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Barrier noise-reduction in the presence of

atmospheric turbulence: Measurements and

numerical modelling

Abstract

Atmospheric turbulence causes scattering of sound, which can reduce the
performance of sound barriers. This is important to include in prediction
models to get a correct picture of the sound reduction at higher frequencies.
Here a prediction method is applied that uses the strengths of the wind and
temperature turbulence to estimate the scattered power into the shadow zone
of a barrier. The predictions are compared to full-scale measurements on a
thick barrier, where both acoustic and meteorological data were recorded
simultaneously under both calm and windy conditions. Comparison between
the measurements and the predictions indicate that the method gives reason-
ably accurate results for mid to high frequencies and a slight overestimation at
very high frequencies.

Keywords: barrier, screen, atmospheric turbulence, scattering, decorrelation,
measurements, predictions.

1. Introduction

When trying to predict the sound reduction obtained with a noise barrier in
an outdoor environment, the inhomogeneous nature of the atmosphere can be
of importance to consider. Wind speed and temperature that vary with height
cause refraction and the atmospheric turbulence causes scattering and decorre-
lation of the sound waves. The turbulence scattering can significantly decrease
the sound reduction obtained with a noise barrier, especially for high frequen-
cies and large scale geometries [1, 2]. An example of a situation with a large
scale geometry is a large building along a road side.
There exist other models than the one used here for predicting the influence

of atmospheric turbulence on noise barrier performance. A parabolic equation
method has been applied to situations with flat geometries [3], i.e. when the
source and the receiver are far away from the barrier in relation to the height of
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the barrier. Also a model called the substitute-sources model has been devel-
oped [4]. In this model a surface of sources represents the field behind the bar-
rier and a mutual coherence between all source-pairs is used which describes
the decorrelation due to the turbulence. Also this model has so far only been
implemented for flat geometries.
The model used here for predicting the effects of a turbulent atmosphere

on the sound reduction by a barrier on ground is based on a model by Daigle
[5] and has been further extended. In Daigle’s model the power scattered by
the turbulence is calculated using a sound scattering cross-section [6, 7] and
is then added to the diffracted power in the acoustic shadow of the barrier.
With this model Daigle investigated a few different geometries and the predic-
tions were compared with measured data [5]. The comparison showed a fairly
good agreement between predictions and measurements, and that neglecting
the turbulence scattering would yield a poor prediction, especially at higher
frequencies, which is also concluded in Ref. [8].
Using the physically based Kolmogorov spectrum for the description of the

turbulence allows for a straight forward transformation of the results from one
frequency to other frequencies. Moreover, the results when enlarging or dimin-
ishing the geometry in scale can also be predicted using straight forward trans-
formations. These transformation properties are adopted and the predictions
for many situations can be made from a small set of pre-calculated data, as
shown in Refs. [1, 2], and as described in the following. In the further extended
model used here, also the interference effects due to a ground surface are taken
into account, in an approximate way.

2. Measurement setup

Two sets of measurements were carried out with identical measurement setups.
One set of measurements was carried out during calm weather conditions with
rather low wind speeds (1–3 m/s) and weak turbulence. During the other set
the wind speeds were higher (4–7 m/s) and the turbulence was stronger. Un-
fortunately the wind direction had changed between the two sets, so during
the calm set there was predominately upwind propagation, and downwind for
the windier set.
The barrier was constructed using two standard containers, one 12 m and

one 6 m long, forming an 18 m long barrier, 2.55 m high and 2.44 m thick. The
containers were placed on a wide asphalt road strip, and mineral wool absorb-
ing material was used to seal the gap between them. The source was positioned
8 m from the barrier during all measurements, and the receiving microphone



Paper III 3

8 m

8 m

2.44 m

4 m

8 m

18 m

Source position

Receiver positions

9 m

Figure 1. Measurement setup.

was placed at a distance of 4, 8 or 18 m from the barrier. The geometry is de-
scribed in detail in Figure 1. Themicrophone and the source were placed either
on the ground or at a height of 1.25 m above ground.
A point source was simulated using a compression driver feeding into a

flexible hose with a diameter of 25 mm at the opening. A CD-player supplied
a filtered pink noise signal trough an amplifier to the driver. One 1/4” micro-
phone was placed close to the source to monitor the emitted sound, and a sec-
ond 1/2” microphone was used to measure the sound pressure at the receiving
positions. The signals were recorded using a DAT recorder at a sampling fre-
quency of 48 kHz, andwere later transformed to power spectra using theWelch
method with a Hanning window of length 2048 points and 50% overlap.
The wind speed was measured using a conventional instrument with ro-

tating cups. The sensor was placed far away from the barrier to avoid distur-
bances, at a height of 5 m. The turbulence was measured using an ultrasound
anemometer with a sampling frequency of 18 Hz. The anemometer was placed
at a height of 3.7 m, 7 m from the barrier, and 5 m in from the edge.
The sound power level of the source was determined through measure-

ments in an anechoic chamber at a specified input voltage. This voltage was
later kept during the measurements in order to get the same output, and
thereby be able to find the sound reduction obtained with the barrier. The
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source spectrum contained rather sharps peaks due to resonances in the flexi-
ble hose that were spaced about 200 Hz apart. In order to avoid this effect, all
the measured spectra were averaged over 200 Hz.

3. Theory

The spatial and temporal fluctuations in temperature and wind velocity, i.e.
the atmospheric turbulence, cause the sound waves to be scattered into acous-
tic shadow regions and to be decorrelated. Decorrelation effects are usually of
interest for line-of-sight propagation.
The model for calculating the influence of the turbulence scattering for bar-

rier situations is based on the model by Daigle [5]. A further developed model
[8] uses a small set of precalculated data to predict the scattered power for dif-
ferent geometrical configurations and frequencies. This prediction scheme is
here extended to be applicable to a more general barrier shape, and also inter-
ference effects due to a ground surface are taken into account.
The sound scattering cross-section used for the scattered power due to the

turbulence is a single-scattering approximation where the field incident on a
scattering object is assumed to be well approximated by the field calculated
for a non-turbulent atmosphere. This means that the model is restricted to
situations where the propagation distance is not too large and the fluctuations
of the medium not too strong.

The atmospheric turbulence is approximated as homogeneous and isotropic,
which means that it is described by the same statistics in all points indepen-
dent of direction. It is also assumed that the source and receiver are in the
far field. This means that they are far away from where the dominant scat-
tering is produced in relation to the largest scale �� of the inhomogeneities of
the medium and to the size � of the dominant-scattering volume. It is also as-
sumed that � � �, � � ��, and � � ���� are fulfilled, where � is the acoustic
wavelength, � the acoustic wave number, and � the distance from a scattering
volume element to the source or to the receiver [6]. Using the correlation length
� of the turbulent atmosphere (usually assumed to be around one meter), the
last inequality can be relaxed to

� � ����� (1)

as established in Ref. [7]. (See also Ref. [5].) The last inequality says that the ra-
dius of the first Fresnel zone ������� is large compared to �, which is a condition
for treating the scattering from different points as being uncorrelated.
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Figure 2. Geometry for the sound scattering cross-section.

Then the time average of the total received scattered power can be written
as [5]

�� �

�
�

���
	�
�

��
�� (2)

where �� is the amplitude of the incident pressure, 	�
� the scattering cross-
section, 
 the scattering angle, and � the distance from a volume element to the
receiver. See Figure 2. The volume of integration  consists of all points in line
of sight from both source and receiver (i.e. the striped area in Figure 2).
For the locally homogeneous and isotropic turbulence in the inertial range,

following the Kolmogorov spectrum, the structure parameters can be defined
from the structure functions

���� ��� � ��
����

���� (3)

where �� and �� are the structure parameters of the wind turbulence and of
the temperature turbulence, respectively.
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For the fluctuating velocity � in the direction of � and temperature � , and
two points, �� and �, the structure functions can be defined as

����� �� ����� � ��� ������
� ���� ��� �� �� ��� � ��� � �����

� �� (4)

where � � � denotes an ensemble average. The time average can be used in-
stead of the ensemble average when the hypothesis of frozen turbulence is
used. For a given scattering angle 
 and acoustic wave number �, the wave
number � of the turbulence that causes the scattering is found from the Bragg
condition

� � �� ��	



�
� (5)

For these conditions the scattering cross-section can be written as [6]

	�
� � 
�
�����
��� 


���	�
��������

�

���

��
�

� �
�

�
��
�

���
���




�

�
� (6)

where �� is the mean temperature in Kelvin and �� the mean sound speed. In
Eq. (6) it can be seen that the scattering increases with frequency as ����.
According to this model the scattered power will, relative to free field,

change with the same factor as the geometry is scaled. To see this let the height
of the screen, as well as its distance from source and receiver, be doubled. Sub-
stituting for these new variables in the integral (2) will cause an increase by a
factor eight in � and a factor four in ��, whereas ��� will stay constant relative
to free field. As a result the scattered power will be doubled, i.e. increased by 3
dB, relative to free field.
The turbulence scales larger than in the source range have strengths that

are influenced by the large-scale structures of the terrain, and are not easily
determined. Since the scattering into barrier shadows has been concluded to
influence the mean sound power only at higher frequencies, only the smaller
wave numbers of the turbulence are considered (see the Bragg condition (5)).
The turbulence spectrum in the source range and in a part of the inertial range
is omitted, and ��=1 m is assumed instead of a typical value in the order of
100 m. This limits the application of the prediction scheme to high enough
frequencies and steep enough geometries. The limitation to steep geometries is
in accordance with the other model assumptions because for flatter geometries
more power will come via multiple scattering. The dissipation range of the
turbulence includes scales smaller than about a few millimetres and therefore
will not be of importance in the audio range.
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Concerning the measurements of the turbulence, the structure parameters ��

and �� were estimated from the longitudinal turbulence spectrum in the direc-
tion of the mean wind. A least square fit in the range 0.5–5 Hz of the turbulence
fluctuations was made of

���� ��� �
��

�
������

��������� (7)

where � � 0.0330, � is the mean wind speed, � is the angular frequency of
the fluctuations, and �� and �� are the power spectra of the velocity and the
temperature fluctuations, respectively. (See e.g. [6, 9] for more thorough de-
scriptions of the theory and the measurements of the structure parameters.)
For a ground reflected wave the spherical reflection coefficient [10] is used

with the ground impedance being modelled using the Delany/Bazley model
[11] and a flow resistivity of 20 000 kNm/��. The diffraction effect for a single
edge is modelled by Hadden/Pierce [12] and the two edges on the barrier are
then combined using the scheme from Ref. [13]. This procedure gives four ray
paths with complex pressures normalized to a free field reference.

Decorrelation

When the receiver position is not in an acoustic shadow region, the situation is
usually referred to as line-of-sight propagation. For line-of-sight propagation in
a fluctuating medium the decorrelation causes interference patterns to be less
pronounced. (See e.g. Ref. [14].)
For two sources oscillating with the frequency � and contributing with the

complex-valued pressure amplitudes �� and ��, the time signal of the total pres-
sure in a homogeneous atmosphere can be written

���� � ���
���	� � ���

���	�� (8)

where � is time. (The convention ��
� is used.) For a turbulent atmosphere, the
long-term average of the squared absolute value of the total pressure amplitude
can be written [15]

�������
�� � ����

� � ����
� � ������� ��

�
���

�
��
��

��
���� (9)

where ��� is the mutual coherence function fulfilling 
 � ��� � �.
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For � sources we get [16]

�������
�� �

��
���

����
� � �

����
���

��
����

����� ��

�
���

�
�
��

��
�� � (10)

For the turbulence model used here, we have [6, 17]

� � ���
�
�

�

�
�
���

�

� �
�

�
��

�

��
�

���

	
���

���
	 �	

�
� (11)

where � � 0.364, �	 is the transversal separation between the sources and �	

is the longitudinal distance to the receiver. For a direct and a ground reflected
wave, the maximum vertical separation between their paths is chosen as the
transversal separation [17]. With the heights �� and �� above the ground of the
source and the receiver this implies that �	 � ��������� � ���.
The measured values of �� and �� are taken as input when calculating

the mutual coherence between direct and ground reflected waves, both for the
diffraction and for the scattering. For the diffraction all the paths are taken as
going along the top of the barrier; the direct and ground reflected waves from
the source meet at the top barrier edge closest to the source, and vice versa on
the receiver side. The diffraction can be seen as contributions along four paths,
and Eq. (10) is used.
How the decorrelation is applied to the calculation of the scattering is ex-

plained in the following subsection.

Prediction scheme

The Tables A1 and A2 (in Appendix A) with the data for the prediction scheme
contain the scattered power at a chosen frequency �� � 2 kHz, for different
geometries, and for a given unit strength of the velocity fluctuations or of the
temperature fluctuations. The data come from a numerical calculation of the
integral (2), where the incident pressure �� is calculated without taking into
account the reflections from a ground surface, or the field diffracted by the
screen. For a complete description of the calculation see Ref. [1] or [2].
The tabulated values are then transformed for other values of frequency

or for a scaling of the geometry. If the frequency � is changed, ��

�
�������� is

added, and if the geometrical length scale is changed a factor  , �
 ��� � is
added (i.e. if the distances between source and screen, screen and receiver, and
the screen height are all changed with the same factor  ).
When modelling the effect of a ground surface, a good way would be to in-

clude the ground reflectedwave in ��when the integral (2) is calculated, as well
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as the ground reflection on the receiver side and the decorrelation between di-
rect and ground reflected waves. However, in order to avoid recalculating the
integral (2) for each height above the ground of the source and receiver and for
each frequency, a point � is chosen, around which the dominating part of the
scattering is assumed to be produced. All the direct and ground reflected paths
via all scattering volume elements are thereby approximated by the single set
of paths that go through �. The single set of sound paths from source to re-
ceiver via the point � consists of four paths, as seen from mirroring the source
and the receiver in the ground surface. If�� is the scattered power when omit-
ting the ground (corresponding to the values in the Tables A1 and A2), then the
total power can be approximated as��������. Here �� and �� are correction
factors, both with values between 0 and 4. The factors �� and �� are the ex-
pected powers relative to free field at � without the barrier, with the ground,
and where a decorrelation between direct and ground reflected sound waves is
included. �� is calculated from the source and the image source to the point �,
and �� is to the same point �, but from the receiver position. The decorrelation
considers the atmospheric turbulence, but for a better prediction it should also
take into account ground and terrain properties and a correction that models
the dominating scattering as coming from a small volume around the point �
rather than only from that point. The last statement is of most importance at
high frequencies where the interference pattern has room to vary significantly
inside the volume where the dominating scattering is produced.
The point � is chosen to be the lowest point in line of sight from both the

source and the receiver. For a thin screen, � is at the screen edge. (See Figure 2.)
This choice of the point � is motivated since the scattering cross-section (6) in
general becomes large when the scattering angle becomes small. If 
 � �
Æ at�,
however, there is no scattering, and another choice of � would be motivated.
Moreover, for� very close to the source and far away from the receiver (or vice
versa) the scattered power from �will be low due to the large difference in the
distances (see Eq. (2)).
The presented prediction scheme is applied in the following for the compar-

ison with the measured data.

4. Comparison between predictions and measurements

Measurements of the sound reduction obtained with a thick barrier were per-
formed simultaneously with turbulence measurements on two different days.
The results for six different geometries are presented in Figures 3–8. The

distance from the barrier to the receiver is varied (�� � 4, 8, and 18 m) and the



10 Paper III

heights of the source and the receiver are changed. The situation with a high
source position (1.25 m) and the receiver on the ground is exchanged for a high
receiver position (1.25 m) and the source on the ground. When the source is on
the ground a source height �� of around 3 cm is used as input in the model
(see each figure caption for the exact value used for �� ). For the receiver on the
ground the height �� is taken to be 3 mm.
The results to the left are from the calmer situations, and to the right are

those from the more windy situations. The measured values of the structure
parameters are shown in each figure caption.
In the calculated results the air absorption is taken into account using

ISO 9613-1:1993, based on the mean temperature that was about 19Æ� and
the relative humidity that was about 50% during the measurements. The
atmospheric pressure was assumed to be 1013 hPa.

In the plots the measured results are represented by a thick solid line and the
total predictions, including diffraction, decorrelation and scattering, are rep-
resented by a thick dashed line. The thin dash-dotted line represents the tur-
bulence scattering only and the thin solid line represents the diffraction only,
without considering the decorrelation.
At frequencies lower than about 2 kHz the results show little influence of

turbulence scattering. Themeasurements are in fairly good agreement with the
calculations in this range. It does, however, look like an offset in some situa-
tions. These offsets may be due to refraction caused by the mean wind speed
profile. For the downwind situations (right) the measured values are mainly
higher than the predictions and for the upwind situations (left) the measured
values are mainly lower than the predictions.
For frequencies above 2 kHz strong scattering effects, up to 10 dB, are shown

in the more windy and turbulent situations, especially for the longer receiver
distances. For these high-frequency data the agreement between the predic-
tions and the measurements is fairly good. The model does, however, seem to
overpredict the scattered power for the highest frequencies, i.e. above 6-8 kHz.
This may partly be the error due to the single-scattering approximation, i.e.
considering multiple scattering could mean a change in the incident pressure
wave �� in Eq. (2).
The decorrelation in the predictions seems in general to be stronger than in

the measurements. This can be seen for example in Figure 5 (right), where the
prediction shows no interference effects above 2 kHz, whereas the measure-
ments do, up to about 3 kHz. This is probably due to that the strength of the
turbulence is measured above the barrier and that the main part of the medium
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Figure 3. Measurement and prediction for �� � 1.25 m, �� � 0.3 cm, and �� � 4 m.

To the left ��
� � 0.4 m����s� and ��

� � 0.2ÆK/m���; to the right ��
� � 8 m����s� and

��
� � 3.5ÆK/m���. (The same units are used in the following Figures.)

that influences the decorrelation is closer to ground, and there the turbulence
may be weaker.
For the low source position the field in the neighborhood of the barrier top

experiences an interference minimum at high frequencies, around 10 kHz (see
Figures 6–8). In the model predictions, this minimum leads to a larger inter-
ference dip than is shown by the measurements. If the interference is included
in �� when the integral (2) is calculated, the interference dip would be much
less pronounced since at these high frequencies, the volume from which the
dominating scattering comes will not be occupied by a field described mainly
by destructive interference. Therefore, the decorrelation should increase faster
at higher frequencies in order to compensate for the spatially narrower inter-
ference pattern compared to the size of the dominant-scattering volume. This
problem appears not only for the scattering. It could be seen as a general diffi-
culty at high frequencies for most acoustic prediction methods. Also the source
and the boundary will contain details that are difficult to describe, but are im-
portant at high frequencies. For example when the wavelength is about the size
of the source, the point source model may be a poor representation. The usual
approach to handle this would be to model the details in a statistical way in a
wide-band analysis.
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Figure 4. Measurement and prediction for �� � 1.25 m, �� � 0.3 cm, and �� � 8 m.

To the left ��
� � 0.4 and ��

� � 0.3; to the right ��
� � 15 and ��

� � 4.
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Figure 5. Measurement and prediction for �� � 1.25 m, �� � 0.3 cm, and �� � 18 m.

To the left ��
� � 0.4 and ��

� � 0.2; to the right ��
� � 15 and ��

� � 3.5.
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Figure 6. Measurement and prediction for �� � 2.9 cm (left), and 3.4 cm (right), �� �

1.25 m, and �� � 4 m. To the left ��
� � 2 and ��

� � 1; to the right ��
� � 15 and

��
� � 2.
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Figure 7. Measurement and prediction for �� � 2.9 cm (left), and 3.4 cm (right), �� �

1.25 m, and �� � 8 m. To the left ��
� � 1.5 and ��

� � 0.8; to the right ��
� � 17 and

��
� � 2.
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Figure 8. Measurement and prediction for �� � 2.9 cm (left), and 3.4 cm (right), �� �

1.25 m, and �� � 18 m. To the left ��
� � 2 and ��

� � 1; to the right ��
� � 14 and

��
� � 2.

5. Conclusions

Looking at the overall results for both the calm and for the windy situations,
the predictions agree fairly well with the measurements.
The influence of the turbulence scattering on the sound reduction obtained

with a barrier increases when the frequency is increased or when the geometry
is increased in scale (as shown in comparison to earliermeasurements [5, 18, 8]).
The scattering due to turbulence is shown to be able to significantly increase

the noise level behind a barrier. The increase shown here is up to about 5 dB
at 4 kHz and up to about 10 dB at 8 kHz. For larger geometries even stronger
effects are assumed to be possible.
The model includes many approximations and conditions that are not al-

ways fulfilled. For instance, assuming that the turbulence is homogeneous, so
that it needs to be measured in one point only, is probably a crude approxi-
mation. Moreover, the condition (1) that motivates the volume integration of
the scattered power is not met at the higher frequencies. Also, neglecting the
diffracted field in the wave irradiating the scattering volume (�� in Eq. (2))
could cause a significant error. This problem is connected to the approxima-
tion that the scattered and the diffracted fields are uncorrelated. Moreover, the
error due to the single-scattering approximation might grow large at the higher
frequencies, where the scattering cross-section is larger, which may cause the
overprediction in the model at the highest frequencies, here above about 6–
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8 kHz. The fairly good agreement between the predictions and the measure-
ments does, however, indicate that the model is applicable.
For future work a model similar to the one used here can be developed to

take into account barriers of finite length, a non-constant sound speed profile,
and inhomogeneous and anisotropic turbulence.
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Appendix A

The Tables A1 and A2 contain the scattered power, in dB relative to free field,
calculated for the frequency �� � 2 kHz, without the influence of a ground. In
Table A1, ��

� � 1 m����s� and ��
� � 0. In Table A2, ��

� � 0 and ��
� � 1ÆK/m���.

The screen height �� is the height of the equivalent thin screen, which has the
edge at the point �. The distance ��� between screen and receiver is varied as
well as ��. The distance ��� � 40 m between source and screen is kept con-
stant. (See Figure 2.) The scattered power for other frequencies and geometries
is found using transformation properties, as described in the paper.

���=10 20 30 40 50 60 70 80 90 100
�� � 5 -41.6 -33.9 -30.2 -27.9 -26.2 -24.9 -23.9 -23.1 -22.4 -21.8

10 -49.9 -44.0 -39.5 -36.7 -34.7 -33.1 -31.8 -30.9 -30.1 -29.3
15 -52.1 -48.9 -45.8 -42.9 -40.7 -39.1 -37.7 -36.6 -35.5 -34.7
20 -53.8 -51.0 -48.8 -46.8 -45.0 -43.5 -42.1 -40.9 -39.9 -39.1
25 -55.4 -52.4 -50.4 -48.8 -47.5 -46.2 -45.1 -44.0 -43.1 -42.2
30 -57.0 -53.8 -51.5 -50.6 -48.9 -47.8 -46.8 -45.9 -45.2 -44.4
35 -58.6 -55.1 -52.7 -51.1 -49.8 -48.8 -47.9 -47.1 -46.4 -45.7
40 -59.9 -56.5 -53.9 -52.1 -50.7 -49.6 -48.7 -48.0 -47.3 -46.6

Table A1. Scattered level due to a unit strength of velocity turbulence for different
values of the screen height �� and the screen–receiver distance ��� (both in meters).

���=10 20 30 40 50 60 70 80 90 100
�� � 5 -44.0 -39.1 -36.0 -34.0 -32.5 -31.3 -30.4 -29.6 -28.9 -28.3

10 -47.4 -44.7 -42.4 -40.5 -39.1 -37.9 -36.9 -36.0 -35.3 -34.7
15 -48.9 -46.7 -45.1 -43.6 -42.4 -41.4 -40.5 -39.7 -39.0 -38.4
20 -50.2 -48.0 -46.4 -45.2 -44.1 -43.2 -42.4 -41.7 -41.1 -40.5
25 -51.4 -49.0 -47.4 -46.2 -45.2 -44.3 -43.6 -42.9 -42.3 -41.8
30 -52.5 -50.0 -48.3 -47.0 -46.0 -45.1 -44.4 -43.7 -43.2 -42.6
35 -53.6 -51.0 -49.2 -47.8 -46.7 -45.8 -45.0 -44.4 -43.8 -43.3
40 -54.6 -52.0 -50.0 -48.5 -47.4 -46.4 -45.6 -44.9 -44.3 -43.8

Table A2. Scattered level due to a unit strength of temperature turbulence for different
values of the screen height �� and the screen–receiver distance ��� (both in meters).
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