propagation distances, and to a very
small degree (at maximum 0.1 dB(A)). The cut off value
of 15dB(A) was therefore considered to result in suf-
ficiently accurate frequency ranges of importance while
keeping calculation effort modest.

4.2. Sound propagation in turbulent atmosphere

In the case of an upward refracting atmosphere, turbulent
scattering into the acoustic shadow zone that is formed, be-
comes important. Neglecting this effect often results in un-
realistically large attenuations. A standard approach to ac-
count for turbulent scattering consists in simulating sound
propagation through a number of turbulent realisations of
the atmosphere (see e.g. [15]). The ensemble average of
all these realisations follows statistical laws. To have sta-
tistically stable results however, at least 50 realisations of
the turbulent atmosphere need to be taken into account. As
a result, computing times increase drastically. The phase-
screen method presented by Di et al. [16] is an alternative
for the many-realisation approach.

Based on experiments, it was found that the sound
pressure level relative to free field sound propagation
stays more or less constant in the acoustical shadow zone
formed by an upward refracting atmosphere [17, 18]. This
constant value depends on the geometry of the problem
and on the strength of the turbulence. A value of —25dB
is common in outdoor sound propagation literature. Trun-
cating the sound pressure level relative to free field comes
at no additional computational cost and is therefore cho-
sen.

The combination of a source very close to the ground,
an acoustically rather soft ground, and an upward refract-
ing atmosphere result in a monotonically decreasing sound
pressure level with distance once the distance from the
source is sufficient. Therefore, further calculations can be
stopped at this frequency, once the sound pressure level
relative to free field sound propagation equals —25 dB.
This limiting value is then used for the remaining dis-
tances.

Besides scattering of sound into an acoustic shadow
zone, turbulence causes phase and amplitude fluctuations,
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leading to a reduced depth of the interference minima be-
tween direct and ground-reflected waves [10]. For sound
propagation above a finite-impedance ground however, the
difference in destructive inference between a turbulent and
non-turbulent atmosphere is much less pronounced than
above rigid ground [15]. Furthermore, strong turbulence
is usually accompanied by large wind speeds and temper-
ature gradients. Numerical simulations in [10] show that
the effect of turbulence on interference minima is limited
in case of downward refraction. Hence this effect is not ac-
counted for in this study, to keep computational cost within
reasonable limits.

4.3. Equivalent sound propagation conditions

Different road orientations, wind speeds, and wind direc-
tions could result in the same aji,—a, class for some com-
binations of source points and receiver points. Even a pe-
riod with wind in a homogeneous atmosphere and a wind-
less period in an inhomogeneous atmosphere could pos-
sibly result in the same effective sound speed curve. It
is clear that equivalent sound propagation conditions ap-
pear, although configurations could be completely differ-
ent. This can be exploited to increase computational effi-
ciency. During the GFPE calculations, the relative sound
pressure level is recorded at all distances between the
source points on the highways and the receivers that ap-
pear in the discretised problem (i.e. 21 source points times
5 receivers) for each aj,—ajog class. Afterwards, for each
source-receiver combination, the relative sound pressure
levels at the correct propagation distance are retrieved
from this dataset depending on the actual meteorological
situations.

5. Approaches for averaging over time
The most accurate Ly, value, indicated as Lfir:?, is based
on calculations that combine the emission at a certain hour
with the corresponding attenuation for this same hour. In
this way, the coupling between the traffic noise emission
and sound attenuation is accounted for to a large extent.
These calculations serve as a reference for less accurate
estimates of Lgep.

It is assumed that all vehicles on the road are identical.
The emitted source power at source point j for hour i is
then expressed as

Ly, = 10log, (ijiIOLw/“)), 4)

where N; equals the number of vehicles in hour i, and L,,
is the frequency-dependent and time-independent, acousti-
cal source power of a single vehicle. Because of the equi-
angular distribution of source points over the road, each
point source has its own weight w;, given by

v = tan({; — AL /2) —tan({; + AL/2)
= 2tan (s + AL/2)

where z; is the angle between the receiver line and the
line between the source point j, located in the centre of

. )
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. 1) 1 2 f 1 . . . . .
Table I. Formulas to determine Lg:n), ijeil, Lg;, L;:;;t and Lf]i;m. L, ;; is the acoustical source power emitted by road segment j during
hour i and is given by equation (4), L,, is the acoustical source power of a single vehicle, A;; is the transmission from source point j to

the receiver in hour i, and N; is the number of vehicles in hour i. For clarity, the formulas are not fully simplified.

L(ref)

L= 10log, (11_2 2,-1:87 IO(LW""_A”)/IO> Lgvee?ing,j =10logy, (i 2,-2219 IO(LW""_A"')/IO) night,; = 1010810 (% 21'6:23 IO(LW‘”_A“)/IO)

day,j

Livl,ziay,j =L, + 10log,, (éwj Z,‘l287 Ni) Livl,)cvcning,j =L, + 10log,, (iwj 2,1219 Ni) Ltvl,:igm,j =L, + 10log, (éW/ Z?:zs Ni)
Ailz)y,j =-10log,, (% 211:87 1O_Aji/10) Aglx)ening,j =-10log,, (?1; 2;2219 lo_Aj'i/lo) A.(q};m,/ =-10log,, (% Z?:B 1O_Aji/10)
L s = Loty = Ay, cvening s = Lvning ; = Acvenin N
L= L+ 101023 (0.7 2% Ni ) L g =L + 1010810 (502w B2 N ) L, = Lo + 1010g0 (101w T2 Ny )
Ay = Ay, veing.s = Acviing A= Avign
Lfli;/ = Livz,ziay,j - Afli)y/ ti\zlt)ening, = tvz,)evening, i é\zn)aning,j L;?g)hl,j = Ltvz;ight, i Aﬁ;hl,j

L((j;iy,z) ~ 10log,, <%10L;§C12>/10 + %IO(LSZ;:‘;%S)/IO + %IO(LL:;’.}_],'Z)J“O)/IO)

(ref,1,2)

L(ref,l,z) - Z/ IOLdﬂ"J /10

den night

. (ref.1)
(ref,1) _ Lyihej /10
LU = 3 10 e

road segment j, and the receiver point. The values for the
constant angular interval, A{, and the maximum angle be-
tween the receiver line and the line connecting the furthest
source point and the receiver point, .y, that are used in
this study, are given in section 2.1.

Since this section focuses on averaging procedure in
time, summations over spatial indices will be omitted in
the remainder of this section. An overview of the formulas
that will be used for the different averaging approaches is
given in Table L.

A first approximate calculation (further indicated as ap-
proach 1) assumes that traffic data is known only as an
average for the (default) day period, evening period and
night period. The calculation of L‘(ile)rl is a combination of
the overall source powers during day, evening and night
R Livl’)evening, and Lf,v],ilight) with the overall attenua-
tions during these three periods (Afji)y, Aii)ening, and Agght)
respectively. For the comparison in this paper, these atten-
uation values are obtained by energetically averaging the
hourly attenuations in the relevant periods of the day. The
calculation of LS,Lay’ L‘(Vllivenm o and L\(vl,ilight is based on the
average of the hourly traffic counts in the relevant periods.
In the case of a uniform traffic intensity profile (N; = cst),
the approximate solution is exactly equal to the reference
calculation.

For the second approximate calculation (further indi-
cated as approach 2), it is assumed that only the total traf-
fic intensity in a full 24-hour period is known. The Lfizeil
calculation needs however at least traffic intensity in each
of the 3 periods, in order to apply the 5-dB and 10-dB
factors. Therefore, the total traffic intensity is spread over
the day period, the evening period, and the night period,
based on the recommendations of the Good Practice Guide
[19]: 70% of the total 24-hour traffic intensity should be at-
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tributed to the day period, 20% to the evening period, and
10% to the night period if detailed information is lack-
ing. The second approach differs from the first one only
by the fact that in the first approach, the actual division of
the traffic intensity over the three periods is known. The
calculation of overall attenuations during these three pe-
riods stays the same. The flow chart in Figure 4 gives an
overview of the various calculation approaches.

Note that in the averaging approaches, all acoustical en-
ergy produced by the source, and all attenuation of acous-
tical energy is conserved. Differences arise solely from ne-
glecting correlations in time between source power and at-
tenuation data.

The influence of the temporal resolution of traffic data
on Ly is considered separately. For the reference calcu-
lation Lr(]ri;;)l, the emission at each night hour is combined
with the corresponding attenuation at that hour. The ap-
proximate solution L“;h[ uses a single, overall night emis-

ni

sion and a single, overall night attenuation.

6. Results and discussion

6.1. Actual meteorological data

Noise indicators calculated using the actual meteorologi-
cal data, i.e. calculating noise levels for each hour or pe-
riod of the day, throughout a full day or year, and averag-
ing results afterwards, will be referred to as calculations
on a sequential base, and are indicated with the subscript
“SEQ”. Large underestimations of one-day Lge, values are
possible when using approach 1 or 2. In Figure 5, the er-
rors introduced by using approach 1, relative to the refer-
ence calculation (= L' L)

den,1day SEQ ™ Liden. 1day sEQ)> aT€ Shown
by means of box plots. The data points in these boxplots
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Figure 4. Schematic representation of the calculation methodology and the averaging approaches used in this study, for both statistical
(indicated with the subscript “STAT”) and non-statistical (sequential, indicated with the subscript “SEQ”) meteorological data. For
simplicity, Lqe, values at a single receiver, resulting from a single source point, are considered.

are all possible combinations of days with available me-
teo data with all available traffic intensity profiles (= 268
times 285 values). A separate box plot is used for each re-
ceiver distance. Although the data itself can strictly speak-
ing not be considered as a continuous distribution, the use
of box plots is an interesting way to present the results in
a concise way. The (middle) horizontal line in the box in-
dicates the median of the data. The box is closed by the
first and third quartile. The whiskers extend to 1.5 times
the interquartile distance above the maximum value inside
the box, and to 1.5 times the interquartile distance below
the minimum value inside the box. Data points that fall
outside these limits are indicated with the plus-signs.

With increasing distance, the absolute value of the max-
imum errors become larger, and saturate once a distance of
1000 m is reached. The maximum difference between one-
day L((;c;}l day SEQ and Lf;?l day SEQ is more than 15dB(A).
Although there are some prominent wind directions in
the meteorological dataset, the results shown in Figure 5
depend only marginally on highway and observer orien-
tations. The errors introduced by using approach 2 give
quite similar box plots (not shown). The main difference
is the magnitude of the maximum error, which reaches
20dB(A).

. ()]
One-night L ;w 1nione sEQ
L(ref)

ence Lo 1night SEQ® show similar behaviour. The maxi-
mum error found here is 23 dB(A), at a distance of 2 km.
The variability of the errors for short-term Lgen, and Lygh
values is similar.

It can be concluded that a sufficient temporal resolution
is needed to prevent the possibly strong underestimations
of short-term (daily) Lge, and Ly;gy values.

Errors introduced on yearly Lgen, by using average traf-
fic intensities are much smaller. The large errors that
were found for the one-day L., values are now aver-
aged out to an important degree. In Figure 6, box plots
of Léllezl,lyear,SEQ - ij;if l)year,SEQ for the 285 traffic pro-
files are shown. Figure 7 shows equivalent box plots for

Elze)n,lyear,SEQ - gcenf,)lyear,SEQ' Approach 1 leads to underes-
timations of up to 1.5 dB(A) at 2 km, approach 2 to under-
estimations of up to 3dB(A). The influence of variability
in diurnal traffic intensity profiles is very small in approach
1, but becomes more important in approach 2. The median
decreases with distance in both approaches, and reaches
about —1 dB(A) at 2km. The behaviour of the error on
yearly Lyign values is very similar to the error related to
Lgen for approach 1. As a result, it can be concluded that

values, relative to the refer-
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Figure 6. Errors on yearly Lg, values by using approach 1, rela-
tive to the reference calculations (= Ldlerl Iyear SEQ ~ denﬂ Jyear, SEQ)
The data points forming the box plots are the different traffic in-
tensity profiles. The other configurations gave similar box plots
and are therefore not shown.

the detailed course of traffic intensity over time has less
influence on the indicators considered when the integra-
tion period is long enough. Note that day-to-day varia-
tions in diurnal traffic intensity profiles are not explicitly
accounted for in this analysis, since only yearly-averaged
hour-by-hour traffic counts were available.
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Figure 7. Errors on yearly Ly, values by using approach 2, rela-
tive to the reference calculations (= Lden Iyear SEQ ~ den year, qEQ)
The data points forming the box plots are the different traffic in-
tensity profiles. The other configurations gave similar box plots
and are therefore not shown.

In the results above, temporal averaging over longer
periods, as well as an increase in propagation distance,
lead to increasingly stronger underestimates of average
sound pressure levels. Periods with high traffic intensity
and at the same time downward refracting sound propa-
gation conditions contribute a lot to Lge,. With increasing
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Figure 8. The error predicted by the multiple linear regression
model including interactions, versus the error observed for one-

day Lg., values, using averaging approach 1 (= ijlef“day'SEQ -

Lfir:r?ldavaEQ). Days resulting in maximum errors, larger than

5dB(A), were selected.

distance, the effect of downward refraction becomes more
prominent, leading to an increased contribution from these
periods. Averaging these correlations out gives stronger
underestimates and the effect is more pronounced when
the averaging period is longer.

Multiple linear regression analysis helps to reveal the
main parameters responsible for the error when using a
certain diurnal averaging approach. The traffic parameters
that will be used for this statistical analysis are the total
traffic intensity over the day, the evening, and the night,
relative to the total traffic intensity over the three periods.
The meteorological parameters are reduced to the mean
values of aj;, and ajo, during the day, the evening and the
night. These 9 parameters form the base for the prediction
of the error by using approach 1 for averaging over time.
We are especially interested in the relative importance of
the chosen parameters for situations resulting in the largest
errors, for one-day Lge, values. For deriving the model,
days resulting in maximum errors larger than 5 dB(A), for
a highway with N-S orientation, and receivers at 2km in
easterly direction are selected. This approach was chosen
since it is observed that during these days, the influence of
the traffic intensity profile is important. On days where the
maximum errors are limited on the other hand, traffic data
has hardly any influence.

Pair wise combinations of these 9 parameters are con-
sidered as well, that are further indicated as interac-
tion terms. This means that the multiple linear regression
model has at maximum 46 parameters (see further), in-
cluding a constant term.

A regression model with interaction terms is able to
explain 84% (i.e. R?) of the variability in the above de-
scribed error. The null hypothesis that all coefficients in
our linear model are zero could be rejected at the 99.99%
level. The predicted errors on one-day Lge, values (=
L - L(reﬂlday'SEQ) are plotted against the ob-

den, 1day, SEQ . d(;n, . .
served values in Figure 8. Most pairs follow the diagonal
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Table II. Retained parameters for the multiple linear regression
model, to predict the error Lfﬂl;,l day.SEQ ~ L;:?l day sEQ> Introduced
by using averaging approach 1. Days with maximum errors larger
than 5 dB(A) were selected for this analysis. The parameters are
ranked by their standardized coefficients SD.

parameter SD parameter SD
Qlog evening Alin day =7.67 Qlin,night Alog night 0.73
QAlog eveningdlog night —6.56 IeveningInight 0.83
Qlin night -2.69 Win night Lnight 0.88
Qlin,day Alin,night -2.67 alin,eveninglevening 1.01
alog,nighllday -2.30 Qlin evening 1.47
Qlog,evening Alin,night -2.30 Alog,day Alog night 1.66
Ievening -2.28 Idaervening 1.90
Qlog,day Alin,night -2.11 QAiog,day Qlin,evening 2.40
Qlin,day Alog,night -1.26 Qlin,day 2.48
alog,daylevening -1.14 Qlin,evening Alin,night 2.52
Qlog,evening -1.04 alin,nighllday 2.96
Qlin,evening @log night -0.77 Qlog,evening Alin evening 3.37
Qlog,day Alog evening 3.73
Qlog,day 6.37
Qlog,day Alin,day 7.83

quite well. Analysis of the standardized residuals shows

that the quality of the model is similar in all cases and the

differences between observed and predicted values follow
closely a Gaussian distribution (not shown).

Multiple linear regression analysis without interaction
terms yields a reduced squared correlation coefficient of
53%. Including linear terms, interaction terms, together
with the squares of the 9 base parameters, resulted in a
model that explains 90% of the observed variability. It
can therefore be concluded that the interaction terms are
clearly relevant, while the inclusion of quadratic terms is
only a minor improvement and would complicate further
analysis.

The standardized coefficients of the independent vari-
ables allow one to make a ranking of the principal param-
eters. The use of t-tests helps to determine if an individual
parameter or a pair-wise combination of parameters has
predictive power. The null hypothesis, stating that a coef-
ficient is equal to zero, must in that case be rejected at a
very high statistical level. In our analysis, a 99.99% level is
chosen. 27 parameters where retained to build the model,
and are shown in Table II. When looking at the importance
of these parameters, the following observations could be
made:

e The meteorological parameters determine the error in
the first place. The days on which large errors are
observed, are quite independent of the traffic data.
A negative correlation between the error and ajin night
and ajog evening 1S observed, while ajip evening, @linday and
@jog.day are positively correlated.

e The interaction terms between aj, and aj,, parame-
ters, in the same period, are important and positively
correlated. A continuously increasing or decreasing ef-
fective sound speed curve with height results in the
largest errors. Sound speed curves containing upward
and downward refracting parts decrease the error. This
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Figure 9. Top 10 normalized traffic intensity profiles resulting
in the smallest errors, neglecting interactions with meteorologi-
cal parameters. The vertical lines indicate night period, daytime
period and evening period. Hour 10 means the period between
10.00h and 10.5%.

effect is more pronounced during the day than during
the evening or night.

e The interaction terms expressing meteorological condi-
tions over successive periods in 24 hours are important.
Important terms are djog evening cOMbined with ajin night,
and ajog evening combined with ajog nighe. An equal sign
of these meteorological parameters in both periods de-
creases the error, while a change in sign yields larger er-
rors. This is logical since a different sound propagation
condition increases the error made when dividing up in
separate periods. On the other hand, there are a number
of positively correlated terms like aiog day@log evening and
alin,nightalin,evening and alog,dayalin,evening- The standardized
coefficients belonging to those combinations of param-
eters are smaller than the negatively correlated ones.
The fact that there is a positive correlation may come
from the large, positive influence that gy day €Xerts on
the error.

e When considering pure traffic intensity terms, it is ob-
served that large amounts of traffic during the evening
tend to decrease the errors. The term Igay Levening ON the
other hand is positively correlated with the error: Large
traffic intensities during both the day and the evening
tend to increase the error. This also means that a large
amount of traffic during the night decreases the error,
since the sum of Igay, Ievening, and Inigne €quals 1. In
Figures 9 and 10, the 10 traffic intensity profiles result-
ing in respectively the largest and smallest errors are
shown, based on these findings.

o Pairs like anighctnight and devening Levening are less impor-
tant than meteorological—traffic intensity pairs over dif-
ferent periods like @pighJgay and @qay Levening-

From this analysis, it is clear that the course of meteo-

rological conditions over time influences the error intro-

duced by using averaged information over day, evening
and night period, the most. Selecting a subset of large-
error days allowed confirming that the type of traffic in-
tensity profile may intensify the error made by the aver-
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Figure 10. Top 10 normalized traffic intensity profiles resulting in
the largest errors, neglecting interactions with meteorological pa-
rameters. The vertical lines indicate night period, daytime period
and evening period. Hour 10 means the period between 10.00h
and 10.5%.

aging approach. The difference in error between various
traffic intensity profiles on a single day can be as large as
10dB(A).

It was shown by the multiple linear regression analy-
sis that interaction terms, containing parameters of differ-
ent periods, are important. The differences between ap-
proaches 1 or 2 and the reference calculation can there-
fore be considered as proportional to the variability in the
Qlin—alog Pairs over time. On the other hand, when aj;,—
ajog pairs stay more or less the same during the different
hours of the day, the error by averaging over different peri-
ods is smallest. Such a small variability of meteorological
conditions is typically observed during the winter period
and in the case of a cloud-covered sky. During spring and
summer, the strong solar radiation induces more distinct
sound propagation conditions during the different periods
of the day. Since multiple source points are used to rep-
resent the highway, quite different propagation conditions
within a single meteorological observation are present, and
this complicates this analysis. It can nevertheless be illus-
trated by looking at the spread of the aj,—aj,, pairs over
time, for the days resulting in the largest and smallest er-
rors. This is shown in Figures 11 and 12, respectively. A
traffic intensity profile with a limited amount of traffic dur-
ing the night and the evening was chosen. The use of such
Qlin—aiog plots is helpful to estimate the importance of hav-
ing detailed, temporal data.

6.2. Statistically-averaged meteorological data

The availability of a detailed meteorological dataset like
the one used in this study, is rather uncommon. Therefore,
an additional theoretical study on the accuracy of yearly
averaged Lge, based on statistically averaged meteo-data
is conducted. Noise indicators using this approach are in-
dicated with the subscript “STAT”. Since it was shown in
the previous sections that the effect of averaging on Lge,
and Lygy is very similar, only Lgey, is considered. The fre-
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Figure 11. ajy-aiog plots for the 9 days resulting in the largest errors on the one-day L., indicator, when comparing approach 1 with

. i f
the reference calculation (= Ly 4., spo — Lie,

den, 1day,sEQ)- 1 1€ hourly-averaged aji,—aio, pairs are shown, for the source point closest to

the receiver. The highway has a N-S orientation, and the receiver is located at 2 km in eastern direction. Day hours are indicated with
the circles, evening hours with the triangles, and night hours with the squares. Day numbers range from 1 (First of January) to 365 (31

December).

quencies of occurrence over the year of the ajn—a, pa-
rameters are determined, using 25 classes. The class mid-
points as suggested by the Harmonoise reference model
[2] are used. For the ajs parameter, these are —1m/s,
—0.4m/s, Om/s, 0.4m/s, and 1 m/s. The class midpoints

for the ay;, parameter are —0.12/s, —0.04/s, 0/s, 0.04/s, and
0.12/s.

Firstly, the frequencies in each class are calculated on an
hourly basis. For each source-receiver combination, a dif-
ferent 5x5 frequency table is determined, leading to 10080
frequency tables (24 hours times 21 source points times
5 receivers times 4 configurations). Secondly, these fre-
quencies are calculated for the day time, the evening time,
and the night time period as a whole, leading to 1260 ta-
bles. Yearly-averaged hour-by-hour temperature and rela-
tive humidity is used in the first case. Yearly-averaged tem-
perature and relative humidity over the 3 periods is used in
the second case. The sound attenuation resulting from the
25 meteo-classes are weighted by their occurrence in time,
instead of calculating them for each hour or period for each
day separately throughout the year.

The most detailed approach based on statistical me-

. " (ref) . .
teorological conditions, L., | eo sTar> NOW cONSists in
combining hourly meteo-statistics with hour-by-hour traf-

. . . (ref)
fic intensity profiles. Figure 13 shows L.\ 0 smar —
(ref)

den lyear,SEQ" In a first further approximation, sound prop-
agation calculations based on statically-averaged data over
three periods are combined with traffic intensities for

these 3 periods (statistical approach 1). Figure 14 shows
(1 (ref)
den, lyear,STAT — L den lyear, SEQ" A second approach assumes

that only the total traffic intensity over 24 hours is known,
and the GPG recommendations [19] are used to spread it
over the three periods of the day (statistical approach 2).
Figure 15 shows L;il)lyearJSTAT - g{:{?lyear’SEQ. Note that
as a reference for these representations, the most accurate
predictions available are used, namely Lf;:l?lyear'SEQ, the
(non-statistically) hour-by-hour attenuation calculations,
using a very fine discretisation of the aj,—ajo, Space (see
section 3.1), in combination with hourly traffic intensities.
The flow chart in Figure 4 gives a graphical overview of
the different statistical calculation approaches mentioned.
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Figure 12. aji,—ajog plots for the 9 days resulting in the smallest errors on the one-day Lg., indicator, when comparing approach 1 with

. 1 f) . .
the reference calculation (= L‘(iei.,l day.SEQ ~ ijfnh day,SEQ)' The hourly-averaged aji,—aiog pairs are shown, for the source point closest to

the receiver. The highway has a N-S orientation, and the receiver is located at 2 km in eastern direction. Day time hours are indicated

with the circles, evening hours with the triangles, and night hours with the squares. Day numbers range from 1 (First of January) to 365
(31 December).

culations, results in errors up to 1dB(A) for yearly Lge,

3r values. Both calculation methods compared in Figure 13

account for the hourly correlation between traffic intensity

g and attenuation: The influence of the various traffic inten-

=4l —_.— sity proﬁle§ on this type of error is 'therefore very limited.

5 | — - An unambiguous trend between this error and the propa-

‘Z’ ol gation distance is not observed. In [12] it is concluded that
w

using 25 meteorological classes affects the calculation of
yearly Lge, with less than 2 dB(A). The smaller deviation

found here might be the result of a mix of different propa-
2 gation conditions within a single meteorological observa-

‘ ‘ ‘ ‘ tion, since, in contrast to [12], a series of point sources is
50 100 500 1000 2000 used here to represent a highway.
Distance (m)

The additional error introduced by the averaging ap-
Figure 13. Errors on yearly L4, values by using statistical

) . . proach 1 (Figure 14) and 2 (Figure 15) does not increase
hour-by-hour calculations, relative to the reference calculation . L.
(xf) (ref) ; . the overall error more than in the case of non-statistical
(= Lyen 1year stat — Laten, 1year sEQ)- The data points forming the box . . .. . .
on Y o Yen . handling of meteorological conditions (Figure 6 and Fig-
plots are the different traffic intensity profiles. The other config- imoly add ith the 1 dB(A b 4
urations gave similar results and are therefore not shown. ure 7). It simply adds up with the 1 dB(A) error observe

in Figure 13. The spread of the error when using averaging
approach 2 in the statistical approach is again larger than
when using averaging approach 1. The underestimation in-
creases with distance as well. It can therefore be concluded

The error introduced by statistically-averaged attenua-
tion data on an hourly base, compared to the reference cal-
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Figure 14. Errors on yearly L., values by using the statistical ap-
proach 1, relative to the reference calculation (= Lg:};'lyemvSTAT -

Lff:r? Iyear sEQ)- 1he data points forming the box plots are the dif-

ferent traffic intensity profiles. The other configurations gave
similar results and are therefore not shown.

Error (dB(A))
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Figure 15. Errors on yearly L., values by using the statistical ap-
proach 2, relative to the reference calculation (= Lilze:mlyear,STAT -
L;‘:r? Iyear sEQ)- 1he data points forming the box plots are the dif-
ferent traffic intensity profiles. The other configurations gave

similar results and are therefore not shown.

that applying statistically-averaged meteorological classes
does not lead to an increased loss in accuracy when using
the same temporal averaging approach.

7. Conclusions

In this paper, a theoretical study is conducted to investi-
gate the impact of averaging approaches on meteorologi-
cal conditions, on the course of traffic intensity over time,
as well as on the temporal correlation between them. Fo-
cus is on the noise indicators Lge, and Lyigne. The rationale
behind this study is twofold: at one hand averaging prior
to performing calculations may reduce the computational
cost of noise mapping, at the other hand only average data
may be available for example because traffic intensities are
obtained from traffic simulations.
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Highly detailed sound propagation calculations using
the Green’s Function Parabolic Equation method, account-
ing for refraction of sound by using meteorological data
from a tower, are combined with state-of-the-art emission
models to evaluate these indicators near a long straight
highway.

Calculations that combine the emission at a certain hour
with the corresponding attenuation for this same hour are
taken as a reference. Periods with large traffic intensities
and at the same time downward refracting sound propaga-
tion conditions contribute largely to Lge, values. Not ac-
counting for this temporal link in sufficient detail leads to
average sound levels that are too low. When assuming that
traffic data and sound attenuation data are known only as
an average over the (default) day period, evening period
and night period, large underestimations, up to 15 dB(A),
are possible for one-day Lge, predictions. When, in addi-
tion, daily traffic intensity is divided over day, evening and
night using fixed fractions, the maximum error found in-
creases further to 20 dB(A). The error increases with the
sound propagation distance.

When considering an integration period of one year, the
underestimation decreases considerably, and maximum er-
rors are limited to 1.5dB(A) and 3dB(A) respectively.
The error on Ly;gy is very similar to the error on the Lge,
indicator, when using a similar averaging approach over
time.

The meteorological parameters, and their course over
time, determine the error caused by the averaging ap-
proaches in first place. The type of traffic intensity profile
may intensify the errors made with 10 dB(A). A linear re-
gression model, based on 9 parameters, was build to find
the important actors during high-error days. These param-
eters are the fraction of traffic intensity during day time,
evening time and night time, and the averages of the mete-
orological parameters aj;, and aj,, during these 3 periods.
When including interaction terms, 84% of the variability
on the data can be explained. A ranking of the standard-
ized parameters was made to estimate the influence of the
parameters and their combinations on the errors made by
the averaging approaches.

Interaction terms expressing meteorological conditions
over successive periods in 24 hours are shown to be impor-
tant, and are positively or negatively correlated with the er-
ror. Large (relative) amounts of traffic during the evening
and night tend to decrease the error. Continuously increas-
ing or decreasing effective sound speed profiles (aj,, and
ajin have the same sign) result in larger errors than mixed
profiles (ajog and aj;, have a different sign).

The error made by the averaging approaches is propor-
tional to the variability of the hourly aji,—ajo pairs during
a 24 hour period. The use of aj,—aio, plots could be used
as a quick and easy way to estimate the detail needed in
temporal data to calculate short-term Lge, values. It is ex-
pected that the required detail will be lower during winter
time than during summer time.

The use of meteorological data, statistically-averaged
over the year, results in a loss of accuracy smaller than
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2dB(A), compared to calculating noise levels for each
hour of the year, and averaging results afterwards. The ad-
ditional error introduced by the approach to average me-
teorological data and traffic intensity over the day is not
affected by using statistically-averaged yearly meteo data.

It should be noted that the quantitative results obtained
in this study only apply for locations with similar meteoro-
logical statistics as in this study, and for sound propagation
over a flat terrain. Nevertheless, the numerical values ob-
tained are indicative for potential trends.
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