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Summary 
As a part of the reconstruction of the early warning system in the event of an accident on the 
Peruća hydropower dam, the acoustic alarm system using sirens was designed. For the purpose of 
overall design the mapping of sound propagation was made in order to predict the levels of sound 
in the imission area. The criteria for the imission alarm sound levels were established based on the 
measurement of background noise carried out on various strategic positions within the endangered 
area. The sirens were modeled as industrial sources according to EN ISO 9613 method, performed 
by the noise mapping software for the calculation of sound propagation and coverage. The 
unknown sound power of such a source was calculated from generic sound pressures and 
directivities of sirens present on the market. In the iterative process, the number, optimal position, 
sound level and directivity of the sirens were determined for attaining the required alarm levels and 
the optimal sound coverage of over 400 km2 of the endangered area. 
 

PACS no. 43.50.Rq 

 
1. Introduction1 

The hydropower dam Peruća on the Cetina river and 
Peruća accumulation lake in the southern part of 
Croatia are the key water supply structures for an 
important hydropower system. The waters of Cetina 
river, the flow of which is regulated by the Peruća 
lake and dam, drives four downstream hydropower 
plants totaling 630 MW of installed electrical power.  
 
In the case of dam failure the flood wave would 
endanger over 400 km2 of area with more than 25 
000 inhabitants. According to Croatian law the alarm 
system for the public warning should be provided 
within the endangered area. Although modern 
technologies offer various warning possibilities 
(broadcasting, mobile phones), sound alarms, 
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especially in rural and agriculture areas, are still 
considered the most effective. For the purpose of 
overall system design the mapping of sound 
propagation was made in order to predict the levels 
of sound in the imission area. 
 
2. Acoustic model build up 

As there are no regulations enacting imission sound 
levels of siren alarm systems, it was decided to 
enable sound levels well above average background 
noise in the area. For that purpose of the 
determination of the background noise levels, the 
measurement of the background noise on the 27 
positions strategically distributed throughout 
endangered area was carried out. The measurement 
positions were located to cover the entire 
endangered area and to include the most 
contributing noise sources which were mainly the 
road traffic and community noise within villages 
and two small towns (Sinj and Omiš). One minute 
A-weighted equivalent noise level samples were 
collected within 24 hours with an automatic noise 
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measurement station as shown in Figure 1. From 
these data the single number background noise level 
indicator Lday or LA,eq;T=24h was determined for each 
location. The obtained results are shown in the 
second column of the Table II. It was decided that 
predicted siren sound levels should be 10-15 dB 
higher in uninhabited areas (especially field areas) 
and 15 to 20 dB higher in villages and towns 
respectively. 

 
Figure 1. Automatic noise measurement station 
 
As the area in which alarm sounds should be emitted 
is large, high efficiency sound emitters are used. 
Most commonly, arrays of electromagnetic 
loudspeakers loaded with exponential horns (sirens) 
are used. Typical siren array is shown in Figure 2. 
Such an array can produce up to 125 dB of sound 
pressure at 30 m distance. The more sirens are 
stacked vertically, thus narrowing vertical directivity, 
the more pressure is generated. By rotating (or even 
adding the third siren) sirens horizontally, horizontal 
directivity can be tailored from omnidirectional to 
directional, also increasing emitted pressure in one 
direction. The configuration as in Figure 2. has the 
omnidirectional horizontal directivity within ±3 dB, 
and if sirens are rotated in the same direction, the 
directivity pattern is cardioid, but due to relatively 
low frequency, front to back ratio is not more than 6 
dB. However, considering high pressure levels and 
large area to be covered, it is a considerable gain. The 
typical vertical directivity pattern for the 
omnidirectional four siren stacked array is shown in 
Figure 3.  
 

The typical frequency for the alarm signal is around 
400 Hz which is a trade-of between good 
sensitivity of the ear and acceptable sound 
attenuation during propagation. For the purpose of 
speech messages distribution, sirens have 
reasonably flat (±6 dB) frequency characteristics in 
the range 300 – 3000 Hz.  
 

 
Figure 2. Typical siren array 
 

 
Figure 3. Vertical directivity for a four siren stack array 
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The sound propagation and coverage was modeled by 
using the noise mapping software LimA. The sirens 
were modeled as industrial sources and calculation of 
the sound propagation was according to EN ISO 9613 
method. Industrial sources emission should be 
characterized by its sound power, but none of the 
manufacturers provides sound power data for any 
siren array. Thus, for each siren array that was used 
in iterative calculation process of total area coverage, 
the sound power level was determined using 
manufacturer’s data on sound pressure level and 
directivity as the input data. The directivity patterns 
used for the sound power level determinations are 
simplified and only main lobe was considered, 
neglecting side lobes. The determined sound power 
level for each siren array was validated by calculating 
its sound pressure coverage in the simple model, and 
checking sound pressure level at 30 m that should 
correspond to the manufacturer’s data. 
 
Once the sound source (siren array) is characterized 
and modeled, one can calculate the sound 
propagation throughout the area. For that, accurate 
3D terrain model was obtained and used in 
calculations. For the sake of simplicity, no building 
objects (houses) were included in the model. For the 
sparse inhabited villages it yields no decrease in 
accuracy, but for the more densely inhabited towns, 
the model will give higher sound levels within the 
towns as no shading and attenuation effect of the 
buildings is accounted for. The type of the ground 
(soft, hard, or percentage mixture) was also taken 
into account for additional attenuation. 
 
3. Design optimization process 
 
With 3D terrain model and sound sources with 
known characteristics provided, the design goal was 
to cover the entire endangered area with sound levels 
defined before, using, for the sake of cutting costs, as 
fewer siren arrays as possible. Additional 
requirement was to try to avoid siren placement on 
private buildings. Public buildings (schools, police 
stations, city halls, firemen and transformer stations) 
were preferred. To optimize the design, the iterative 
process of placing different siren arrays on different 
public buildings was carried out. Around twenty 
different situations were calculated, until final 
optimal version was reached. In total six different 
siren array types were used. They differed in sound 
pressure level and vertical and horizontal directivity. 
The review of used siren arrays is shown in Table I.  

 
The characteristics are shown as modeled for the 
calculation. 

Table I. Review of siren array types used 

Type Sound pressure
[dB(A) / 30 m] 

Horizontal 
directicity 

[°on -6 dB] 

Vertical 
directicity 

[°on -6 dB] 

1 109 Omnidirectional 30 
2 115 Omnidirectional 20 
3 118 Omnidirectional 15 
4 121 180 15 
5 121 Omnidirectional 10 
6 124 180 10 

 
In total 23 siren array locations were used. Most 
commonly used were Type 5 (11 pieces), Type 2 
and 6 (3 pieces each), Types 1, 3 and 4 (2 pieces 
each). 
 
4. The results of sound propagation 
 mapping 
 
The graphic presentation of the sound propagation 
map for the entire endangered area is shown in 
Figure 4, together with siren locations (S) and 
background noise measurement locations (MM). 
The flood wave boundary is also shown (green 
line). The more detailed presentation for the part 
near town of Sinj is shown in Figure 5.  

The overall presentation of the results obtained is 
shown in Table II. For the each location where 
background noise was measured, the measured 
background noise levels are compared with 
calculated imission sound levels generated from 
sirens. The difference is shown as signal to noise 
ratio. It is clearly visible that the design goal was 
obtained on each location implicating that sound 
levels would be sufficiently audible in the entire 
area where background noise levels should be 
lower. The locations that are shaded are in the more 
densely inhabited areas, and according to previous 
explanations (no buildings were modeled in the 
terrain model) the realistic sound levels inside the 
settlements are going to be 6-10 dB lower than 
calculated. 
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Figure 4    Graphic presentation of the calculated sound propagation for the entire endangered area 
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Figure 5    Detailed graphic presentation of the calculated sound propagation for the area around town of Sinj 

Table II   Overall review of the obtained background noise and calculated sound pressure levels 

LOCATION BACKGROUND 
NOISE dB(A) 

CALCULATED SIREN 
SOUND LEVELS dB(A) 

S/N RATIO 
dB(A) 

MM1 Panj 58,9 75,0 16,1 
MM2 Hrvace 61,3 77,5 16,2 
MM3 Malin 58,6 86,2 27,6 
MM4 Sv. Nikola 58,2 76,8 18,6 
MM5 Krenica 59,2 83,4 24,2 
MM6 Ruda 59,1 74,3 15,2 
MM7 Sinjsko polje 1 52,1 78,2 26,1 
MM8 Vrabač 57,5 85,3 27,8 
MM9 Vedrine 63,0 80,9 17,9 
MM10 Trilj 66,6 90,3 23,7 
MM11 Košute 60,8 86,7 25,9 
MM12 Lucići 63,1 77,6 14,5 
MM13 Turjaci 61,8 83,6 21,8 
MM14 Sinjsko polje 2 52,4 80,0 27,6 
MM15 Sinj 66,3 93,6 27,3 
MM16 Šušnjarići 51,8 75,3 23,5 
MM17 Karakašica 62,1 77,1 15,0 
MM18 Čitluk 54,6 80,4 25,8 
MM19 Udovičić 57,1 84,0 26,9 
MM20 Milanovići 54,5 82,9 28,4 
MM21 Čikota 54,2 65,2 11,0 
MM22 Blato na Cetini 57,5 80,1 22,6 
MM23 Zadvarje 61,6 86,0 24,4 
MM24 Perišići 50,6 65,3 14,7 
MM25 Kaštel Slanica 59,9 81,7 21,8 
MM26 Omiš 1 58,5 103,0 44,5 
MM27 Omiš 2 63,6 98,4 34,8 
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5. Conclusion  
The acoustic modeling techniques used for 
mapping of outdoor industrial noise sources 
were used for the purpose of the calculation of 
the sound propagation and coverage for the 
early warning sound alarm system using siren 
arrays. Siren arrays were modeled as industrial 
sources, but as none of manufacturers provide 
sound power level data needed, they were 
determined using existing sound pressure and 
directivity data for the typical siren arrays. 
The reliable 3D terrain model was build up for 
the entire endangered area and the calculation of 
the sound propagation was carried out according 
to EN ISO 9613 method. This approach proved to 
be a valuable tool and enabled the optimization of 
the whole alarm system providing sufficient sound 
coverage of the entire area with as few siren arrays 
as possible. 
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