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There is a lack of data on the statistical properties of the sound pressure level fluctuations which are
caused by uncertainties in source/receiver heights, range, ground conditions and atmospheric effects.
This paper contributes to this knowledge gap through statistical analysis of the atmospheric effects on
sound pressure levels performed with a Green’s function parabolic equation model and a turbulence scat-
tering model. The probability density functions for the sound pressure level relative to free field propa-
gation are calculated for the source and receiver close to the ground, up to 1 km propagation distance, for
typical annual meteorological conditions and two types of ground. It is found that the ground type and
refractive state of the atmosphere have a pronounced effect on the probability distribution. Under some
conditions and at some frequency intervals, distributions can be remarkably similar. Furthermore,
accounting for meteorological effects become increasingly important with range when predicting sound
pressure level distributions. This work contributes to a better understanding of the role of uncertainties
in outdoor sound propagation that might serve for improved accuracy of statistical source localisation
and characterisation methods based on parameter inversion.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

There has been works on uncertainties in outdoor sound prop-
agation which suggest that they are significantly affected by the
ground effect, source and receiver height, range and atmospheric
conditions. The effects of these uncertainties are described in Ref.
[1]. More recent works attempted to quantify the important role
of uncertainties in outdoor sound propagation prediction and
described a variety of methods for quantifying the impacts of these
uncertainties [2]. However, there is still a lack of statistical data
obtained via simulation [3] or experimental work [4]. Although
more work has been done through numerical simulations to study
the effect of uncertainties on sound propagation in a non-moving
homogeneous atmosphere over an impedance ground [5], there
are still open questions remaining to be answered.

These questions are: (i) When does it make sense to use complex
prediction models to obtain accurate statistics which account for
atmospheric effects? (ii) Are there some atmospheric conditions when
the uncertainty is too great to capture acoustic data accurately with a
complex prediction model? (iii) Which are the key parameters domi-
nating the uncertainty in the predicted sound pressure level?

This paper attempts to answer the above questions using the
Green’s function parabolic equation (GFPE) model [6] which is
combined with an engineering turbulence model to determine
the probability density functions for the sound pressure levels rel-
ative to free field sound propagation, determined for a representa-
tive range of geometrical, ground and atmospheric conditions.
Coupling outdoor sound propagation models with detailed
weather data has been performed before [7–9], but not for the
specific purpose of drawing probability density functions. These
results will be compared with those obtained for a still and homo-
geneous atmosphere, i.e. the instance which it is easy to predict
with a relatively simple and very computationally efficient model
[5].

A key motivation for this work is the source localization in the
presence of meteorological and ground uncertainties. There are a
number of applications for this work. Gun detection is of obvious
importance in defence applications, yet it is still an understudied
area particularly in the case of large-scale outdoor situations.
Another application is the localization of industrial sources of envi-
ronmental noise particular those which bring annoyance into adja-
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cent residential areas. There is also a clear need to separate sources
of sounds to understand and to design positive soundscapes in out-
door environments. All these applications require good under-
standing of the potential for the sound pressure level variability
across the spectrum of audible frequencies and its relation to the
uncertainties in the propagation path.

This paper is organised in the following manner. Section 2
details the research methodology, the numerical model and the
meteorological data that was used. Section 3 describes the results.
Section 4 summarises the findings of this study.

2. Research methods

Data on the atmospheric conditions used in this work are based
on historical weather information collected from a meteorological
tower near the city of Mol, in Belgium, for the year 1997. The mete-
orological data contains 10-minute averages of wind speed (at
24 m, 48 m, 69 m, 78 m, and 114 m above the ground) and air tem-
perature (8 m, 24 m, 48 m, 78 m, and 114 m). Sound propagation in
the dominant downwind direction was considered.

Only 10-minute averaged data with complete meteorological
observations were used, which was 77.5% of the total number of
records in the dataset. From this dataset 1000 cases were randomly
drawn without replication (see Fig. 1). The height-dependent effec-
tive sound speed ceff was then calculated using air temperature,
wind speed and wind direction:

ceff zð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jRT zð Þ

p
þ uSR zð Þ; ð1Þ

with z the height above the ground, j is the ratio of the specific
heat capacities at constant pressure and constant volume (which is
1.4 for air), R is the gas constant of dry air (287 J/(kg K)) and TðzÞ is
the height-dependent air temperature. The wind speed profile
along the source-receiver line is given by uSRðzÞ, and has a positive
sign for downwind propagation, a negative sign for upwind propa-
gation, and becomes zero in case of cross-wind.

A linear-logarithmical (effective) sound speed curve was fitted
on the measured data:

ceff ¼ a0 þ alinzþ alog log
zþ z0
z0

� �
: ð2Þ
-6 -4 -2 0
a

lo

-0.1

-0.05

0

0.05

0.1

0.15

a lin
 (

1/
s)

Fig. 1. Scatter plot of the coefficients alog against alin for experimentally collected data
circles) to run GFPE simulations. The black filled circles represent the classified alog-
interpretation of the references to colour in this figure legend, the reader is referred to
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Parameter a0 is the sound speed ms�1
� �

at z = 0 m, the coeffi-
cients alin and alog can be related to the physical parameters of
theoretical-empirical flux-profile relationships for flat and homo-
geneous terrain [10]. This type of profile as in eq. (2) was found
to provide very good fits on meteorological tower data [9,11]. A
roughness height of z0 = 0.2 m is appropriate for the surroundings
of the meteorological tower.

The coefficients alin and alog in eq. (2) were obtained by fitting
the meteorological observations. The values of these coefficients
used in this study are shown as the smaller circles in Fig. 1. Sound
propagation from a point source under these meteorological condi-
tions over flat ground was simulated with the 2D axi-symmetric
GFPE, a well-established directional wave-based model, account-
ing in high detail for refracting atmospheres in the presence of
an impedance ground plane. Detailed information on the model,
parameter settings and example applications can be found else-
where [6,9,12].

For the simulations presented in this paper, a range-
independent sound speed profile and a range-independent ground
impedance was considered to predict SPLreFF;nosc , which is the sound
pressure level relative to free field propagation accounting for the
presence of refraction and ground, but in absence of turbulent scat-
tering. This indicator is the negative of the so-called ‘‘excess atten-
uation” [1]. In the case of upward refracting atmospheres, or when
pronounced destructive interference dips in the sound pressure
level spectra are predicted, unrealistic low sound pressure levels
are usually obtained when neglecting scattering by a turbulent
atmosphere. Based solely on the previously described meteorolog-
ical tower data, by using horizontal wind speed and air tempera-
ture profiles, estimating the turbulent state of the atmosphere
becomes unreliable. Therefore, the ERA5 database [13] was con-
sulted, providing hourly predictions of a wide range of atmospheric
parameters allowing estimates of the turbulence strength. This so-
called re-analysis data is available at a spatial resolution of 30 km
by 30 km. The closest point to the tower was consequently
selected. From this database, the surface heat flux QH, surface tem-
perature Ts and friction velocity u� were retrieved at the corre-
sponding moments of the 1000 draws from the meteorological
tower measurements. These parameters allow calculating the
Monin-Obhukov length LMO [14]:
2 4 6 8

g
 (m/s)

(grey open circles) of size N ¼ 40740. It is used to select 1000 data points (yellow
alin pairs, where the radius is proportional to the occurrence in each class. (For
the web version of this article.)
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LMO ¼ �u3
�Tsq0cp
gkvQH

; ð3Þ

where g is the gravitational acceleration (9.81 m/s2), cP is the
heat capacity of air at constant pressure (1000 J/kg), q0 is the den-
sity of air (1.2 kg/m3), and kv the von Karman constant for air (0.4).

The temperature scale T� can be calculated as follows [14]:

T� ¼ � QH

u�q0cp
: ð4Þ

In the atmospheric surface layer, air temperature fluctuations
can be described by its variance r2

T and related length scale LT ,
using following empirical expressions [14,15]:

r2
T zð Þ ¼ T2

�
4

1þ 10 � z
LMO

� �h i2
3
; ð5Þ

LT zð Þ ¼ 2z
1þ 7 � z

LMO

� �h i

1þ 10 � z
LMO

� �h i : ð6Þ

In case of shear dominated surface layer turbulence, the vari-
ance of the horizontal component of the wind speed r2

v and its
length scale Lv can be approached as follows [14]:

r2
v zð Þ ¼ 3u2

� ; ð7Þ

Lv zð Þ ¼ 1:8z: ð8Þ
Equations (5)–(8) allow estimating the so-called structure

parameters for temperature ðC2
T) and velocity (C2

v ) using Kol-
mogorov’s statistical representation of a turbulent atmosphere in
the inertial subrange [14]:

C2
T ¼ 3C 5

6

� �
p1

2

r2
T

L
2
3
T

; ð9Þ

C2
v ¼ 3C 5

6

� �
p1

2

r2
v

L
2
3
v

; ð10Þ

where C denotes the gamma function. For a more complete
description of the theoretical and empirical equations shown above,
including their validity ranges, the reader is referred to Ref. [14].

Although the GFPE model allows for explicitly modelling turbu-
lent realisations by perturbing sound speed profiles [6], a large
number of such realisations (typically at least 30–50) are needed
to end up with energetically averaged and converged levels, blow-
ing up computational efforts.

Instead, it was chosen to correct the sound pressure levels in a
refracting atmosphere that neglect turbulent scattering. One possi-
bility is to add a scattering contribution [16,17]:

SPLreFF;sc ¼ 25þ 10log10cT þ 3log10
x

1000
þ 10log10

d
100

; ð11Þ

wherex is sound frequency, d is the source-receiver separation,
and cT is ameasure of the turbulence strength. The latter is a combi-
nation of the structure parameters predicted by Eq. (9) and Eq. (10):

cT ¼ CT

T0

� �2

þ 22
3

Cv
c0

� �2

: ð12Þ

Finally, the sound pressure levels relative to free field in a
refracting atmosphere can be corrected for turbulent scattering
in the following way:

SPLreFF ¼ 10log10 10
SPLreFF;nosc

10 þ 10
SPLreFF;sc

10

� �
: ð13Þ
3

The above equations enabled us to simplify the highly complex
case of scattering of sound by a turbulent atmosphere and to mod-
erate unrealistically low levels of the sound pressure level,
SPLreFF;nosc . At the same time, the temporal variation in atmospheric
turbulence strength and its link with the sound speed profile (see
Eq. (2)) is kept. Given the different time scales of data availability,
successive 10-minute sound speed profiles will be assigned the
same hourly turbulent scattering strength.

Although the Kolmogorov model assumes isotropic and statisti-
cally homogeneous turbulence [14], spatially coarse atmospheric
turbulence parameters were used [13], and an engineering turbu-
lent scattering model was used [16,17], it allows to at least dis-
criminate between atmospheres with weak and strong turbulent
scattering. This potentially has a significant influence on the tails
of the sound pressure level distributions.

Figs. 2 and 3, as an example, show the sound pressure level
spectra predicted with eq. (13) for strong and weak turbulence
scattering, respectively. The predictions without scattering,
SPLreFF;nosc , are depicted as well. The simulations agree with exper-
imental findings and other numerical approaches showing a more
or less range independent level when expressing sound pressure
levels relative to free field sound propagation under upwardly
refracting conditions [18–21].

These figures illustrate three important points: (i) the sound
pressure level relative to the free field predicted by the GFPE model
scattering is unlikely to fall below �30dB[1]; (ii) weak turbulence
scattering can be neglected for lower frequencies of sound and
short/medium range; (iii) strong turbulent conditions might lead
to a level increase of up to 20 dB when compared to weakly scat-
tering atmospheres.
3. Results

To generate the probability density functions (PDFs from
hereon) required, we need repeated simulations using the GFPE
model. Each simulation is run over a given set of parameters (see
Fig. 1), with each resulting value (see eq. (13)) being recorded.
These values are then plotted against their respective probabilities
i.e. the probability of achieving a given value across all the possible
combinations of parameters.

For the parameters in question for this study, the impedance
ground remains flat, with acoustical hardness representing a softer

grassland rg ¼ 100kPasm�2
� �

or harder rocky terrain

rg ¼ 2000kPasm�2
� �

matching their experimental results [1].

The ground impedance is calculated via the effective flow resistiv-
ity rg using an experimentally proven model proposed by Hor-
oshenkov et al [22]. This model has been reliably applied in
previous related statistical studies [5].

The range r is from 100 to 1000 m. The (point) source height hs

is at 2 m while the receiver height hr is allowed to take values up to
15 m high. Calculations were performed for 1/3 octave bands,
which will be indicated by their centre frequencies, ranging from
100 Hz to 2500 Hz. Fifteen individual frequencies were considered
to constitute each 1/3 octave band response. For brevity we pre-
sent only data for hr ¼ 1.55 m in this paper. A full set of the results
for this and other receiver heights can be found as supplementary
material available online [23].

3.1. No meteorological effects

As previously shown by Parry and Horoshenkov [5], the inter-
ference patterns of outdoor sound propagation can be charac-
terised using their statistical representation rather than the
traditional sound pressure level spectrum. Fig. 4 shows the proba-
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Fig. 2. The sound pressure level, relative to free field sound propagation, in an upward refracting atmosphere, predicted with eq. (13) for the 1/3 octave bands and receiver
height of 2 m above the ground (grassland). Solid lines neglect turbulent scattering. Dashed lines are predictions corrected for strong turbulent scattering
(cT ¼ 4:01� 10�5; alog ¼ �1:1813ms�1 and alin ¼ �0:0025s�1).
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Fig. 3. The sound pressure level, relative to free field sound propagation, in an upward refracting atmosphere, predicted with eq. (13) for 1/3 octave bands and receiver height
of 2 m above the ground (grassland). Solid lines neglect turbulent scattering. Dashed lines are predictions corrected for weak turbulent scattering
(cT ¼ 8:51� 10�7; alog ¼ �1:3323ms�1 and alin ¼ �0:0005s�1).
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bility density function (PDF) for the sound pressure level (eq. (13))
predicted for the case without any atmospheric effects (so for a
homogeneous, non-moving and non-turbulent atmosphere). The
PDFs shown in Fig. 4 combine the statistics predicted for all the
adopted ranges (100 – 1000 m). The results are separated for rela-
tively soft and hard impedance grounds.

The results suggest that in the absence of any atmospheric
effects the frequency is the dominant parameter that controls the
PDFs. For this relatively low receiver height (1.55 m) and when
going from a more rigid to a softer ground, the shape of the PDF
does not change significantly, except for the bands where condi-
tions for destructive interference are met (more precisely in the
range 200–315 Hz in the current geometry). At even lower fre-
quencies, distributions are not at all influenced by ground type.
At higher frequencies, some very small shifts towards higher levels
in the distributions are predicted, while their shapes are fully pre-
served, when going from rigid to soft grounds. Generally, the pres-
ence of the harder ground and higher receivers (not shown) result
in a narrower sound pressure level range covered by the PDFs.
4

3.2. With meteorological effects

Fig. 1 separates the sound speed profiles into the four quadrants
which correspond to four combinations of positive or negative val-
ues of the two coefficients in eq. (2). The sign of the coefficient alog

primarily determines whether the sound propagation is downward
refracting (alog > 0; sound speed increases with height) or upward
refracting (alog < 0; sound speed decreases with height). The
parameter alin is much less influential as it controls the finer fea-
tures in the sound speed profile as a function of height (see
Section 3.2.3).
3.2.1. Full downward refraction (alog > 0; alin > 0)
Fig. 5 presents the PDFs for alog > 0 and alin > 0 for the cases of

the hard and soft ground. This type of atmosphere supports rela-
tively long-range sound propagation which is affected more
strongly by the ground conditions and less by the turbulent scat-
tering (see e.g. Ref. [1,6,14]).
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Fig. 4. The frequency dependence of the probability density function for the sound pressure levels relative to free field propagation excluding meteorological effects. Two
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Fig. 5. The frequency dependence of the probability density function for the sound pressure levels, relative to free field propagation, for atmospheric conditions characterised
with positive values (downward refraction) of alog and alin . In (a) and (b), rigid ground is considered; in (c) and (d) soft ground. In (a) and (c), turbulent scattering is neglected,
while included in (b) and (d). Distributions are drawn for a fixed receiver height of 1.55 m, and range from 100 to 1000 m.
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In case of downward refraction, complex interference patterns
dominate at low frequencies (see Fig. 5). Localized zones with con-
structive and destructive interference lead to multi-peaked distri-
butions when drawing along a line at constant height. In the case
of rigid ground and frequencies below 500 Hz, these distributions
are broad. In the case of very low frequencies, e.g. below 250 Hz,
these distributions peak near +10 dB. This is due to constructive
interference of multiple sound paths arriving at a single spot,
enabling the predicted sound pressure level relative to free field
to exceed 6 dB as would be expected in the case of a non-
refracting atmosphere. At the higher frequencies, more peaked dis-
tributions with a maximum near 0 dB are predicted. At the fre-
quencies above 1000 Hz and in the presence of rigid ground a
remarkably sharp peak in the distribution is observed near �1
dB. The position of this peak and its width does not change signif-
icantly as the frequency increases further.

In the presence of soft ground pronounced zones with destruc-
tive interference at very low frequencies (below 250 Hz) are
5

observed. This is consistent with that expected in the case of a
non-refracting atmosphere but to a lesser extent. The maximum
in the probability density function shifts down to approximately
�15 dB. At the higher frequencies, a peak in the distribution near
0 dB is still observed but becomes wider for this type of ground.

The effect of turbulent scattering is relatively small in the case
of downward refraction, consistent with findings reported in Ref.
[6]. The probability of SPLreFF being below �20 dB becomes negligi-
ble. Somewhat larger differences between scattering/no scattering
are observed at the lower end of the low frequency distributions
and in the presence of soft ground.
3.2.2. Full upward refraction (alog < 0; alin < 0)
Sound propagation in the atmosphere with a negative alog is

markedly different to the case with alog > 0 in terms of the pre-
dicted PDFs as illustrated in Fig. 6. This atmosphere supports
upward sound refraction, shorter range sound propagation and it
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Fig. 6. The frequency dependence of the probability density function for the sound pressure levels, relative to free field propagation, for atmospheric conditions characterised
with negative values (upward refraction) of alog and alin . In (a) and (b), rigid ground is considered; in (c) and (d) soft ground. In (a) and (c), turbulent scattering is neglected,
while included in (b) and (d). Distributions are drawn for a fixed receiver height of 1.55 m, and range from 100 to 1000 m.
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is affected strongly by the turbulent scattering and less by the
ground conditions (see e.g. Ref. [1,6,14]).

In case of upward refraction and when neglecting turbulent
scattering, a shadow zone can develop which effects become espe-
cially pronounced at low receiver heights (see e.g. Ref. [1,6,14]) as
considered in this analysis. For very low frequencies and hard
ground (see Fig. 6 (a)) a gradual transition between the insonified
zone and the shadow zone is observed, extending over several hun-
dred meters, leading to rather wide distributions. With increasing
frequency, sound waves are more easily refracted, and the transi-
tion zone between insonified and shadow zone moves closer to
the source. Relatively low values of the sound pressure level
reflecting the presence of the close shadow zone are dominant in
the PDFs drawn over all ranges as is done here.

At low frequencies and in the presence of rigid ground there is a
maximum in the PDF around 0 dB (see Fig. 6 (a)) that is similar to
the case of a non-refracting atmosphere. However, in the case of
upward refraction (and still neglecting turbulent scattering) a tail
is added to the distribution extending towards large negative val-
ues. This is a contribution from the acoustic shadow zone. In the
presence of soft ground (see Fig. 6 (c)) the extensive low frequency
destructive interference zone as observed in the case of a non-
refracting atmosphere still plays an important role, shifting the
PDFs to the lower levels.

When comparing simulation results with and without turbulent
scattering, main differences are observed in the acoustic shadow
zone. These extremely low sound pressure levels predicted with
turbulent scattering being neglected fully disappear (see Fig. 6
(b) and (d)). The positive values of the sound pressure level relative
to free field propagation, in contrast, are less affected by adding
turbulent scattering to the simulations.

At sound frequencies above 500 Hz the probability density
functions predicted with the turbulence scattering correction
appear to be close to the Gaussian distribution with a maximum
near �15/-20 dB (see Fig. 6 (b) and (d)). The shape of this distribu-
tion seems relatively independent of the ground type and fre-
quency. The latter is particularly clear in the case of propagation
above hard ground. Sound propagation in the presence of upward
refraction is dominated by the turbulent scattering process, leading
to values falling by and large between �30 dB (weak scattering
episodes) and �10 dB (strong scattering episodes).
6

3.2.3. Mixed sound speed profiles (alog > 0; alin < 0 or alog < 0; alin > 0)
Sound propagation in atmospheres with mixed sound speed

profiles give rather similar distributions as compared with the
cases having consistently upward or downward refracting condi-
tions (see Fig. 7). This means that that the sign of alog is the domi-
nant factor governing the shape of the probability density
functions.

A closer look at the graphs shows somewhat larger differences
for low frequency 1/3 octave bands above rigid ground when
alogis negative (see Fig. 7 (b) as compared to Fig. 6 (b)). There, the
bimodal behaviour as observed when alin is negative is somewhat
less pronounced.
3.3. Differences in statistics

It is of practical interest to quantify differences between the
PDFs predicted for sound propagation either accounting for or
neglecting meteorological influences. The question here is: Starting
from the non-refracting and non-turbulent atmosphere, when do we
begin to observe significant changes in the probability density function
upon adding results of simulations which include meteorological con-
ditions defined by the coefficients alog and alin (see Fig. 1) and the tur-
bulence scattering term (see eq. (11))? For this purpose, the degree of
overlap of the surface below the PDFs accounting for or neglecting
meteorological influence is calculated. As a criterion, we set the
overlap threshold of 50%. If this threshold is exceeded, then the
two PDFs are not very different, or the influence of the meteorolog-
ical conditions we considered on sound propagation are not large.
For these cases a simple and computationally efficient analytical
model, e.g. van Der Pol [1,5], can be sufficient to estimate the sta-
tistical properties of the sound pressure level fluctuations caused
by any uncertainties. Otherwise, a more complicated numerical
model, e.g. GFPE [6], must be used. Note that calculation times
with the GFPE model are easily a few orders of magnitude larger
than when using an analytical approach neglecting meteorology.
3.3.1. Effect of refraction type
The above approach is applied separately for two quadrants for

alog and alin data as presented in Fig. 1. While adding to the statis-
tics the results predicted for a new set of alog and alin values we
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Fig. 7. The frequency dependence of the probability density function for the sound pressure levels, relative to free field propagation, for atmospheric conditions characterised
with opposite values of alog and alin . In (a) and (b), rigid ground is considered; in (c) and (d) soft ground. In (a) and (c), alog > 0; alin < 0, while in (b) and (d) alog < 0; alin > 0.
Turbulent scattering is included in all figures shown here. Distributions are drawn for a fixed receiver height of 1.55 m, and range from 100 to 1000 m.
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Fig. 8. The effect of downward refraction (positive values of alog and alin), including turbulent scattering, on the change in the probability density function of the sound
pressure level relative to free field estimated in the presence of rigid ground, for the 1/3 octave bands with centre frequencies from 100 Hz to 2500 Hz. The coloured symbols
indicate the range of alog values that can be included without leading to a less than 50% overlap in distribution relative to neglecting meteo. The colourmap is as in Fig. 4. The
full receiver range from 100 m to 1000 m is included in this analysis, for a receiver height of 1.55 m.
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always start with the lowest absolute values of alog . Fig. 8 illus-
trates the results of this analysis for sound propagation under full
downward refraction, i.e. when alog > 0 and alin > 0, and in the
presence of hard ground, including turbulent scattering. The extent
of the quadrant covered by the coloured circles provides an esti-
mate how much variability in the meteorological conditions need
to be added to the model before the ‘meteo’ probability density
function deviates too much (i.e. over 50 %) from that predicted
for the ‘no-meteo’ case. The full range from 100 to 1000 m is
included in this analysis.
7

These results show that for some 1/3 octave bands, e.g. 315 and
400 Hz, the difference threshold of 50% between the two cases is
never reached, because it would require the addition of even more
extreme alog conditions outside the range of those appearing in the
yearly meteo tower dataset as used in this work (see Section 2). On
the other hand, for all other bands a considerable difference occurs
almost immediately upon adding the prediction made even for rel-
atively small values of alog (e.g. 100 Hz graph in Fig. 8).

Fig. 9 is the counterpart of Fig. 8, but for sound propagation in
the presence of soft ground. For almost any 1/3 octave band, a less
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Fig. 9. The effect of downward refraction (positive values of alog and alin), including turbulent scattering, on the change in the probability density function of the sound
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than 50% overlap in sound pressure level distribution (relative to
neglecting meteorological influences) is rapidly reached upon add-
ing the predictions made even for relatively small values of alog .
Only for the lowest frequency band of 100 Hz, less than 50% over-
lap is not reached.

In the case of upward refraction and hard ground, there are
more similarities between the probability density functions pre-
dicted for the meteo and no-meteo cases. This is illustrated in
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Fig. 10 which shows that a more than 50% difference is never
reached for sound propagation at the 1/3 octave bands with centre
frequencies between 400 and 1600 Hz. For the frequencies of
sound below and above this frequency range the PDFs diverge sig-
nificantly with the increased value of alog relative to neglecting
meteo.

These similarities between meteo/no-meteo are also pro-
nounced in the case of sound propagation in upward refracting
-5 -4 -3 -2 -1 0
-0.1

-0.05

0
160

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
200

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
400

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
500

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
1000

-5 -4 -3 -2 -1 0
alog (m/s)

-0.1

-0.05

0
1250

-5 -4 -3 -2 -1 0
alog (m/s)

-0.1

-0.05

0

al
in

 (
1/

s)

2500

nt scattering, on the change in the probability density function of the sound pressure
nds with centre frequencies from 100 Hz to 2500 Hz. The coloured symbols indicate
in distribution relative to neglecting meteo. The colourmap is as in Fig. 4. The full
f 1.55 m.



-5 -4 -3 -2 -1 0
-0.1

-0.05

0

al
in

 (
1/

s)

100

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
125

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
160

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
200

-5 -4 -3 -2 -1 0
-0.1

-0.05

0

al
in

 (
1/

s)

250

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
315

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
400

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
500

-5 -4 -3 -2 -1 0
-0.1

-0.05

0

al
in

 (
1/

s)

630

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
800

-5 -4 -3 -2 -1 0
-0.1

-0.05

0
1000

-5 -4 -3 -2 -1 0
alog (m/s)

-0.1

-0.05

0
1250

-5 -4 -3 -2 -1 0
alog (m/s)

-0.1

-0.05

0

al
in

 (
1/

s)

1600

-5 -4 -3 -2 -1 0
alog (m/s)

-0.1

-0.05

0
2000

-5 -4 -3 -2 -1 0
alog (m/s)

-0.1

-0.05

0
2500

Fig. 11. The effect of upward refraction (negative values of alog and alin), including turbulent scattering, on the change in the probability density function of the sound pressure
level relative to free field estimated in the presence of soft ground, for the 1/3 octave bands with centre frequencies from 100 Hz to 2500 Hz. The coloured symbols indicate
the range of alogvalues that can be included without leading to a less than 50% overlap in distribution relative to neglecting meteo. The colourmap is as in Fig. 4. The full
receiver range from 100 m to 1000 m is included in this analysis, for a receiver height of 1.55 m.

T. Van Renterghem, K.V. Horoshenkov, J.A. Parry et al. Applied Acoustics 185 (2022) 108426
atmospheres in the presence of soft ground. This is illustrated in
Fig. 11. For this case, the 50% difference threshold is never
exceeded between the PDFs predicted at the frequencies below
125 Hz and in the range 400–1250 Hz.

3.3.2. Effect of range
Finally, it is of interest to study the effect of the range on the

similarities between the probability density function of the sound
pressure level relative to free field predicted with and without
atmospheric effects. One can ask the following question: Is there
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a certain range within which the presence of a non-uniform sound
speed profile has little effect on the sound pressure level statistics?

In this work the range-dependent similarity between the ‘no
meteo case’ and ‘meteo case’ is estimated from the analysis of
the corresponding PDFs which provided us with a fraction of over-
lap (similar as in Section 3.3.1, which will be called ‘correlation
coefficient’ from here on). Two fully overlapping probability den-
sity functions would give a value for the correlation coefficient of
1, whereas 0 means no overlap at all. This analysis is made using
a sliding 100 m window which is moved progressively along the
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100 to 1000 m range to estimate the range-dependent similarity
between the ‘no meteo case’ and ‘meteo case’ PDFs for 9 range
intervals with the middle points between 150 and 950 m, in steps
of 100 m. The ‘meteo case’ PDFs include all the predicted levels in a
given range interval for all possible combinations of alog and alin for
a given quadrant in Fig. 1, including turbulent scattering.

The results of this analysis are presented in Fig. 12 for sound
propagation in the presence of the hard and soft ground, in combi-
nation with either fully upwardly or fully downwardly refracting
atmospheres.

The presented graphs in Fig. 12 suggest that in the case of sound
propagation in the atmosphere with downward refraction, the
ground has a strong effect on the range-dependent meteo/no-
meteo similarity. This is an expected result, as multiple reflection
points on the ground could be identified in such atmospheres,
especially during stronger refraction (see e.g. Ref. [6,11]). In the
case of the rigid ground (see Fig. 12 (a)) and at the higher end of
the frequency spectrum the similarity between the ‘no meteo’
and ‘meteo’ case reduces considerably beyond 200–300 m range.
At low and mid frequencies, there is hardly any similarity, even
at very short range.

In the case of sound propagation over soft ground and at fre-
quencies up to 160 Hz there is a strong similarity between the
‘no meteo’ and ‘meteo’ case which extends up to 500 m (see
Fig. 12 (c)). This suggests that sound propagation under downward
refraction from sources operating at these frequencies can be pre-
dicted with a relatively simple model which does not need to
include complex atmospheric effects up to this range. At higher
sound frequencies, the similarity drops much faster. At the mid fre-
quencies, similar to the rigid ground case, there is hardly any sim-
ilarity even for the shortest range classes considered.

Similar conclusion can be made when the atmosphere is
upward refracting (see Fig. 12 (b) and (d)). For rigid grounds, sim-
ilarities between meteo/no-meteo are overall somewhat lower
than for soft grounds, especially in the lower frequency range.
The highest similarities are seen for soft ground and low frequen-
cies at short range.

Mainly in the higher frequency range, the correlation coefficient
does not necessarily decrease with range; however, correlation
coefficients between meteo/no-meteo above 500 m stay low (less
than 0.2).
4. Conclusions

This work, via numerical simulations, has studied the uncer-
tainties in sound propagation over a flat impedance ground caused
by the atmospheric effects and ground type. A main novelty of this
work is that it has predicted and analysed the probability density
functions for 1/3 octave bands, including the difference between
sound pressure level in the absence (‘no-meteo’ case) and presence
of atmospheric refraction and turbulence scattering (‘meteo’ case).

It has been found that downward refraction tends to lead to
multi-peaked PDFs. The position and width of these peaks depend
on the frequency of sound and ground type. At lower frequencies,
e.g. below 250 Hz, these distributions peak near + 10 dB, which is
due to the constructive interference, i.e. when multiple sound
paths arrive at a single spot. At the higher frequencies, a distinct
peak in the distribution near 0 dB is observed but becomes wider
in the case of a softer ground. The effect of turbulent scattering
has been found relatively small in this case.

The statistics for the sound pressure levels in the case of
upward refraction has been found markedly different. Sound prop-
agation in this atmosphere is affected strongly by turbulent scat-
tering and less by the ground conditions, as is well known from
existing literature [1,6,14]. At sound frequencies above 500 Hz
10
the probability density functions predicted are close to the Gaus-
sian distribution with a maximum being near �20 dB when
expressing sound pressure levels relative to free field propagation.

Another novelty of this work is the study of the threshold in the
atmospheric conditions beyond which the probability density
function becomes markedly different from that predicted for
non-refracting non-turbulent atmospheres. It has been found that
for some atmospheric conditions and impedance grounds the
statistics in sound propagation in the presence and absence of
atmospheric effects are similar for some frequency ranges when
drawing distributions over the full propagation range considered
(up to 1 km). On the other hand, for other frequency bands and
ground types, a considerable difference occurs even for moderate
refraction. In particular, in the case of upward refraction there
are close similarities between the PDFs predicted for the ‘meteo’
and ‘no-meteo’ cases in the presence of hard ground. For these con-
ditions a relatively large difference between the two cases is never
reached for sound propagation in a relatively broad frequency
range of 400–1600 Hz up to a propagation distance of 1 km. These
similarities have also been found as pronounced in the case of
sound propagation in upward refracting atmospheres in the pres-
ence of soft ground.

Finally, this work is novel because it has studied the range-
dependent similarities between ‘no meteo’ and ‘meteo’ cases. It
was found that for sound propagation in a downward refracting
atmosphere, the ground and propagation range have a very strong
effect on the PDF. Predicted high similarities, observed at a few 1/3
octave bands at short range, drop rapidly once a propagation dis-
tance of 300–500 m is reached. For most frequencies, such similar-
ities are very limited at any range. This suggests that sound
propagation under these conditions cannot be predicted with a
model which does not include complex atmospheric effects. In case
of upward refraction, similarities with the ‘no-meteo’ case are
overall slightly higher, but rather similar conclusions can be
drawn.

The main significance of this work is that it provides a founda-
tion for the right choice of a model which can be used to predict
sound propagation in a computationally efficient and accurate
way for a given set of meteorological conditions. This is particu-
larly important for applications related to sound localisation and
characterisation which require the knowledge of statistics associ-
ated with propagation uncertainties.

Some limitations of the current work need to be reported.
Example statistics are drawn here based on a highly detailed mete-
orological dataset for a single location only. The statistics drawn
here are not necessarily representative for all possible locations
and atmospheric conditions. Although the shapes of the distribu-
tions might change at other locations, the extent to which meteo-
rological influences can be neglected, as discussed in Section 3, are
expected to have a much wider applicability than just for one site.

The turbulence scattering approach used here is approximate
but it avoids blowing up computational cost when explicitly mod-
elling a representative set of turbulent realisations for each mete-
orological condition. Although the range and qualitative behaviour
of predicted sound pressure levels in strong upward refracting con-
ditions fit experimental findings, an accurate description of turbu-
lent scattering of sound waves under any atmospheric condition is
not guaranteed.
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