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Abstract: The civil security sirens are used by the autho-
rities in a wide range of countries to signal an imminent
or ongoing threat. Even if their sound level is known, it is
nevertheless difficult to evaluate their audibility across a
given zone, especially in complex urban environments.
An experimental protocol was deployed around a siren
installed in a town in France, to assess its audibility percep-
tually and through modeling. Sound level measurements
during source activation were made with the NoiseCapture
smartphone application at different distances and on several
axes by a group of 25 participants. They were also asked to
fill in a questionnaire on perceptual information about the
siren such as its audibility, the perceived sound level, or the
masking of the siren by passing vehicles. A comparison
between acoustic measurement levels using NoiseCapture
and simulated sound levels using NoiseModelling was per-
formed. The results of this study validate the use of the
Common Noise Assessment Methods in Europe model to
evaluate the audibility of a warning system located in an
urban environment within a radius of 2.8 km around the
siren. Finally, a metric linking audibility to modeled sound
level is proposed, enabling the development of siren audi-
bility maps in the study area.

Keywords: warning sirens, audibility of sound sources,
noise mapping, NoiseModelling, audibility maps

1 Introduction

Sirens are indispensable warning vectors to alert the
population of the arrival of an imminent risk: earth-
quakes, tsunamis, fires, or terrorist attacks [1,2]. Trig-
gered in time, civil security sirens remain a centralized,
redundant, and efficient vector to warn the population of
an imminent threat and of the need to inform oneself.
They produce both collective and individual reactions,
they are efficient to alert a whole population, day and
night, they leave no time for hesitation, and they require
immediate reactions [3]. The effectiveness of early warning
systems is one of the main risk reduction strategies for
communities vulnerable to natural disasters [4,5].

Although the effectiveness of sirens heavily depends
on them being properly heard by as many people as pos-
sible [5,6], the structure and densification of the siren
network are mostly based on technical constraints rather
than on an effort to optimize their sonic spatial coverage
[7]. The authorities in charge of triggering alert sirens,
from the local to the national level, do not have precise
knowledge of the theoretical spatial coverage of the
sound signal [4]. This zoning is usually mapped by con-
centric circles around the sirens whose distances would
represent theoretical sound level threshold values gener-
ally around 800m, 1.6 km, and 2.4 km for the maximum
distances [8–10]. This mapping does not capture the
complexity of sound propagation and its effect on the
spatial coverage of the alarm sound, which is influenced
by many environmental factors such as terrain, build-
ings, and weather conditions [11,12]. When evaluating
the spatial coverage of an alarm siren in complex environ-
ments, the impact of environmental conditions and urban
geometry can be modeled by the sound wave attenuation
factor which describes the relationship between signal level
and distance in terms of the number of decibels the signal is
reduced each time the distance between the source and the
receiver is doubled. Since the attenuation factor is highly
dependent on the geometry of urban configurations, a
higher attenuation factor will seriously reduce the effective
range of air raid sirens [13]. The optimum location for siren
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warning systems was also studied by Wanniarachchi and
Lakmal [14]. The authors set up a methodology involving
geographic information system (GIS) tools, local authorities’
census information, and field surveys with community
members to identify the locations and current conditions
of the siren system. Siren location-related data were stored
and analyzed using GIS software and the modeling of the
warning system was carried out using buffer areas around
each siren (500, 1,000, and 1,500m). The surveys led to a
mapping of the zones where the siren was audible indi-
cating coverage of 1 km around the base of each tower
and suggested several factors to be taken into account
when evaluating the optimal locations for warning systems
such as the elevation of the ground and the geographical
conditions of the study area and weather conditions.

During the past few years, fast-computing simplified
numerical methods have been developed in order to
study sound propagation under different types of condi-
tions [15]. In 2017, a GIS-based methodology [16] aiming
to refine spatial extent and coverage estimations of sirens by
calculating mean siren decibel levels for all buildings in the
city and relating those levels to population information was
introduced by Reed et al. using the SPreAD-GIS noise model
[17] that predicts sound level loss due to environmental
factors. Even though this noise model has several limita-
tions, including processing time or the inability to input
source height into the model, the authors could conclude
that approximately 97% of the population should hear
sirens at a level of 80 dB or higher in this case study. In
2021, a model to calculate the spatial coverage of warning
sirens installed in public transport systems through the
overlapping of General Transit Feed Specification real-
time data and flood hazard inundation areas [18] suggested
that approximately 70% of the population in the target area
could be reached using a 70 dB siren. Again, this study was
limited by the nonconsideration of external factors such as
land cover, buildings, or elevation. Although these numer-
ical approaches have shown consistency with measured
sound levels, physical characterization of the signal spatial
coverage is not always confronted with perceptual data
about the audibility of the siren.

While there is an inherent relation between siren
sound levels and their audibility, numerous studies have
also underlined the role of external factors regarding the
audibility of warning sirens such as background noise
[19–21]. Contrasts betweenwarning signals and background

noise can have an impact on its attention demand, thus
directly affecting the audibility of the siren [22]. As men-
tioned in Patterson’s paper [23], due to the inherent varia-
bility of noise and auditory processing, the detection of a
warning signal does not occur at one precise signal level
but increases in function of the signal level over a range of
about 20 dB. As a consequence, this article recommends
a 15 dB difference in the warning signal level with respect
to the threshold imposed by the background noise as
the lower limit for adequate detection of the signal. The
audibility of outdoor sirens considering signal frequency,
masking noise, and other external factors was studied by
Volkmann and Graham [24] involving acoustic measures
and audibility surveys in residential areas. The results pre-
sented in this study suggested that for the siren to be
completely audible, its basic sound level should be at least
80 dB for a 400 Hz signal and that it needs to have an
emission level of 132 dB at 100 ft (30m). Volkmann and
Graham’s study [24] also highlighted the diversity of vari-
ables (land cover, buildings, atmospheric conditions) that
needed to be accounted for in the determination of an
efficient siren-driven warning system. Since the date of
publication of this study in 1942, we now have access to
numerical modeling tools that allow us to take these fac-
tors into account, such as those presented in the previous
paragraph.

It is therefore essential to establish a methodology
that involves perceptual data and establishes a relation
between audibility, numerical simulation, and measured
sound levels when assessing the spatial coverage of siren
warning systems. This is the aim of this article. In Section 2,
we propose a methodology on a case study located in
the city of Saint-Martin-de-Londres, Hérault department
in France, whose relevance will be evaluated to carry out
the sound mapping of a siren-driven warning system. We
collected acoustic and perceptual data during an experi-
ment in the study area which was then compared with
calculations carried out using NoiseModelling, a noise
mapping software that embeds the Common Noise Assess-
ment Methods in Europe (CNOSSOS-EU) propagation
model. Section 3 presents the results obtained through a
correlation test between each dataset. We discuss the tech-
nical limitations of this study as well as the perspectives
on the future development of the methodology in Section
4. Finally, the consequences in terms of estimation of siren
audibility by modeling are reviewed in Section 5.
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2 Methods

2.1 Case study

The study area is located in Saint-Martin-de-Londres, a
municipality of about 3,000 inhabitants approximately
30 km north of Montpellier, France. The municipality
has a warning siren installed on a mast near a municipal
building. The experiment took place on October 6, 2021,
at 12:15 during the siren’s activation of about 1 min and
41 s, as part of the monthly exercise in France every first
Wednesday of the month to ensure that they are func-
tioning properly.

Twenty-five participants (Natural Risks Management
Master students of the University Paul-Valéry Montpellier
3) were deployed at variable distances all around the
siren at the points indicated in Figure 1. The farthest
participants were approximately 2.5 km from the siren’s
location. Sound level measurements and perceptual
data regarding the audibility of the siren were collected
simultaneously. For this purpose, participants were
equipped with NoiseCapture, an opensource Android
application to measure sound levels on a smartphone
[25]. Participants responded simultaneously to a ques-
tionnaire, in order to evaluate their perception of the
siren. The relationship between these two series of

data is addressed in Section 3.2.1. The siren was located
on a mast 10 m above the ground and activated for 1 min
and 41 s emitting a tonal acoustic signal of 135 dB at a
fundamental frequency of 380 Hz. It is composed of an
8-horn-type loudspeaker array in a 360° disposition,
therefore ensuring an omnidirectional behavior during
activation (Figure 2). Its theoretical spatial extent is
around 3 km.

2.2 Tools

2.2.1 Questionnaire

A questionnaire asking about the perception of the siren
and the background noise present in the sound environ-
ment, as well as information about the traffic flow during
the siren activation, was distributed to each participant.
This questionnaire was distributed to the participants in
the form of a paper that was retrieved at the end of the
experience and then tabulated into a spreadsheet. The
participants were asked to rate on a semantic differential
scale ranging from “Very low” to “Very strong” on the
categories “Sound level of the siren,” “Siren audibility,”
“Masking of the siren by passing road vehicles,” and
“Background noise sound level.” Responses were encoded
by a value ranging from 1 to 5.

Figure 1: Map of Saint-Martin-de-Londres. The siren is represented by a white point. The participants were positioned at the red points.
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2.2.2 Acoustic measurements

Sound level measurements were achieved thanks to
NoiseCapture¹, a free Android application designed to
perform acoustic measurements and share the user’s
sound environment using the microphone on their cell
phone [25]. The data obtained by the NoiseCapture
application contain the measured sound level by fre-
quency band (1 s, third octave), the equivalent sound
level over the duration of a measurement in dB(A), an
identifier of the measuring device, and its global posi-
tioning system (GPS) position at the time of the mea-
surement. The GPS track associated with the sound
recording has a temporal resolution of 1 s and a mean
spatial accuracy of approximately 6 m.

Participants were equipped with the micW i436 cali-
bratedmeasurementmicrophone, an omnidirectionalmicro-
phone with a sensitivity of 6.3mV/Pa, and a signal-to-noise
ratio of 62 dB (1 Pa A-weighted). In addition, a reference

measurement was made with a class 1 sound level meter
near the source when the siren was activated.

Figure 3 shows the equivalent sound level per one-
third octave band during the activation of the siren mea-
sured by the sound level meter at 10m distance from the
sound source. We can notice that the 400 Hz one-third
octave band was the most prominent at the moment of
the activation of the siren, which is in accordance with
the characteristics of the siren. The equivalent sound
level in this one-third octave band will be considered to
be the sound level of the siren at a given evaluation point
and will be referred to as L400 in the following.

The measurement conditions were not ideal, with some
wind gusts during the activation of the siren. In addition,
the method used to measure noise levels is potentially rela-
tively sensitive to the acquisition conditions, with smart-
phones held in the hands of participants. In consequence,
the sound level of the siren at a given evaluation point,
named L400Obs hereafter, was determined manually from
the temporal evolution of the 400Hz one-third octave. This
choice was done carefully observing the temporal emer-
gence of the measured L400 one-third octave band with
respect to L315 and the activation of the siren (estimated
using a sound speed of 340m/s). The main reason to select
an equivalent level for the 400Hz one-third octave was the
fact that during the activation of the alarm and considering
that its main frequency is located at 400Hz, the 315Hz band
should not show any visible change in level since it is not
concerned by the alarm frequency extent (while higher fre-
quencies may contain harmonics of the fundamental fre-
quency of 380Hz). The time series for L400 one-third octave
band, the emergence (L400 with respect to L315), and the

Figure 2: Photography of the siren.
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Figure 3: Equivalent sound level per one-third octave band of cali-
brate sound level meter at 10m of the siren during its activation.
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observed equivalent sound level L400Obs are shown in
Figure 4 and Appendix. During the processing of the mea-
sured acoustic data, we noticed that 5 out of the 25 mea-
surements were not exploitable due to corrupted data from
inadequate handling of the measuring device by the parti-
cipant, wind, or overall non-optimal conditions. Thesemea-
surements were then manually removed from the dataset.
The technical limitations of this manual approach are dis-
cussed in Section 4.

2.2.3 Numerical modeling

The sound propagation calculation in the study area is
performed using NoiseModelling, which integrates the
sound propagation model CNOSSOS-EU, a standardized
model for the elaboration of strategic noise maps [26].
Using the geographic location provided by the NoiseCap-
ture data collected during the experiment, we generated a
layer of 20 receiver points distributed in the study area at
every location of the participants during the experiment.

The siren was modeled by a source point placed at its
exact location, with a sound level of 135 dB at 400Hz since
it is the closest one to 380Hz, which is the fundamental
frequency of the source. The modeled signal is considered
tonal at the siren’s fundamental frequency and constant.

This is an assumption, compared to the actual signal
of warning sirens in France, which emit a signal that

gradually increases over a period of 3 s in sound level
and frequency, until it stabilizes at its maximum power
and frequency of 380Hz for 58 s, and decreases for the last
40 s. This simplification is discussed in Section 4. Two dif-
ferent numerical modeling configurations are considered:
– Configuration 1: A first, simple configuration aiming to

replicate the classic concentric circle approach taking
into account only the geometric divergence;

– Configuration 2: A second, more complex approach
that considers the sound propagation conditions on
the study area, as taken into account within the
CNOSSOS-EU model.

The objective is twofold: first, to visualize the differ-
ence in the spatial distribution of sound levels resulting
from the two configurations, and, second, to evaluate the
validity of each configuration for estimating sound levels
and siren audibility. Figure 5 shows the input parameters
for each configuration.

The input data and calculation parameters used for
configuration 2 are as follows. The geometry of the build-
ings, the ground topography, and the digital elevationmodel
come from the BD TOPO ©databases départementale 2018²
and BD ALTI ©25m 2021³ from IGN (French National
Mapping Agency), respectively. The absorption factor G
for soil was assigned to the ground layer according to
the recommended values given by CNOSSOS-EU.

Diffraction from vertical and horizontal building edges
were taken into account, as well as reflections 2 from
facades within 500m of the receiving point.

The directions of the favorable conditions for propa-
gation were estimated on the basis of meteorological fore-
casts, as well as field experience. The values retained for
each of the cardinal directions are presented in Table 1. The
wind direction as informed by⁴ is presented in Figure 6.

3 Results

3.1 Cartographic representations

Sound levels are calculated with the two configurations
on a regular grid of 95,160 (305 × 312) receiving points,
each point being up to 20m from the next point. The
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Figure 4: Temporal evolution of sound levels at 315 and 400 Hz for
the nearest point to the siren (point 25). The blue line indicates the
observed sound level manually selected as the equivalent sound
level at the time of the alert. For the temporal evolution of each
measuring point, please refer to the Appendix section.
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2 https://geoservices.ign.fr/bdtopo.
3 https://geoservices.ign.fr/bdalti.
4 https://www.infoclimat.fr/observations-meteo/archives/6/
octobre/2021/saint-martin-de-londres/000QM.html? graphiques.
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resulting noise maps are shown for each configuration in
Figures 7 and 8.

Results for configuration 1 are shown in Figure 7. The
concentric circle’s approach does not take into considera-
tion how the complexity of the urban geometry affects
the propagation of sound waves, and external factors
such as ground absorption, wind, and temperature gra-
dients, or horizontal and vertical diffractions, are not
accounted for in the sound level calculation. Instead,
isophone lines decrease only in the function of distance.
For configuration 2, even though Figure 8 highlights a
decrease in the sound levels as the distance increases
from the source, this reduction is neither monotonic nor
uniform. Isophone lines are far from concentric which
may question the theoretical threshold approach gener-
ally used to characterize siren noise spatial coverage.
This cartographic representation suggests that the sound

levels are impacted not only by the distance to the sound
source but also by the topography of the zone, the pre-
sence of buildings, the digital elevation model, and wind
and temperature vertical gradients.

A closer look at Figure 8 reveals an abrupt decrease
in the sound level near the landfill site of the city (about
45° northeast from the siren), where a mound interferes
with the sound wave propagation. The decrease on the
sound levels can be explained by the vertical diffraction
to which the wave is exposed due to the topography of
the site. In detail, the vertical surface created by the
mound produces a masking effect, resulting in lower
levels on the receivers just behind the area. This is a clear
example of the impact of the topography on sound wave
propagation and it is discussed in Section 4.

Figure 9 represents the audibility values from the per-
ceptual dataset. Distances does not appear to be the only
parameter impacting the audibility of the siren, as some
participants perceived the siren at a medium level while
being located farther than others perceived the siren at a
low level, for example on the east part of the study area.
Bias could be due to the propagation model but also due to
the different perceptions of each participant. The following
section discusses in more detail the links between acoustic
measurements, perception, and simulations.

3.2 Cross analysis: Acoustic measurements,
perception, modeling

A cross-analysis has been performed between acoustic
measurements, simulated noise levels, and perceptual data
in order to compare the different modeling approaches.
The Spearman correlation coefficient is calculated to estab-
lish the monotonic relationship between each dataset and
so it is more adequate for our particular case consider-
ing our data. In this section, we introduce five indicators

Table 1: Probability of occurrence of favorable conditions

Direction North east South east South west North west

Slice 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Value 0 0 0 0.4 0.9 0.9 0.9 0.9 0.7 0.5 0.3 0.1 0 0 0 0

Figure 6: Probability of occurrence of favorable conditions on 6
October 2021.

Figure 5: Input parameters for each configuration.
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Figure 7: Cartographic representations of the siren sound propagation: Configuration 1.

Figure 8: Cartographic representations of the siren sound propagation: Configuration 2.
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Figure 9: Mapping of siren audibility as reported by participants.

Figure 10: Spearman correlation chart between measurements and perception. The red line indicates the best fit to each set of points.
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representing different measured and collected information
during the experiment:
– L400: Equivalent sound level at the 400 Hz one-third

octave band of measured levels;
– L400−315: Difference between the 400 and 315 Hz one-

third octave bands of measured levels, which is an
indicator of the spectrum emergence of the signal as
explained in Section 2.2.2;

– L400Obs: Manually chosen sound level corresponding
to the sound level of the siren at a given point for the
400 Hz one-third octave band;

– Audibility: Perceived audibility indicated by the parti-
cipants; and

– PrcvdSL: Perceived sound level of the siren indicated
by the participants.

3.2.1 Measurements vs perception

Figure 10 shows the Spearman correlation (rSpearman =
0.33 and p-value <1; rPearson = 0.54 and p-value <0.01)
between Audibility and L400Obs as well as the correlation
between Audibility and L400−315 (rSpearman = 0.41 and
p-value <0.1; rPearson = 0.54 and p-value <0.01).

Despite the non-optimal acquisition conditions, the
correlation between L400Obs and Audibility indicates a

correct interpretation of the audibility question by the
participants, as well as the expected link between audi-
bility and sound level. However, it is not possible at this
stage to determine whether the other part of the non-
linear dependency between Audibility and L400Obs is
due to measurement errors, or to a nonlinear relation-
ship. The correlation between Audibility and L400−315 being
more significant than the correlation between Audibility
and L400Obs may suggest that the audibility of the siren
is better explained through the spectral emergence of the
source rather than only its sound level.

3.2.2 Measurements vs simulation

The Spearman correlation coefficient between the two
configurations and L400Obs is presented in Figure 11.
The 30 s configuration (rSpearman = 0.48 and p-value <
0.05; rPearson = 0.69 and p-value <0.001) is significantly
more correlated with L400Observed than configuration 1
(rSpearman = 0.37 and p-value <1; rPearson = 0.78 and
p-value <0.001). As a result, relying on a modeling
approach that captures the effects of sound propagation,
such as NoiseModelling, seems to better represent the
sound level distribution of the siren over a territory
with complex topography and buildings.

Figure 11: Spearman correlation chart between measurements and simulation. The red line indicates the best fit to each set of points.
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3.2.3 Perception vs simulation

Finally, the correlation between the reported audibility of
the siren and the simulated sound levels is evaluated, in
order to investigate the potential of an advanced noise
modeling approach, as carried out by configuration 2, to
improve the estimation of the audibility of the siren, com-
pared with the basic concentric approach from configura-
tion 1. Results are reported in Figure 12.

Although configuration 1 is better correlated with the
perceived sound level PrcvdSL (rSpearman = 0.28 and
p-value <0.1; rPearson = 0.58, and p-value <0.01) than
with audibility (rSpearman = 0.18 and p-value <0.1; rPearson =
0.62, and p-value <0.01), configuration 2 is better correlated
with audibility (rSpearman = 0.57 and p-value <0.01; rPearson =
0.71, and p-value <0.001) and PrcvdSL (rSpearman = 0.55 and
p-value <0.01; rPearson = 0.63, and p-value <0.01) than con-
figuration 1. Therefore, a more complex, detailed modeling,
such as configuration 2, better estimates the two perceptual
variables (Audibility and PrcvdSL).

3.3 Toward a cartography of audibility

The validation of the CNOSSOS-EU model to estimate
siren audibility suggests the possibility of mapping this
audibility on a territory. To do so, it is fundamental to use
a metric that represents the percentage of people hearing

the siren as a function of the estimated sound level; this is
what is proposed in this section.

For each of the 20 participants, the sound level esti-
mated by NoiseModelling and the audibility level, esti-
mated between 1 and 5, are available. From these 20 pairs

Figure 13: Audibility proportion curves (%) of the siren as a function
of the sound level in decibels, for “Very low,” “Low,” “Medium,”
“Strong,” and “Very strong” audibility level.

Figure 12: Spearman correlation chart between perception and simulation. The red line indicates the best fit to each set of points.
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of values, it is possible to estimate, for each 10 dB(A)wide
sound level interval, the proportion of the participants
exposed to this sound level having informed an audibility
score higher than a given value. For example, if 5 out of 10
participants who were exposed to a sound level between
40 and 50 dB(A) heard the siren at an audibility threshold
of 3 or more, then this percentage is 50%. Figure 13 intro-
duces the Audibility Curves, a metric linking the perceptual
data informed by the participants for “Very Low,” “Low,”
and “Medium” audibility levels, corresponding to audibi-
lity levels of 2, 3, and 4, respectively, on a scale of 1 to 5,
and the simulated sound levels. Audibility levels indi-
cating “Strong” and “Very strong” audibility were not suf-
ficiently informed by the participants to produce such
curves. In order to define the minimum and maximum
values of the 10 dB(A) intervals in Figure 13, we set a con-
dition of four individuals per interval, meaning that sam-
pling is done by shifting from the lowest simulated value
to the highest simulated value making sure that in each
interval, we have at least four pairs of values (audibility
informed by the participants and simulated sound levels).
We chose to fit the points with a sigmoid curve, consid-
ering that its shape depicts better the audibility function
characteristics: low variation at both ends of the sound level
domain, and a more or less smooth transition between high
and low audibility levels.

From Figure 13, we notice that the siren is always
heard at least at a “Very low” level. Fifty percent of the
participants exposed to a sound level ranging between 40
and 50 dB(A) indicated that the siren was audible at a
“Low” level, while 50% of the participants exposed to a
sound level ranging between 60 and 70 dB(A) indicated
that the siren was audible at a “Medium” level. By
relating a percentage of participants having indicated a
certain audibility level to the sound level to which they
were exposed, it is then possible to produce a map of the
audibility in the modeling approach, as shown in Figure
14 for “Low” audibility and in Figure 15 for “Medium”
audibility.

4 Discussion

A methodology involving on-site measurements, numer-
ical simulation, and perceptual data is proposed to assess
the audibility of a warning siren system through the eva-
luation of its spatial coverage. The acoustic measurements
were performed by a group of participants equipped with
the NoiseCapture application and some calibrated micro-
phones. Alongside the measured data, we obtained per-
ceptual data through a questionnaire filled out by each

Figure 14: Audibility cartography showing the percentage of at least low audibility.
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participant regarding the audibility of the siren as well as
the global sound level at each measuring point. Two
numerical models were set up in the study area using
NoiseModelling to determine the most adequate set of
parameters to carry out the cartography of the sound
environment during the activation of the siren. This
showed the added value of relying on complete mod-
eling of sound propagation, as considered under the
CNOSSOS-EU approach, to assess the spatial coverage
of the siren sound signal, compared to a classical con-
centric circle approach.

Rather than the classical concentric circle approach,
the methodology herein presented accounts for the urban
morphology complexity interacting with the sound wave
propagation. We set up a realistic numerical model of
the sound environment using the CNOSSOS-EU model
embedded into NoiseModelling that considered the pre-
sence of buildings, ground absorption coefficient, digital
elevation model, meteorological conditions, and horizontal
and vertical diffractions. This approach has to be balanced
by the fact that the CNOSSOS-EU propagation model pro-
posed in the Environmental Noise Directive 2002/49/EC
has been shown to significantly underestimate the effect
of a soft berm next to a highway [27], which is the case
for this particular study area. Through a correlation
test between the simulated and measured sound levels,
the results that emerged from the present study sug-
gested that a more robust, complex simulation is more

adequate when representing the sound environment of
an alarm siren (3.2.2). In line with the initial hypothesis,
the results showed that the concentric circle’s approach,
historically used to evaluate siren warning systems, does
not accurately represent the sound propagation of a siren
in an urban geometry. These results suggest the need to
consider the complexity of an urban environment when
assessing the audibility of a siren warning system by con-
sidering not only simulated and measured data but also
perceptual data.

We introduced the audibility curves as a metric to
link simulated sound levels and perceived audibility.
The results are consistent with the findings by Reed
et al. [17] and Nishino et al. [18], where the authors
inform that, for a siren at 80 dB or more, 97% of the
population is expected to hear the signal and that, for a
70 dB siren, approximately 70% of the population in the
target area could be reached, respectively. Similarly, our
results are in line with the results presented in Volkmann
and Graham’s study [24] that suggest a minimum sound
level of 80 dB for the siren to be audible.

This study also confirms in this specific case the
validity of CNOSSOS-EU employed beyond its theoretical
threshold distance (800m) [28] through the correlation
tests presented in Section 3. These experiments indicate
that simple signals such as those of warning sirens can be
heard to greater distances than the previously mentioned
(800m) as the furthest measuring point was located at

Figure 15: Audibility cartography showing the percentage of at least medium audibility.
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2.8 km of the siren; nonetheless, participants placed at
further distances indicated having heard the siren at a
very low level. This statement is solely valid for the par-
ticular study case herein presented. To choose a repre-
sentative sound level for the siren in each measuring
point, we perform a visual analysis of each time series
in the dataset, and by evaluating the emergence of the
400 Hz one-third octave band with respect to the 315 Hz
band, we propose an equivalent sound level L400Obs. No
automatic procedure (e.g. cross-correlation) was found
for this step because our small number of observations
did not accept the presence of multiple outliers and
strong wind gusts disturbed the measurement.

Section 3.2.3 proposes a first step toward the consid-
eration of the emergence of the siren with respect to back-
ground noise. The results showed a bigger correlation
between audibility and L400−315, which indicates that
audibility could be better described by considering the
emergence rather than only measured sound levels. Even
if there is a significant relation between the sound level of
a source and its audibility, numerous studies suggest that
the sole consideration of the sound level does not suffice to
describe the audibility of a siren in urban areas as percep-
tion involves more complex mechanisms like the presence
of background noise and source temporal emergence [29].
In the future, it could be possible to include the back-
ground noise to improve the quality and relevance of the
audibility curves using either a stochastic methodology
[30] that allows for the study of the competition between
typical urban sound sources or a road traffic noise model
such as QSIDE [31]. According to Keast [32], siren warning
systems are effective indoors as well despite the sound
attenuation introduced by buildings structures. Therefore,
the audibility cartography herein proposed remains relevant
both outdoors and indoors as this study case is oriented to
solve a choice-making problem concerning the optimal pla-
cement of warning sirens in urban areas. In other words,
audibility maps indoor would be similar but with a lower
level of audibility depending on the building characteristics,
which also depend on the country. In the future, a more
detailed study on indoor siren audibility could be pursued.
The audibility tests were conducted in a listening situation,
which makes the sound sources certainly more audible than
in a real emergency case where the participants perform an
activity. This assumption does not affect the relative audibi-
lity of the evaluation points concerning each other. Use in a
real-life situation would require determining the transfer
function between audibility in a listening situation and audi-
bility in a real-life situation, which is beyond the scope of
this study as it would require more specific experimentation
as in the study of Filipan et al. [33], where the authors

propose a biologically inspired computational model for
auditory sensory saliency based on spectrotemporal modu-
lations to detect salient events. As for the problem of
detecting the emergence of a sound source among back-
ground noise, it would be necessary to develop a more
accurate siren audibility assessment model that takes into
consideration the background noise, such as traffic, that
may be present during the activation of the sound source
and its interaction with the sound source of interest. Future
work will (i) establish a more robust experimental protocol
with more participants all equipped with calibrated micro-
phones to avoid corrupted data and (ii) propose a refined
perceptual model accounting for background noise masking
to achieve a stronger validation.

Also, the conclusions reported in this study must be
balanced by the fact that this protocol was limited by the
quantity and quality of the data collected at the time of
the experiment as well as the fact that we did not con-
sider the siren’s time-dependent characteristic.

5 Conclusions

In this article, the relevance of the CNOSSOS-EU model,
here embedded with NoiseModelling, to estimate the per-
ceived audibility of a siren, is evaluated experimentally.
The conclusions are as follows:
1. CNOSSOS-EU modeling approach outperforms the clas-

sical concentric circle approach to estimate the sound
level distribution of the siren over a territory with com-
plex topography and buildings;

2. The CNOSSOS-EU approach also improves the estima-
tion of the perceptual variable audibility and per-
ceived loudness of the siren;

3. A metric for deriving the audibility of the siren in the
function of sound levels is proposed. This allows the
production of a cartography of the audibility and,
therefore, leads up to a better understanding of the
audibility.

Finally, through a combination of perceptual and
simulated data, we propose a metric for deriving the
audibility of the siren in the function of sound levels.
This allows us to produce audibility cartography, there-
fore, leading up to a better understanding of the problem.
In the future, this methodology can be implemented
toward a broader problem: Optimization of warning siren
system placement [34] using a model that accounts for
the significance of the acoustic properties of the siren, the
propagation medium, and the background sound level.
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Appendix

In Figure A1, we present the temporal evolution of the
shifted time series with respect to the reference point
(25) (using 340 30m/s as sound speed) represented by

L400Point25 as well as the L400Obs level accounting for
the manually chosen level corresponding to the sound
level of the siren.

Figure A1: Shifted time series of each measurement point. L400Shifted and L315Shifted represent the shifted L400 and L315 evaluation point,
respectively. L400Point25 represents the measured L400 for the nearest point to the siren (25). Finally, L400Obs represents the manually
chosen level corresponding to the sound level of the siren.

16  Jonathan Siliézar et al.


	1 Introduction
	2 Methods
	2.1 Case study
	2.2 Tools
	2.2.1 Questionnaire
	2.2.2 Acoustic measurements
	2.2.3 Numerical modeling


	3 Results
	3.1 Cartographic representations
	3.2 Cross analysis: Acoustic measurements, perception, modeling
	3.2.1 Measurements vs perception
	3.2.2 Measurements vs simulation
	3.2.3 Perception vs simulation

	3.3 Toward a cartography of audibility

	4 Discussion
	5 Conclusions
	Acknowledgments
	References
	Appendix


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


