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Effects of rainfall rate on physical characteristics of
outdoor noise from the viewpoint of outdoor acoustic
mass notification system

Hayato Sato®*, Kiyohiro Kurisu®, Masayuki Morimoto?, Mitsuki Maeda®

“Environmental Acoustics Laboratory, Department of Architecture, Graduate School of
Engineering, Kobe University, Rokko, Nada, Kobe 657-8501, Japan
bToA Corporation, Minatojima-Nakamachi, Chuo-ku, Kobe 650-0046, Japan

Abstract

In Japan, there are many natural disasters that often expose residents to the risk
of serious damage. To minimize such damage, the Japanese government has built
a disaster information network using a radio system, and as part of it, an outdoor
acoustic mass notification system is routinely operated. However, its intelligibility
may be reduced by outdoor noise, which is increased by rainfall. In the present
study, long-term surveys of rainfall rate and outdoor noise were conducted at four
sites with different surrounding environments and the relationship between them
was analyzed to clarify the effects of the rainfall rate on the physical characteristics
of outdoor noise. The results indicated that the median sound pressure level
for each 1/3 octave band increased with increasing rainfall rate, mainly above
mid-frequencies of around 500 Hz to 1 kHz, though the frequency at which the
level began to rise depended on the time period and site. Furthermore, a newly

proposed macroscopic model for estimating the sound pressure level of outdoor
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noise under rainy conditions indicated that the distance from the loudspeaker of
the system to ensure a certain speech-to-noise ratio could be significantly reduced
by heavy rainfall.

Keywords: Outdoor noise, Mass notification system, Raindrop collision, Speech

intelligibility

1. Introduction

In Japan, there are many natural disasters such as earthquakes, typhoons,
heavy rain, and tsunamis, which expose residents to the risk of serious damage.
To minimize such damage, it is necessary to quickly and accurately transmit
disaster information to residents. The Japanese government has built a disaster
information network at the national, prefectural, and local levels that uses a radio
system, and as part of it, sound information is routinely transmitted over a wide
area using an outdoor acoustic mass notification system. In general, a system is
adopted in which a slave station consisting of a radio receiver and loudspeakers
is installed on a building roof or a dedicated pole and the sound information
transmitted from a master station is radiated from the loudspeakers with a high
sound pressure level (SPL).

It is well known that outdoor sound propagation is affected by weather
conditions. For example, the effects of the vertical distribution of wind speed
and temperature on long-distance sound propagation have been studied in detail.
When considering sound information transmission, it is necessary to estimate the
signal-to-noise ratio, which determines intelligibility. This means that not only
the SPL of the sound carrying information transmitted from far away to a listening

point but also the SPL of background noise at the point should be estimated. In
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other words, the effects of weather on background noise should be investigated.

In recent years, in Japan, damage caused by sudden and localized heavy rain
that is difficult to predict has increased. In such cases, it is necessary to transmit
evacuation information. The transmission of evacuation information using an
outdoor acoustic mass notification system can be effective because an immediate
response to such an unexpected situation is possible. However, during rainfall, the
SPL and frequency characteristics of outdoor noise change owing to the sound of
raindrops colliding with surfaces, and the intelligibility of evacuation information
will decrease.

There have been several studies on noise generated by the collision of
raindrops, for example, vegetation noise[1] and roof noise[2—6]. Furthermore,
changes in traffic noise when a road surface is wet have also been studied[7-10].
Outdoor noise during rainfall is a combination of these factors, and therefore
the effects of rainfall will depend on the environment around the measurement
point. However, no study could be found on how rainfall changes the physical
characteristics of such complex outdoor noise.

The purpose of the present study is to clarify the effects of the rainfall rate,
which is the main parameter of rainfall, on the physical characteristics of outdoor
noise. As a case study, a long-term survey of rainfall and outdoor noise was
conducted at four sites with different surrounding environments. On the basis of
the results, the change in outdoor noise due to rainfall and how the change affects
the speech intelligibility of information transmitted by an outdoor acoustic mass

notification system were analyzed.
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2. Methods

Measurements were performed at four sites in Hyogo Prefecture, Japan. The

measurement sites were selected to satisfy the following conditions:

(1) Permission to use a building or a lot including a stable electrical power

supply was obtained from the owner.
(2) Measurement equipment could be physically isolated from pedestrians.

(3) The characteristics of surfaces on which raindrops impact were different at

each site.

Table 1 shows a summary of the measurement sites. Figure 1 shows satellite
photos of the measurement sites obtained from Google Earth. The red circles in

the photos indicate the measurement points.
[Table 1 about here.]
[Figure 1 about here.]

The measurement equipment consisted of a weather measuring device and a
noise measuring device. Both were connected to a tablet PC (Microsoft, Surface
3), and measurement data were uploaded continuously to cloud storage (Dropbox)
via the PC. The weather measuring device (Davis, VantagePro2) recorded the
temperature, relative humidity, wind speed, and rainfall rate every minute. The
noise measurement was performed using a sound level meter (Rion, NL-21) with
an all-weather windscreen (Rion, WS-03). The AC output of the sound level meter
was transmitted to the PC using an audio unit (Roland, UA-11MK2). La.q and L

in each 1/3 octave band were calculated from the AC output every minute using

4
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the first 30 s of the sample. Time stamps were also added to both weather and
noise data. Therefore, a synchronized set of weather and noise data was obtained

every minute. Figure 2 shows the equipment installed at site 2 as an example.

[Figure 2 about here.]

The equipment was operated continuously from early October to the end of
November in 2015, though the measurement period varied somewhat among the
sites. Note that missing observations occurred intermittently at every site because
of the unexpected shutdowns of the PC or the forced terminations of the software
used to calculate sound levels. Table 2 shows the measurement periods and the

numbers of samples of weather and noise data successfully recorded.

[Table 2 about here.]

3. Results and discussion

3.1. Rainfall rate

Figure 3 shows temporal sequences of the rainfall rate every minute for
each site. The unit of rainfall rate is mm/h, and the rainfall rate was estimated
from one-minute measurements. Periods colored in grey represent missing
observations. Roughly, rainfall was simultaneously observed at all of the sites,
because the distance among the sites was 16 km at most. Note that rainfall rates
of more than 40 mm/h, which is a typical threshold for a heavy rainfall warning in
Japan and is classified as Heavy in ISO 10140-5:2010[11], were observed several
times in the measurement periods, though such heavy rainfall lasted for a short

time.
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[Figure 3 about here.]

Table 2 also shows the numbers of samples with rainfall and with a rainfall
rate of more than 40 mm/h for each site. In the following sections, the samples
are classified into two groups: without rainfall for the samples with zero rainfall

rate, and with rainfall for the samples with nonzero rainfall rate.

3.2. Outdoor noise without rainfall

The physical characteristics of outdoor noise for without rainfall are required
as a reference to analyze the effects of rainfall on outdoor noise. In this section,
factors of outdoor noise for without rainfall at the sites are investigated to
classify the measured samples. The main noise sources at the sites were traffic
noise, aircraft noise, and sound from pedestrians. In many cases, the frequency
characteristics of these sources are broadband spectra rather than line spectra.

Therefore, La.q for each sample was first analyzed as a representative measure.

3.2.1. Effect of measurement time

Figure 4 shows the time sequence of Laeq from 2nd (Mon.) to 8th (Sun.)
November 2015 for each site as an example. Discontinuous periods were missing
observations or with rainfall. Daily cycles of La.q were clearly found and the time

pattern for each cycle was similar for all days of the week at each site.
[Figure 4 about here.]

However, the dynamic ranges of La.q variation in each daily cycle were
different at different sites. The dynamic ranges for sites 1 and 2 were around
20 dB (site 1: 40-60 dB, site 2: 50-70 dB), excluding some sporadic high L,

values. The range for site 4 was around 35 dB (40-75 dB), which was the widest
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among the sites. Sites 2 and 4 had similar features, as shown in Table 1, and the
main noise source at these sites was road traffic noise. The decrease in the lower
limit of the range of site 4 relative to site 2 might have been related to the fact
that the traffic of the road beside site 2 is heavier than that beside site 4. The
microphone of site 4 was installed at a lower position than that of site 2, and
the distance between the microphone and the road can explain the increase in the
upper limit of site 4 relative to site 2.

The daily cyclic pattern for site 3 was different from those for the other sites
at first glance. Samples with L.q of 60 to 65 dB were frequently observed from
07:00 to 21:00. An airport is located near sites 2, 3, and 4, and the normal take-off
flight path of the airport was close to site 3. Because of the location of site 3 and
the flight schedule of the airport, it is likely that the La.q for this site values were
strongly affected by aircraft noise.

Therefore, the samples with a strong effect of aircraft noise were extracted
with reference to the L. of the low-frequency band, which is hardly affected by
rainfall, and they were excluded from the analysis. In particular, the samples with
Lcq of more than 60 dB in the 63 Hz band were excluded for site 3 only.

Figure 5 shows the median and 90% range of Ly, for the without rainfall.
The statistics were calculated hourly for each site. The median of L. started to
rise after 04:00, and remained high between 07:00 and 17:00, and then decreased
gradually. This tendency was common to all of the sites. Although the width of
the 90% range had different dynamic ranges at different sites, its time sequence
showed the same trend as the median of La.,. The differences between the
maximum and minimum values of the median of La.q were 8.4, 11.2, 7.4, and

20.9 dB for sites 1 to 4, respectively.
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[Figure 5 about here.]

It can be assumed that the effect of rainfall on outdoor noise depends on the
ratio of the energy of outdoor noise under no rainfall conditions to that of sounds
caused by rainfall. Therefore, the wide dynamic ranges of the median of L,
indicate that the outdoor noise obtained here should be classified by the time of
day of the measurement. Hereafter, data are analyzed in two periods of time,
01:00-04:59 (NT) and 07:00-17:59 (DT), because the statistics of Leq in these
periods were temporally flat relative to those in other periods of time as shown in

Fig. 5.

3.2.2. Effects of other weather parameters

As described in section 2, temperature, relative humidity, and wind speed
were measured as weather parameters other than rainfall rate. The relationships
between Laeq and the parameters for without rainfall samples were analyzed. It
was found that Ly.q was not systematically affected by temperature and relative
humidity; however, Ly.q increased with increasing wind speed. The main sources
of the wind noise are thought to be the rustling of leaves[1] (sites 1 and 2) and air
turbulence[12, 13] (all sites).

The weather measuring device used in the present study records wind speed
in steps of 1 mi/h. In the present study, the unit of the wind speed was converted
from mi/h to m/s as follows: (1) multiplied by 1609 to convert miles to meters, (2)
divided by 3600 to covert hours to seconds, and (3) rounded to the first decimal
place. Figure 6 shows the median of La.q as a function of wind speed, and the
cumulative frequency of wind speed for each site and time period. The wind

noise measured by Lin et al.[13] with the same wind screen (Rion, WS-03) is
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also shown in Fig. 6. Lin ef al. demonstrated that the wind speed in the wind
screen was 0.0 m/s and that the maximum increase in Ly, was 0.7 dB unless
the outside wind speed exceeded 2.0 m/s. In the data measured in the present
study, the maximum median of L4 relative to that at zero wind speed was also
around 1 dB regardless of the site and time period unless the wind speed exceeded
2.0 m/s. The median of L.q began to increase in some cases when the wind speed
exceeded 2.0 m/s. However, the cumulative frequency of the wind speed showed
that the samples with a wind speed less than 2.0 m/s accounted for more than 90%
of the samples in many cases. Although the samples with a wind speed more than
2.0 m/s were more frequently found at sites 2 and 3 in DT than in other cases, the
slopes of Ly.q with respect to the wind speed in the two cases were shallow.
From the above, it is considered that the effects of temperature, relative
humidity, and wind speed were negligible as a whole, and the classification of

samples based on these parameters was not carried out in the following analyses.
[Figure 6 about here.]

3.2.3. Frequency characteristics of Leq without rainfall
The frequency characteristic of without rainfall for the two time periods (NT
and DT) was obtained as a reference for analyzing the effect of rainfall. Figure 7

shows the median and 90% range of L., for each 1/3 octave band.
[Figure 7 about here.]

At all sites, the statistics of Ly for DT was higher than that for NT', but there
was no significant difference in frequency characteristic between N7 and DT .
The frequency characteristics can be roughly divided into two types. For sites

1 and 3, over a wide frequency range, the median of L., decreased about 3 to

9
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4 dB with a doubling of the center frequency of 1/3 octave band. This slope was
similar to that for the type of noise referred to as ‘red noise” which has amplitude
inversely proportional to the frequency. For sites 2 and 4, the median of L., was
almost flat at 1.25 kHz or less and decreased with increasing frequency in the
higher range. As shown in Table 1, sites 2 and 4 were beside a main road, and
their frequency characteristics agreed with that of road traffic noise[14]. From the
above, it can be considered that the frequency characteristics of sites 2 and 4 were
almost completely determined by road traffic noise from the nearby major road.
For sites 2 and 4, the absolute values of the median of L., were almost identical
between the sites for DT, but the absolute values of the median of L., for site 4
were lower than those of site 2 for NT'. It is reasonable to conclude that this was
due to the difference in road traffic in NT'. Because at the upper limit of the 90%
range, this can be regarded as the result when the traffic was heavy, there was no
significant difference between the two sites for NT'.

The median and the lower limit of the 90% range for site 1 in DT might have
an intermediate characteristic between the road traffic noise type and the red noise
type. It is considered that they were affected by distant traffic noise when the
surroundings were quiet, as the altitude of site 1 was about 120 m and the distant

city could be seen.

3.3. Outdoor noise with rainfall

The sound power of rain noise from a roof surface increases with increasing
rainfall rate as the number of collisions per unit time increases. For artificial rain,
the noise level increases by about 10 dB per 10-fold increase in rainfall rate[5].
For natural rain, the noise level increases by 10 dB or more per 10-fold increase

in rainfall rate because the radius and terminal velocity of of raindrops increase

10
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with the rainfall rate. Specifically, the increase is about 15 to 20 dBJ[2, 3].

The sounds caused by rainfall are not only the rain noise on roofs. However,
the relationship between their total SPL and the rainfall rate is expected to be a
logarithmic function similarly to the case of rain noise on roofs. Considering not
only the logarithmic relationship but also the balance of the number of samples
included in each classification, the rainfall rate was divided into the five classes
shown in Table 3. The numbers of with rainfall for each classification, site, and
time period are also shown in Table 3. For site 3, the samples with L., of more

than 60 dB at 63 Hz band were excluded as in the case of without rainfall.
[Table 3 about here.]

Table 4 shows the medians of rainfall rate, temperature, and relative humidity,
and the average wind speed for each classification of rainfall rate. For the
wind speed, the average was used as a representative value because of the lower
measurement resolution. The average wind speed was less than 2.0 m/s under
almost all conditions; thus, the effect of the wind speed on the results was

negligible.
[Table 4 about here.]

3.3.1. Relationship between rainfall rate and Leq

For each classification in Table 3, statistics of the rainfall rate and Lx.q were
calculated. Figure 8 shows the relationship between them in scattergrams. The
rainfall rate on the horizontal axis has a logarithmic scale. For reference, the

statistics of Lacq for without rainfall are also shown in Fig. 8.

[Figure 8 about here.]
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For many combinations of time period and site, the statistics of La.q tended
to increase linearly with the logarithmic rainfall rate. There were differences in
slope among the combinations. The slope became steeper as La.q for without
rainfall decreased. For example, at site 1, the median of La.q was 44.3 dB and the
difference between the maximum and the minimum rainfall rates was 10.5 dB for
NT, while the median of La.q was 51.5 dB and the difference was 5.1 dB for DT.

In order to analyze the SPL of the sounds caused by rainfall, Lcrp(RR) defined
by Eq. 1 was obtained as

Lcrr(RR) = 101og,, (lOLAm(RR)/10 _ IOLAeq(O)/IO) ’ 0

where Lxq(0) is the median of Laq without rainfall and Laq(RR) is the median
of Laeq when the median of the rainfall rate is RR. Figure 9 shows scattergrams
of Lcrrp(RR) and the median of the rainfall rate for each classification shown in
Table 3. Trends were divided into two groups, sites 1 and 3 and sites 2 and 4,

from the viewpoint of differences due to the time period.
[Figure 9 about here.]

Sites 1 and 3

In the group of sites 1 and 3, the absolute value of Lcrp(RR) was not strongly
affected by the time period. However, the slope of Lcrp(RR) plotted against
rainfall rate was steeper for NT than for DT. The slopes were similar to that for the
rain noise on roofs, which is 10 dB or more per 10-fold increase in rainfall rate,
except for DT at site 1. This indicates that the sounds caused by rainfall at the
sites primarily consisted of those caused by the collision of raindrops with other

objects.

12
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For both time periods, the slopes were steeper for site 3 than for site 1. One
reason why the slopes differed between sites 1 and 3 might have been the effect of
traffic noise in site 1 as mentioned in 3.2.3. As an alternative reason, it is possible
to consider the difference in the type of object with which raindrops collide. The
main object was leaves of surrounding trees for site 1, whereas it was gravel on
the ground for site 3. These objects differed in shape and mass, and it is clear
from the theory suggested by Griffin and Ballagh[5] that the sounds caused by the
collision of raindrops depend on such parameters.

Lcre(RR) for site 1 was 10—-15 dB higher than that for site 3. If the above
alternative reason was valid, then the leaves of the surrounding trees would

generate louder sounds by raindrop collision than gravel on the ground.

Sites 2 and 4

In the group of sites 2 and 4, both the absolute value and the slope were clearly
affected by the time period. For NT, Lcrp(RR) increased by about 9-10 dB per
10-fold increase rainfall rate. The slopes for DT were shallower than those for
NT, and the slopes were 3—4 dB per 10-fold increase in rainfall rate.

As described in 3.2.3, traffic noise was dominant for DT at sites 2 and 4.
Ishikawa et al.[8] reported that the La.q of noise from moving vehicles increased
by 2-5 dB under light rain conditions (average rainfall rate = 3 mm/h) compared
with that on sunny days, depending on the type of pavement (dense-graded or
drainage). The noise from moving vehicles on rainy days depends on puddles on
the road surface, and its relationship with the rainfall rate is not expected to be
explained by the same theory as that for the rain noise on roofs. Considering the
shallow slopes of Lcrr(RR) for DT, the effect of the rainfall rate on the Laeq of

noise from moving vehicles should be small. Note that the pavements of the roads
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adjacent to sites 2 and 4 were of the drainage type, suppressing the increase in
noise from moving vehicles due to rainfall[8].

For NT, the raindrop collision sound could have been more dominant than the
noise from moving vehicles because of the decrease in traffic volume, and as a
result, the slopes of Lcrp(RR) might have approached those for the rain noise on
roofs. The difference in Lcrr(RR) between NT and DT was around 15 dB for the
lowest rainfall rate, but it decreased with increasing rainfall rate. This indicates
that the raindrop collision sound in unusually heavy rain, such as a rainfall rate of
more than 100 mm/h, will exceed the noise from moving vehicles even for D7,
and the slopes for DT will become steeper under such conditions.

The higher Lcrp(RR) for site 4 than for site 2 might be due to differences in
the surrounding buildings. There were large concrete buildings and many open
spaces around site 2, while there were wooden houses with a high density around

site 4 (see Fig. 1).

3.3.2. Relationship between rainfall rate and frequency characteristic of Leq

To avoid redundancy by discussing all the statistical values, only the frequency
characteristic of the median of L., is analyzed as a representative characteristic
here. Figure 10 shows the median of L., for each 1/3 octave band and
classification shown in Table 3. Different symbols represent different rainfall rate

classifications. Dashed lines are the results for without rainfall shown in Fig. 7.
[Figure 10 about here.]

The median of L. increased with increasing rainfall rate mainly above
mid-frequencies of around 500 Hz to 1 kHz, though the frequency at which it

began to increase depended on the time period and site. From this result, it is
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considered that the sounds caused by rainfall had stronger frequency components
than the outdoor noise for without rainfall above the mid-frequencies, in the range
of the rainfall rate observed in the present study. The effect of the rainfall rate on
L4 above mid-frequencies was smaller for DT than for N7, which was particularly
clear for sites 2 and 4. This tendency was consistent with the slopes of Lcrp(RR)
shown in Fig. 9.

To compare the frequency characteristics of the sounds caused by rainfall at
the same rainfall rate, the band level of the sound for a certain rainfall rate was
estimated. Firstly, Lcrp(RR, i), which is the band level of the sounds caused by

rainfall with a rainfall rate of RR for band i, was calculated as

Lerp(RR, i) = 101ogy, (105s®RI/0 _ 1(la0/10) 2)

where Lq(0,i) is the median of L., without rainfall for band i and L. (RR,1)
is the median of L., for band i where the median of the rainfall rate is RR.
Then, ﬁCRF(RR, i) for a certain RR was estimated by linear regression analysis
between Lcrr(RR, i) and the median rainfall rate for each band. The estimated
level was adopted when the correlation coefficient for the regression analysis was
statistically different from zero (p = 0.05), in other words, when the correlation
coeflicient was larger than 0.997, 0.950, and 0.878 for 3, 4, and 5 samples,
respectively.

Figure 11 shows Lerr(RR, §) for RR values of 3 and 30 mm/h. These two RR
values were respectively chosen to represent light and heavy rain conditions within
the range of interpolation or slight extrapolation of the regression equations.
Considering the results of Lcrp(RR) shown in Fig. 9, the results of Lere(RR, 0)

are divided into the two groups of sites and analyzed.
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[Figure 11 about here.]

Sites 1 and 3

For both sites 1 and 3, Lcrp(RR, i) in DT was slightly higher than that in NT
for RR of 3 mm/h, but the differences almost disappeared for RR of 30 mm/h. This
tendency was expected from the regression lines shown in Fig. 9. The frequency
characteristics for RR of 30 mm/h can be regarded as those for the sound caused by
raindrop collisions because Lerp(RR, §) in DT was almost the same as that in DT.
The characteristics were similar for sites 1 and 3. The characteristics were almost
flat within the range of 1-4 kHz and decayed at higher frequencies. However, the
absolute values for site 1 were 5—10 dB higher than those for site 3, and it is highly
probable that this was caused by the difference in the type of object against which

raindrops collided, as mentioned in 3.3.1.

Sites 2 and 4

In many cases, ﬁCRF(RR, i) could not be obtained at medium or low frequencies
because the median of L, did not depend on the rainfall rate at these frequencies.
For RR of 3 mm/h, at frequencies above 1 kHz, the frequency characteristics
showed steep slopes and Lcrp(RR, i) decreased about 6 to 8 dB with a doubling of
the center frequency of 1/3 octave band. Legp(RR, i) in DT was clearly higher than
that in NT, though the difference was smaller for site 4 owing to the shallow slope
in NT relative that for site 2. For RR of 30 mmy/h, there were differences between
sites 2 and 4. For site 2, the characteristics retained their steep slopes and the clear
difference in Lcrp(RR, i) for different time periods. For site 4, the slopes became
shallower than those for RR of 3 mm/h in both time periods, and Lerp(RR, §) in NT

approached that in DT. The negligible difference in Lcgp(RR, i) between NT and
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DT with different traffic volumes suggests that the raindrop collision sound was
more dominant than the traffic noise.

From the above results, it can be concluded that the steep slope was due to
noise from moving vehicles on a wet road, whereas the shallow slope observed at
site 4 was the result of an increase in the energy of the raindrop collision sound
relative to that of traffic noise. This is consistent with the inference in 3.3.1 that the
effect of the raindrop collision sound was stronger at site 4 than at site 2 because

of the high density of surrounding buildings.

4. General discussion

4.1. Macroscopic model of outdoor noise under rainy condition

The measurement results demonstrated that the rainfall rate affected the traffic
noise and raindrop collision sound differently, and that the SPL of the raindrop
collision sound depended on the surface material in the surrounding environment.
In addition, the effect of the rainfall rate became strong as the SPL for without
rainfall decreased. From these results, it is worth considering the following

macroscopic model to estimate the SPL of outdoor noise under rainy conditions:

L(RR) = 101og,, Z E.RR“, 3)
k=1

where L(RR) is the SPL of outdoor noise when the rainfall rate is RR, E is the
sound energy for element k, which constitutes outdoor noise at a rainfall rate of
I mm/h, and a; is a parameter that determines the effect of the rainfall rate on
element k.

ay is a real number greater than or equal to zero (assuming that 0° = 1). As

a; approaches zero, the sound energy of the element approaches a constant value

17
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regardless of the rainfall rate, and as a; becomes larger, the sound energy of the
element more rapidly increases with increasing rainfall rate. When outdoor noise
consists of a single element (n = 1), the SPL of the outdoor noise increases by
10a; dB per 10-fold increase in rainfall rate.

If element k represents traffic noise, E; will be determined by the traffic
volume and the type of pavement, while @, will only be determined by the type
of pavement. If element k represents the raindrop collision sound, E; will be
determined by the physical properties of the collision surface, while a; will be
determined by the number of collisions per unit time and the size of raindrops.

We attempted to estimate the median of Lacq from this model. The elements
constituting outdoor noise were classified into sound existing regardless of the
presence or absence of rainfall and sound resulting from rainfall, and the latter
was further divided into two sounds derived from the change in the road surface
condition (dry/wet/with puddles) and raindrop collisions.

The sound existing regardless of the presence or absence of rainfall was
estimated from the results of without rainfall shown in Fig. 8 (horizontal solid
line). ay is zero for this sound.

The sound derived from raindrop collisions was estimated from the results of
Fig. 9 in NT as the closest value. E; was the constant term of the regression
equation in Fig. 9, that is, the estimated value of Lcrp,imm/m- ax Was obtained by
dividing the slope of the regression equation by 10.

For the sound derived from the change in the road surface condition,
estimations of £, and a; were difficult. Here, E; in NT was set to zero, and
that in DT was obtained from the energy difference between the constant terms

of the regression equations for DT and NT. The values of a; for sites 2 and 4
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were obtained by dividing the slope of the regression equation for DT, that is, the
measurement time during which traffic noise was dominant, by 10. The values of
ay for sites 1 and 3 were set at 0.3, which is the average of the values for sites 2 and
4, because the effect of traffic noise was unknown. For example, Eq. 4 describes

the model of L(RR) for site 1 in DT.

L(RR) — 1010g10(1051.5/10RR0 + 1045.4/10RR0.834

+ (1050.1/10 _ 1045.4/10) RR0'3) 4)

Figure 12 shows the medians of Ly, estimated from the macroscopic model
for each pair of site and time period. The measured values were equal to
those shown in Fig. 8. The determination coefficients between the measured
and estimated values ranged from 0.83 to 0.99, and the overall shapes of the
measured values and estimated curves coincided for all pairs of site and time
period. Therefore, it can be concluded that the macroscopic model was valid
within the range of the data obtained in the present study, though there is still
much room to optimize the sound classification and estimation methods for each

parameter.
[Figure 12 about here.]

4.2. Effect of rainfall on outdoor acoustic mass notification system

In this section, the maximum distances from the loudspeaker to maintain a
certain speech-to-noise ratio in heavy rain are estimated to discuss the effect of
rainfall on an outdoor acoustic mass notification system. The speech-to-noise ratio
here is defined as the difference in Laq between the amplified speech provided by

the system and the background noise at the listening point.
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Table 5 shows the medians of La.q estimated from the macroscopic model
shown in Fig. 12 for rainfall rates of 0, 40, 80, and 160 mm/h. These values were
used as the background noise level regardless of the distance from the loudspeaker

to calculate the speech-to-noise ratio.
[Table 5 about here.]

Next, we estimate the speech level at a certain distance from the speaker of the
system. First, we quantify the effect of atmospheric absorption on the A-weighted
SPL of speech. Atmospheric absorption coefficients in ISO 9613-1:1993[15] for
a temperature of 15°C and a relative humidity of 90% were used, considering
the measured data shown in Table 4. Although the relative humidity dropped to
about 60 to 70% for without rainfall, the combination of the above temperature
and relative humidity was used for all conditions because there was almost no
difference observed in the results. The frequency characteristic of speech was
assumed to be that for the vocal effort of Normal given in the standard for
calculating the speech intelligibility index (SII)[16]. In the calculation example
here, the data in 1/3 octave bands from 160 Hz to 8 kHz were used. When a
point 1 m from the loudspeaker is the reference point, the attenuation of the
A-weighted SPL of speech due to the atmospheric absorption at a point of » m
from the loudspeaker (ALa abs5(7)) can be obtained as

18
i,Normal(D=a;j(r=1)+Aw;

ALy () = 1010g;o > 1070 = Ly xommar(1), (5)

i=1

where @; dB/m is the atmospheric absorption coefficient for band i, Aw; dB is the
A-weighting correction value for band i, L; yoma(1) is the SPL of speech with

Normal vocal effort for band i at a distance of 1 m from the loudspeaker, and
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La Normar(1) dB 1s the A-weighted SPL of speech at a distance of 1 m from the
loudspeaker. L normai(1) can be obtained from the energy sum of L; yorma(1) +
Aw;. Using the values given in the standard for SII, Ls y,ma(1) is calculated to
be 59.2 dB. Figure 13 shows AL a0 (7) at distances from 1 to 5000 m obtained

using Eq. 5.

[Figure 13 about here.]

The A-weighted SPL of amplified speech at a distance of r m from the
loudspeaker (La(r)) can be obtained from Eq. 6, assuming that the loudspeaker
is omnidirectional and that the distance attenuation does not depend on the sound

frequency.

La(r) = LA(1) + ALp gps(r) — 2010go 7 (6)

Here, LA(1) [dB/m] is the A-weighted SPL of amplified speech. For the
loudspeakers used in Japan, the maximum SPL at a distance of 1 m from the
loudspeaker is around 125 dB. When the SPL of amplified speech with the
frequency characteristic of Normal vocal effort is 125 dB, its A-weighted SPL
is calculated to be 121.9 dB. Therefore, Lx, 11, is set to 121.9 dB.

Table 6 shows the maximum distances from the loudspeaker to maintain a
speech-to-noise ratio of more than +6 dB, as examples criteria to ensure a certain
degree of intelligibility. For each combination of site, time period, and rainfall
rate, values were determined in 1 m steps, using the ratio obtained by subtracting
the estimated background noise level shown in Table 5 from Ls(r). Under no
rainfall condition, the ratio of +6 dB or more can be achieved, even at a distance

on the order of kilometers, except for sites 2 and 4 in DT where traffic noise was
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dominant. However, under heavy rain conditions such as a rainfall rate of more
than 40 mm/h, the maximum distances decreased to the order on 100 m regardless
of the site and time period.

These calculations clearly show that it is necessary to devise a means of coping
with such a reduction in the coverage of the loudspeaker due to heavy rain. For
example, the design of a system with a margin for the maximum sound output
by spatially densifying the loudspeaker arrangement or adopting a loudspeaker
with less distance attenuation may be possible. Moreover, the introduction of a
movable mass notification system, such as a car, an unmanned aerial vehicle, is

also worth considering.

[Table 6 about here.]

5. Conclusion

In the present study, long-term surveys of rainfall rate and outdoor noise
were conducted at four sites with different surrounding environments and the
relationship between them was analyzed to clarify the effects of the rainfall rate
on the physical characteristics of outdoor noise. The results are summarized as

follows.

(I) Laeq tended to increase linearly with the logarithm of the rainfall rate;
however, the slopes were different at different sites and time periods. The
slopes became steep as Lq for the no rain condition decreased because the

raindrop collision sound became more dominant than other sounds.

(2) The L for each 1/3 octave band increased with increasing rainfall rate,

mainly above mid-frequencies of around 500 Hz to 1 kHz, though the
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484 frequencies at which the level began to increase depended on the site and

485 time period.

ss  (3) A macroscopic model for estimating the sound pressure level under rainy

487 conditions was proposed, and its validity was confirmed from the high
488 determination coefficients of 0.83 to 0.99 within the range of the data
489 obtained in the present study.

s0  (4) Calculations of the coverage of outdoor acoustic mass notification systems
491 indicated that the distance to ensure a certain speech-to-noise ratio could be

as2 significantly reduced by heavy rainfall.
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Figure 1: Satellite photos of the measurement sites obtained from Google Earth. The
measurements were performed at the red circle in each photo.
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Figure 2: Example of installed equipment (Site 2).
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Figure 3: Temporal sequence of rainfall rate for each site. Periods colored in grey represent
missing observations.
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Figure 5: Time sequence of statistics of Laeq without rainfall for each site. Solid and dashed lines
represent the median and 90% range, respectively.
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Figure 6: Effect of wind speed on Laeq without rainfall for each site and time period. The upper
panel shows the median of Laeq as a function of wind speed, and the lower panel shows the
cumulative frequency of wind speed.
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Figure 7: 1/3 Octave band spectrum of statistics of L.q without rainfall for each site and time
period. Solid and dashed lines represent the median and 90% range, respectively.
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Figure 8: Relationship between rainfall rate and Lacq. Solid and dashed lines represent the median
and 90% range of Laeq for without rainfall respectively. Circles and error bars represent the median
and 90% range of Laeq and rainfall rate for with rainfall, respectively.
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Figure 9: Relationship between rainfall rate and La.q of the sounds caused by rainfall (Lcrr(RR)).
Solid and dashed lines represent regression lines for each condition. Different symbols represent
different pairs of site and time period.
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Figure 10: 1/3 Octave band spectrum of the median of L., with rainfall for each site and time
period. Dashed lines represent L.q for without rainfall as a reference. Different symbols represent
different rainfall rate (RR) classifications.
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Figure 11: Estimated Leq of the sounds caused by rainfall for each 1/3 octave band. Left and right
panels show results for rainfall rates (RRs) of 3 and 30 mm/h, respectively. Different symbols
represent different pairs of site and time period.
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Figure 12: Measured and estimated medians of Laeq for each pair of site and time period. The
estimated values were obtained from the macroscopic model defined by Eq. 3.
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Figure 13: Attenuation of A-weighted level of speech by atmospheric absorption as a function of
distance from loudspeaker (AL apbsb), Where temperature is 15°C and relative humidity is 90%.
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Table 1: Summary of the measurement sites.

Site Installation
location

Surroundings

1 Rooftop (2 levels)

2 Rooftop (3 levels)

3 1.5mabove ground

4  Sidewall on 2nd
floor

On campus, many trees,
quiet with few pedestrians
Beside major road with
microphone installed
some distance from road

Vacant lot covered with
gravel, periodic aircraft
noise
Beside major road with
microphone installed close
to road
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Table 2: Number of samples and measurement periods for each site. Data were sampled every
minute. The columns of ‘> 0 mm/h’ and ‘> 40 mm/h’ indicate the number of samples with
rainfall and that with heavy rainfall, respectively.

Number of samples

Site Measurement period Total > Omm/h > 40 mm/h
1 Oct. 2,2015-Nov. 30,2015 66,808 2,358 13
2 Oct. 13,2015-Nov. 30,2015 63,068 2,681 17
3 Oct. 21, 2015-Nov. 24,2015 41,001 2,418 25
4 Oct. 14,2015-Nov. 30,2015 61,627 2,551 10
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Table 3: Classification of rainfall rate in the present study and number of samples for each site and
time period. NT and DT are time periods of 01:00-04:59 and 07:00-17:59, respectively.

Classification Rainfall rate Site 1 Site 2 Site 3 Site 4
(RR), mm/h  NT DT NT DI NT DT NT DT
1 O<RR<2 222 400 205 521 71 422 166 599
2 2<RR<6 211 369 148 494 42 553 144 486
3 6<RR<14 20 79 23 108 16 167 10 79
4 14<RR<30 5 15 4 28 8 31 5 17
5 30SRR<62 3 6 4 0 1 6 0 3
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Table 4: Representative values of weather parameters for each classification of rainfall rate. The
classification of zero means without rainfall. The values for rainfall rate, temperature, and relative
humidity are medians, and that for wind speed is average.

Site 1 Site 2 Site 3 Site 4

Parameter Classification NT DI NT DT NT DI NT DT

88.0 93.0 96.0 95.0 89.0 92.0 97.0 94.0
95.0 93.0 97.0 945 950 920 97.0 94.0
940 935 97.0 - 95.0 92.0 - 94.0
07 09 13 1.7 08 14 05 1.1
1.1 09 09 12 06 05 06 07
11 08 08 12 07 05 05 07
17 08 07 18 11 08 00 15
05 10 05 23 06 08 00 12
04 08 03 - 0.0 1.7 - 1.3

humidity, %

Wind speed,
m/s

0 00 00 00 00 00 00 00 00

1 13 13 13 13 13 13 13 13
Rainfall 2 30 28 30 30 30 30 25 30
rate, mm/h 3 84 81 84 84 80 81 7.1 9.1

4 145 188 234 168 174 187 208 175

5 30.7 324 315 - 348 41.1 - 37.8

0 159 185 134 178 143 178 132 177

1 172 174 172 171 164 169 169 16.8
Temperature, 2 172 176 174 171 169 171 169 1638
°C 3 172 182 172 172 124 171 176 16.8

4 186 182 178 169 179 171 176 16.7

5 19.2 180 17.8 - 179 172 - 16.7

0 77.0 67.0 83.0 66.0 810 650 83.0 66.0

1 89.0 925 93.0 94.0 950 92.0 93.0 94.0
Relative 2 88.0 93.0 91.0 95.0 950 92.0 90.0 940

3

4

5

0

1

2

3

4

5
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Table 5: Laeq estimated from the macroscopic model under the no rain and heavy rain conditions.

Rainfall rate, Site 1 Site 2 Site 3 Site 4
mm/h NT DI NT DT NT DT NT DT
0 443 515 531 629 408 467 459 644
40 59.0 604 603 683 534 542 644 70.1
80 614 624 625 694 571 574 674 714
160 639 646 649 70.7 609 61.0 705 732
[dB]
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Table 6: Maximum distance from loudspeaker to maintain the speech-to-noise ratio of +6 dB
under the no rain and heavy rain conditions.

Rainfall rate, Site 1 Site 2 Site 3 Site 4
mm/h NT DT NT DT NT DT NT DT
0 1,385 854 759 335 1,704 1,189 1,252 292
40 473 419 423 201 742 698 292 168
80 384 351 348 180 554 541 219 147
160 306 286 279 158 401 398 161 122
[m]
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