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a b s t r a c t

During four evenings including one night the sound propagation up to a distance of 200 m south and
north of a railway line was measured and the sound exposure level difference between the distances
25 and 200 m from a railway line was calculated. At the same time the meteorological situation was mea-
sured with a tethered balloon up to a height of 100 m. These measurements were compared with calcu-
lated wind and temperature profiles and a reasonable fit of the measured with the theoretical profiles
were found.

The A-weighted sound exposure level differences were correlated with the effective sound speed
gradient with respect to atmospheric stability. In the case of upwind sound propagation a difference of
the A-weighted sound level in the range of 10 dB between stable and not stable (adiabatic and instable)
meteorological situation was found (7 dB in the frequency range between 315 and 3150 Hz) and in the
case of downwind sound propagation in the range of 3 dB(A).

The stability of the nocturnal layer is expressed with the Obukhov length L which includes (in the bulk
definition) a relation of the wind speed gradient to the temperature gradient. The effective sound speed
gradient includes the sum of the wind speed gradient and temperature gradient. The main result is that
the description of sound propagation should be improved by use of the Obukhov length to include the
stability effects of the atmosphere which is especially necessary in the case of upwind sound propagation
during the nocturnal boundary layer.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the evening or morning hours, the meteorological situation
changes as a result of the decreasing or increasing sun radiation
which influences the temperature stratification above ground. At
night the ground is cooling and with this the temperature stratifi-
cation is getting stable. At the same time, the velocity and direction
of wind changes which is expressed through the wind profile. To
simplify the complex behaviour of the inhomogeneous atmosphere
sometimes a stratified but horizontally homogenous atmosphere is
used. With the horizontal stratified atmosphere the wavefront is
only influenced by the vertical gradients. To combine the effect
of the temperature and wind speed the effective sound speed is
introduced with respect to a certain measurement point. The
height dependence of the temperature and wind profiles is in-
cluded in the effective sound speed gradient. In Section 3 of this
paper the connection between the gradient of the effective sound
speed and the measured A-weighted sound exposure level differ-

ence between the measurement points at 25 m and 200 m distance
from the railway line is shown. The frequency dependent sound
exposure level difference is presented for the measurement points
south and north from the railway line. During two measurement
periods north and south from the railway line correspond to down-
wind and upwind sound propagation. In the case of upwind sound
propagation a remarkable difference between stable and not stable
meteorology situation was found at the A-weighted sound expo-
sure level and with this at the frequency behaviour of the sound
exposure level (SEL) difference.

1.1. Introduction to the calculated and measured wind and
temperature profiles

In the first part of this paper the measured temperature and
wind profiles which are dependent on the height are compared
with results of common used calculations for these profiles. This
is useful because in the literature one finds most times a simple
behaviour of the temperature and wind stratification above ground
[1,3]. In this paper measurements are presented which show that
during night a variety of real measured wind and temperature
stratifications exist and compare well with the results of
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calculations. In Table 1 all necessary parameters to calculate height
dependent wind and temperature profiles are presented. In the
first part of this paper it is shown that the commonly used wind
and temperature profiles are only very rough simplifications of
the real existing and measured wind and temperature profile dur-
ing night.

In the book of Keith Attenborough and others [1] the calculation
of typical sound speed profiles are presented. This height depen-
dent calculation of the wind speed and the temperature profile
are based on the book of Panofsky and Dutton [2], but there are
some differences in the use of constants which are explained later.
In the book of Erik M. Salomons [3] also the calculation of the wind
and temperature profiles with corresponding equations are in-
cluded. The equations in the book [1] and [3] are comparable,
but for simplicity the equations are referred to [1].

The aim of this part of the paper is to compare the measured
wind speed and temperature profiles with the result of calculation
of wind speed and temperature profiles by using Monin–Obukhov
similarity theory to demonstrate the limits of the theory to de-
scribe reality specially under stable night time situations.

According to Attenborough et al. [1] the wind speed (m/s) and
the temperature (�C) at height z are calculated from values at
ground level (roughness length zM, zH and temperature at zero
height T0) and other parameters like friction velocity u�, scaling
temperature T� and the Obukhov length L are essential parameters.

The Obukhov length L is a scaling parameter which is useful to
describe the surface layer [2]. One physical interpretation of the
Obukhov length is that it is proportional to the height above the
surface at which buoyant factors dominate over mechanical (shear)
production of turbulence [4]. According to [5] the Obukhov length
is the height of the boundary layer at which the buoyant produc-
tion rate equals the shear production rate of turbulence under neu-
tral conditions.

For statically stable conditions it is suggested that the shape
similarity of the temperature and wind profiles are utilised to
use the (bulk definition of the) Obukhov length L [4] with

L ¼ u��hðDu=DzÞ
kgðDh=DzÞ ð1Þ

where u� is the Friction velocity (m/s); �h the h = T + Cz Potential
temperature (T measured in Kelvin); Du/Dz = (u(z2) � u(z1))/
(z2 � z1) the Wind speed gradient between height z2 and height
z1; k the Von Karman constant k = 0.41; g the acceleration due to
gravity g = 9.81 m/s2 and Dh/Dz = (T(z2) � T(z1))/(z2 � z1) the Tem-
perature gradient between height z2 and height z1

The term Dh represents the difference of the potential temper-
ature but in the case of small height differences for simplicity the
measured temperature in �C can be used. In the following the
Obukhov length was calculated with a friction velocity u� esti-
mated from the fit of the simulated to the measured windprofile.
The temperature difference was taken between the measurement
points at 13 m (z2) and 3 m (z1) above ground. The wind speed gra-
dients were taken from the balloon measurements near the
ground. The wind speed gradient is assumed to be constant during
the up and down of the balloon (15–30 min time delay between up
and down). The potential temperature is assumed to be the tem-
perature measured in �C and converted to Kelvin (+273.15). The
above definition (Eq. (1)) of the Obukhov length L represents the
bulk definition as a result of the measurement of the wind and
temperature gradient.

The temperature gradients Dh define the surface layer if it is
stable, neutral or unstable (positive, zero, negative). Therefore
the Obukhov length will be a measure for stability integrating
the effects of thermal and dynamical stability, which is a character-
istic for the surface layer.

The reason for the change in stability mainly between day- and
nighttime is the surface heatflux. From surface layer theory it is
proportional to the product of the scaling quantities u� and T� [2].

H ¼ �qcpu�T� ð2Þ

H is the heat flux W/m2; q the density of air q � 1.29 kg/m3; cp the
specific heat at constant pressure cp � 1005 J/kg K; u� and T� the u�
friction velocity, T� scaling temperature.

The heatflux is a consequence of the radiation balance and
therefore defines the situation as stable, neutral or unstable. In
the proposed procedure the heatflux is used as boundary condition
to estimate the scaling temperature T�.

The height dependent measurement of the wind profile an-
swers the question if there is a stable, neutral or unstable boundary
layer [2,4]. Fig. 1 shows the variation of the wind profile on a log-
arithmic height scale as a consequence of stability during one mea-
surement period of a clear night.

The curves in Fig. 1 represent a visual fit to demonstrate quali-
tatively the stability effect on the wind profile by using the Obukov
length as the stability parameter (see Table 1). The profiles at 22:00
and 5:40 are stable stratified during night time and show deviation
to higher velocities in higher levels. This is an effect of smaller tur-
bulence elements and therefore a smoother surface layer. The
morning profile at 7:20 shows the effect of an unstable stratifica-
tion after sunrise. The gives stronger thermally forced turbulence
and therefore deviation of the logarithmic profile to lower veloci-
ties in higher levels.

Roughness length (zM, zH) is a parameter which is fixed by the
surface characteristic. According to the state of the surface during
the measurement (e.g. long grain, bare soil and snow cover) we
have chosen values according to the literature [4].

On the other hand the wind profile measurement can be used to
evaluate the roughness length. The surface stress represented by
the friction velocity u� and the magnitude of the surface stress in
kinematic form is u�

2 [4]. Fig. 1 shows a value of 0.1 m/s for the
night of 2nd to 3rd of July which was used then for the calculations
for this night.

1.2. Calculation of the wind speed and temperature profiles

In Panofsky and Dutton [2] and Stull [4] the relation for the cal-
culation of the wind speed is used without the shift of the height,
they use z/zM instead of (z + zM)/zM expressed in [1]. From the
mathematical point of view that means that the equations used
in [1] are continuous on z = 0 but the following equations are not
continuous on z = 0 because the logarithm goes to infinity on z = 0.

The results of Fig. 1 shows, that we have a stable boundary layer
most of the time which is the reason to use the diabatic momen-
tum and diabetic heat profile.

wM
z
L

� �
¼ wH

z
L

� �
¼ 5

z
L
ðstable stratification during night if L > 0Þ

That finally the height dependent wind speed profile u(z)

uðzÞ ¼ u�
k

ln
z

zM

� �
þ wM

z
L

� �� �
: ð3Þ

is used.
That means that the height dependent wind speed profile u(z) is

dependent on the height z(m) and
u� is the Friction velocity (m/s) (depends on surface roughness);

zM the Momentum roughness length (depends on surface rough-
ness); k the Von Karman constant = 0.41; and L the Obukhov length
(m)

The temperature T(z) measured in �C at a height z is based on
the calculation of the potential temperature h at a certain height.
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