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Abstract Despite ample medical evidence of the ad-
verse impacts of traffic noise on health, most policies for
traffic noise management are arbitrary or incomplete,
resulting in serious social and economic impacts. Sur-
prisingly, there is limited information about citizen’s
exposure to traffic noise worldwide. This paper presents
the 2Loud? mobile phone application, developed and
tested as a methodology to monitor, assess and map the
level of exposure to traffic noise of citizens with focus
on the night period and indoor locations, since sleep
disturbance is one of the major triggers for ill health
related to traffic noise. Based on a community partici-
pation experiment using the 2Loud? mobile phone ap-
plication in a region close to freeways in Australia, the
results of this research indicates a good level of accuracy
for the noise monitoring by mobile phones and also
demonstrates significant levels of indoor night exposure
to traffic noise in the study area. The proposed method-
ology, through the data produced and the participatory
process involved, can potentially assist in planning and
management towards healthier urban environments.
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Introduction

Environmental noise is an unwanted or harmful outdoor
sound created by a diversity of human activities, includ-
ing noise from roads and highways, rail, airports and
from construction and industrial sites. It is a side-effect
of global trends of urbanization, with public health
implications for citizens’ well-being and quality of life.
There is ample medical evidence of the adverse impacts
of exposure to excessive traffic noise on health, includ-
ing serious illnesses, such as hypertension, arterioscle-
rosis and myocardial infarction. A review of national
and international literature related to the relationship
between noise and health, and associated policies for
noise management, indicates that there is a gap between
the existing scientific knowledge of the adverse effects
of traffic noise on health and its transposition to policies
and regulations for managing noise in urban areas. In
general, significant proportions of populations are ex-
posed to unhealthy levels of noise worldwide.

The aim of the research presented here was to devel-
op and test a methodology to assess the level of expo-
sure to traffic noise of citizens with a focus on the night
period and indoor locations through the use of mobile
phones as personal sound meters, embedded in a com-
munity participatory process for environmental moni-
toring. A mobile phone application called 2Loud? was
developed as part of this study to produce accurate noise
measurements.

The focus on the night period and indoor locations in
this study is justified by the fact that sleep disturbance is
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one of the major triggers for ill health related to traffic
noise.

The decision of using mobile phones for monitoring
noise exposure in this study was based on two factors:
first, it made the process of noise monitoring into the
privacy of homes during the night period operational,
since it was conducted by the residents themselves;
second, it benefits from the ubiquity and powerful fea-
tures of today’s mobile phones with the goal of produc-
ing extensive and reliable data about the urban environ-
ment by people who are directly affected by adverse
impacts from urbanization.

A review on noise monitoring via mobile phones
indicated three precedent experiences reported in the
scientific literature from 2009 to 2012: NoiseTube,
NoiseSpy and Ear-Phone. Despite the individual achieve-
ments of these three mobile applications for noise mon-
itoring, they were all focused on outdoor locations. There
is limited information about citizen’s exposure to traffic
noise worldwide, particularly overnight and indoors,
when sleep disturbance occurs. 2Loud? was designed in
order to fill this gap in information.

In this paper, we present and discuss the results
obtained from the test of the 2Loud? mobile phone
application in a real experiment. During 2 months in
2013, 27 citizens living in close proximity to highways
in the City of Boroondara, in Melbourne Metropolitan
Region/Australia, have voluntarily engaged in the pro-
ject, monitoring regularly the indoor night noise in their
homes and providing this information to the production
of a collective noise map of the region. Comparative
noise measurements with a professional sound meter
were conducted in references sites in the study area in
order to evaluate the 2Loud? mobile phone application
level of accuracy. The preliminary results from this
experience indicated that there is significant levels of
indoor night exposure to traffic noise in the areas
assessed, and that the 2Loud? mobile phone application
can potentially be used as a tool to assist in evaluating
levels of exposure to traffic noise.

The text is divided into four parts. The “Introduction”
section provides some background on the context of the
problem being addressed. First, it presents references to
evidence of the relationship between noise and ill health
and provides information on general levels of exposure
to traffic noise in the world and some technical aspects
related to objective measurement of noise exposure.
Secondly, it covers some precedents in the current liter-
ature on mobile phone applications for noise

monitoring. The second part describes the methodology
developed and the case study. The results are presented
and discussed in the third part. Finally, the last part
concludes the paper, summarizing the main contribu-
tions of the research and indicating directions for future
developments and improvements.

Adverse impacts of exposure to excessive traffic noise
on health: focus on sleep disturbance

The human auditory system is continuously analysing
acoustic information, which is filtered and interpreted
by different cortical and subcortical brain structures.
Signs and symptoms of ill healthmay develop following
endocrine and autoimmune responses to stress when
exposed to road traffic noise in the immediate to long
term. The acuity and severity of ill health depends on the
levels/intensity, frequency and duration of noise that
people are individually and collectively exposed to
(Goines and Hagler 2007).

There is sufficient scientific evidence that noise expo-
sure can induce hearing impairment (Ingle et al., 2007),
annoyance (Bluhm et al. 2004; Michaud et al. 2008;
Miedema et al. 2011; Niemann et al. 2006; Öhrström, E
et al. 2008; Van Gerven et al. 2009), sleep disturbance
(Ahrstom et al. 2006; Brankoljevic et al. 2006; Hong
et al. 2010; Ising and Ising. 2002; Pirrera et al. 2010),
decreased school performance (Clark and Stansfield
2007; Stansfield et al. 2005), hypertension (Bendokiene
et al. 2011; Bodin et al. 2009; Sørensen et al. 2011) and
ischemic heart disease (Babisch, 2006; Babisch 2008;
Babisch 2011; Bluhm and Eriksson 2011; Ndrepepa
and Twardella 2011; Van Kempen 2011). Indeed, in the
1960s, most of the effects of noise on health and quality
of life were already known. In the following five decades,
more research and better tools provided the ground to
confirm them (Passchier-Vermeer and Passchier 2000).

Drawing on the evidence base, the relationship be-
tween night noise and health effects in the population
indicates the thresholds for exponential deleterious
health effects as noise levels increase (European Centre
for Environment and Health 2007; World Health Orga-
nization – WHO 2009; Kim and van den Berg 2010)
(Table 1).

Long-term exposure to noise causing frequent sleep
disturbance and awakening is identified as one significant
trigger to ill health (Zaharna and Guilleminault 2010).
According to a study developed in The Netherlands on
population affected by different sources of noise on sleep

6194 Environ Monit Assess (2014) 186:6193–6206



(European Centre for Environment and Health 2007),
road traffic noise presents the greatest disturbance to
citizens’ sleep. Traffic noise is a major part of environ-
mental noise in cities. Busy roads are identified by ap-
proximate levels noise of 70–80 dB(A),1 which lies in the
range of risk for population exposure.

The European Environment Agency (2009) reports that
in 2008, approximately 48 million people across 27 EU
member states (55 % of the population living in agglom-
erations with more than 250,000 residents) are exposed to
road traffic noise levels above 50 dB(A) at night (LAeq,9 h).

2

There are some more studies estimating population’s ex-
posure to traffic noise in the world; however, they are
generally limited in the scope and geographical area cov-
ered. Some examples include the following: Fulton
County/Georgia/USA (Seonga et al. 2011); Beijing/
China (Li et al. 2008); Aurangabad/India (Bhosale et al.
2010); New Delhi/India (Argarwal and Swami 2011);
Hanoi/Vietnam (Phan et al. 2010); and Sweden (Bluhm
and Erikssen 2011).

Taking into consideration innumerous potential
health problems associated with exposure to excessive
traffic noise during the night, it is surprising the little
information available on the night-time noise worldwide.
Moreover, apart from few small scale scientific studies (Li
et al. 2008), it seems that there is a general lack of data on
measurements of indoor exposure to traffic noise during
the night. WHO’s Night Noise Guidelines for Europe
(2009) suggests an equation to estimate indoor exposure
to noise based on outdoors measurements and some typ-
ical parameters of noise attenuation related to wall and
window insulation. However, the limited amount of tech-
nical outdoor noise measurements (costly and time con-
suming to produce and update), and the diversity of
dwelling structures in different countries and regions,
makes this equation a not very precise estimation.

Monitoring noise using mobile phones

There are numerous applications for smartphones de-
signed tomeasure sound or assess noise. A search on the
first of June 2013 in the Apple AppStore, for example,
using “sound meter” as the key word, resulted in 120

1 Sound can be objectively measured in terms of frequency and
amplitude. Frequency measures the number of sound vibrations in
1 s, and it is associated with the perception of low or high pitch of a
sound. Amplitude measures the wave parameter associated with
the perception of loudness, and it is measured in decibels (dB) of
sound pressure. dB(A) is the unit of sound pressure adjusted to
humans through the A-weighting curve, as the human ear is less
sensitive to low frequencies. The softest level that a person can
hear is 0 dB(A). Sounds that are 85 dB(A) or above can perma-
nently damage ears, depending on the duration of the exposure.
Sound measurement follows a logarithmic function (nonlinear): a
rise of less than 3 dB(A) in sound pressure level is not perceived by
the human year; while a rise of 10 dB(A) in sound pressure level
corresponds approximately to a subjective doubling of the percep-
tion of loudness (Moser 2013).
2 There are guidelines for technical measurements of sound related
to traffic noise management, which include standards for type of
equipment, precision, duration and location of measurements, as
well as different descriptors depending on the intended use
(AustRoads 2005; AS, Australian Standard 1990). Acoustic signals
usually exhibit quick and wide fluctuations, and for this reason,
noise levels are generally computed as long-term averages. The
LAeq,9 h, also called average night noise, is the noise descriptor used
in this research. LAeq,9 h is defined as the average equivalent A-
weighted sound pressure level for the period from 10 p.m. to 7 a.m.

Table 1 Relationship between night noise and health effects in the population

Night noise (LAeq,9 h) Health effect

Lnight,outside <30 dB(A) Although individual sensitivities and circumstances differ, it appears that up to this level
no substantial biological effects are observed.

Lnight,outside 30–40 dB(A) A number of effects are observed to increase, including body movements, awakening,
self-reported sleep disturbance, arousals. The intensity of the effect depends on the nature
of the source and on the number of events. Even in the worst cases the effects in this noise
range seem modest. It cannot be ruled out that vulnerable groups, such as children, the
chronically ill, and older persons, are affected to some degree.

Lnight,outside 40–55 dB(A) There is a sharp increase in adverse health effects, and many of the exposed population are
now affected and have to adapt their lives to cope with noise. Vulnerable groups are
now severely affected.

Lnight,outside >55 dB(A) The situation is considered increasingly dangerous for public health. Adverse health effects
occur frequently, a high percentage of the population is highly annoyed and there is some
limited evidence that the cardiovascular system is coming under stress.

Source: adapted from European Centre for Environment and Health (2007)
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mobile phone applications available for iPhones. Using
different search terms, such as “noise” or “loudness”
increases this list even further. Performing a similar
search in Android Market, Microsoft Mobile Market-
place or Nokia Ovi would potentially add another hun-
dred mobile phone applications to the list.

This does not mean, however, that smartphones can
be easily and readily used as sound meters for the
purpose of providing data for noise management. Most
of these mobile phone applications were designed for
entertainment only, allowing the users to have an insight
on the levels of noise they are experiencing at a certain
location and time, but without high levels of accuracy.

A review of scientific literature highlighted only three
mobile phone applications which were scientifically de-
signed, implemented and tested to measure noise through
mobile phones within a framework for community par-
ticipation. They are (1) the NoiseTube, developed in
2009 by an integrated group of European universities
(France, Belgium and The Netherlands) (Maisonneuve
et al. 2009), (2) the NoiseSpy, developed in 2010 by the
University of Cambridge, UK (Kanjo 2010) and (3) the
Ear-Phone, developed in 2010 and led by the University
of New South Wales and CSIRO, Australia, with collab-
oration of Portland State University, USA (Rana et al.
2010). These are three recent precedents for the research
presented here. They have both similarities and differ-
ences in their goals and selected platforms, and some
differences in their implementation and testing strategies,
and also the resulting achievements.

The NoiseTube project aimed at developing a partic-
ipative noise pollution monitoring network to enable
citizens and governmental bodies to gain awareness of
and insight into the problem of urban noise pollution
and its social implications. This development was mo-
tivated by the European Noise Directive (END) which
placed emphasis on the development of noise maps,
which would provide a detailed and complete portrayal
of the population’s exposure to noise. The accuracy of
NoiseTube compared to a scientific sound meter, in a
laboratory experiment, resulted in a precision of +4 dB
within a sound scale from 35 to 100 dB. In 2012,
NoiseTube has been tested in a real participatory context
(D’Hondt et al. 2012) with the aim to provide evidence
that participatory techniques, when properly implement-
ed, can achieve accuracy levels required for standard
noise mapping techniques.

Similar to the previous mobile phone application,
NoiseSpy is a sound sensing system that turns a mobile

phone into a low-cost data logger for monitoring envi-
ronmental noise, allowing users to explore a city area
while collaboratively visualizing noise levels. The main
purpose of NoiseSpy was to emphasize the use of the
mobile phone application as a means for engagement of
people in mass participation in environmental cam-
paigns, and as a consequence, to raise awareness of
environmental issues and supporting education process-
es. The use of the data for planning and management
seems secondary, since no assessment of the accuracy of
the data has been reported.

The Ear-Phone project was focused on producing
noise maps, taking into consideration the intrinsic diffi-
culties imposed by data provision from citizens and
through mobile phones, such as fragmented and incom-
plete data in space and time. The Ear-Phone developed a
methodology based on compressive sensing, which ad-
dresses the problem of recovering the noise map from
incomplete and random samples obtained by crowd-
sourcing data collection. Based on field tests by re-
searchers, Ear-Phone demonstrated a precision of +
2.7 dB, compared to commercial sound meters. Results
from a case study with six participants indicated that
when data from only one person was used, the recon-
struction does not reveal any distinct patterns. However,
when data from multiple persons were included, the
reconstruction gradually revealed contrasts between
noisy and quiet areas. Furthermore, after a certain
threshold, increasing data contributors did not improve
the reconstruction accuracy significantly. This method
and experiment demonstrates the importance of mass
participation in citizen science.

All three mobile phone applications described here
have been tested in outdoor contexts.

Methodology

The overall approach of this research combined three
stages: (1) the 2Loud? mobile phone application was
developed and calibrated through a series of laboratory
tests using a scientific sound meter as reference; (2) the
calibrated mobile phone application was distributed to
residents of a study area in order to be tested in a real
community participation process; and (3) selected
dwellings in the study area were used as reference sites,
in which the 2Loud? mobile phone application and a
scientific soundmeter in the field would provide data for
validating the community noise measurements.
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This paper is focused on presenting the methodology
and results related to the second stage of the research
and discussed its implications and potential improve-
ments. Brief references are made in “2Loud? develop-
ment, calibration and validation” section to the first and
third stages of the research. Specific articles detailing
these stages are currently under development.

The study area

The methodology has been tested in the City of
Boroondara (CoB), in Metropolitan Melbourne, Victo-
ria, Australia. There are two freeways crossing the
boundaries of the Council: Eastern Freeway and
Monash Freeway (Fig. 1). These roadways, according
to current EPA-Victoria guidelines, have been designed
to have a standard maximum limit of 63 dB(A) for
traffic noise, but also allow noise levels to reach
68 dB(A) due to traffic growth before noise miti-
gation measures are implemented. Both thresholds
are for noise levels outdoors in close proximity to
dwellings façade during day–evening–night
(LAeq,18 h(6 a.m.–12 a.m.)). There is no recommended
threshold in Victoria for noise levels during the night
period (LAeq,9 h(10 p.m.–7 a.m.)).

According to the latest census (ABS 2011), the City
of Boroondara has a population of approximately
167,000 residents. The selected study area within the
Council encompasses the first row of dwellings closest
to the two freeways. This selection criterion resulted in a
potential sample of around 800 dwellings along the two
freeways. The distances from the dwellings to the free-
ways, as a response to the morphology of the urbaniza-
tion, vary from 20 to 600 m. In order to protect the
privacy of participants, all data collected on an address
basis has been de-identified and aggregated into a cell
unit. Each cell contains an average of 7 to 10 addresses.
The results are presented in this paper in a cell unit.

2Loud? development, calibration and validation

The 2Loud? mobile phone application was developed to
run on a limited set of smartphones with similar hard-
ware; namely the iPhone 4, 4S and 5 (Fig. 2). During
measurements, the 2Loud? mobile phone application
records the sound via the smartphone’s microphone.
To ensure a reliable result, the current implementation
focused on the signal processing of the sound captured.
The 2Loud? mobile phone application first records the

sound at 44.1 kHz at 16 bits, which is equivalent to the
sound quality of a music CD. The recording is processed
in 1-s blocks, where fast Fourier transform (FFT)
was applied to the waveform to identify the individual
sound pressure levels across the frequency spectrum.
The sound pressure level at each key frequency is then
A-weighted accordingly to obtain the final reading.

In order to evaluate the level of accuracy and validate
the noise measurements performed by the 2Loud? mo-
bile application, reference sites along the two freeways
were used. According to the proposed methodology,
each reference site had a 24-h noise measurement de-
veloped simultaneously by two forms of equipment: a
scientific sound meter (BK), and a mobile device run-
ning the 2Loud? application. The placements for the
indoor sound meters were determined according to
AS1055.1: 1997 (AS 1997). Details of the structure
and configuration of the dwelling under surveillance
were recorded, as well as the weather conditions on
the day of the survey.

Twenty reference sites were visited and surveyed
during the project. In order to protect the privacy of
the residents, addresses were grouped into cells. Figure 3
presents the comparison between the indoor noise mea-
surement by the scientific sound meter (BK) and the
2Loud? application for four selected reference sites
along Eastern and Monash Freeways. The location of
the cells in the study area can be seen in Fig. 5 (for cells
E2 and E33) and Fig. 6 (for cells M11 and M44). The
mean of the average differences between the two
sources of noise readings for all the reference sites was
1.6 dB(A).

Community indoor night noise mapping

Since the calibration and validation processes developed
have demonstrated that the 2Loud? mobile phone appli-
cation produces noise measurements indoors with high
levels of accuracy, this project uses the noise measure-
ments from the residents to estimate the level of expo-
sure to traffic noise indoors in the study area.

Dwellings in close proximity to the freeways in the
study area were invited to participate in the project
through mail, with supporting information in the
2Loud? website, City Council website and local media
news. Participation implied that residents would down-
load the 2Loud? mobile phone application on their
iPhones or iPads, complete an online survey, and for a
period of 7 weeks in 2013 (from 14 of May to 31 June),

Environ Monit Assess (2014) 186:6193–6206 6197



they would monitor the indoor noise as regularly as
possible, sending the data to the project server automat-
ically during the monitoring process. Twenty-seven res-
idents, well distributed along the two freeways in the
study area, engaged voluntarily in the project and

produced more than 1,000 h of noise readings during
the 2-month pilot study.

This section presents the methodology used to esti-
mate indoor exposure to traffic noise indoors in the
study area along Eastern and Monash Freeways based

Fig. 1 Suburbs and freeways in the City of Boroondara, Victoria/Australia

Fig. 2 2Loud? user interface
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on the noise readings performed by the residents using
the 2Loud? mobile phone application. Although resi-
dents could monitor their indoor noise at any time of the
day, emphasis is given in this paper to the LAeq 9 h(22–7),
because this is the interval related to sleep disturbance
issues. Most of the noise readings by residents using the
2Loud? mobile phone application were carried between
10 p.m. and 7 a.m. This is because the majority of the
residents are generally not at home during the day, and
they need to have their phone with them elsewhere.

The community indoor night noise mapping is devel-
oped by cell. The average night noise data (LAeq 9 h) from
individual addresses within a cell were integrated,
weighted by the duration of the readings. This process
involves the integration of multiple average night noise
data (LAeq 9 h) from multiple addresses (parcels) into a
weighted average and standard deviation for the cell they
are located (Equation 1). The weight in Equation 1 is
given by the level of participation of each reading for the
selected cell (Equation 2). This weight means that aver-
age night noise based on longer readings (up to 9 h, the

night period) havemore influence in the resulting average
for that parcel than average night noise calculated from
shorter readings (for example, 3 h out of the 9-h period).

LAeq;9 h

� �
C
¼ Average; Std Dev

Xr

R¼1
LAeq;9hR �WR

� �� �

C

ð1Þ

WR ¼ hRXr

R¼1
hR

0

@

1

A

C

ð2Þ

where LAeq,9 hR: average night nose for individual read-
ings at an address;R: individual noise reading (1 to r);C:
cell (1 to c); and ∑(WR)C=1.

This is illustrated in Fig. 4a below. Cell E66 in week
1 (14–19 May) had readings in 3 days by only one
participant, with a total of 16.3 h. Reading 1 (15 May
2013) had 0% hours within the interval between 10 p.m.
to 7 a.m. Therefore, LAeq,9 h cannot be estimated with
this set of data. Reading 2 (16 May 2013), however,
covered 97 % of the interval. Finally, reading 3 (19 May

Reference Site in Cell E2 Reference Site in Cell E33

Reference Site in Cell M11 Reference Site in Cell M44

Fig. 3 Indoor noise level according to scientific meter BK and 2Loud? application in selected reference sites
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2013) was less representative, covering only 10% of the
interval. For this set of data, reading 2 and reading 3 are
considered to estimate the LAeq,9 h for the cell for
week 1, proportionately to their contribution (read-
ing 2, 90.7 % and reading 3, 9.3 %). Indoor noise
readings with the 2Loud? mobile phone application
in Cell E66 during week 1 (according to weighted
average between readings 2 and 3) varied from a
maximum of 51.8 dB(A) at 10 p.m., to a mini-
mum of 41.3 dB(A) at 2 a.m., having the LAeq,9 h

of 47.8+2.3 dB(A).
Another example is illustrated by Cell M15 (Fig. 4b).

This cell in week 1 (14–19 May) had readings in 3 days
from two participants, with a total of 30.9 h. Reading 1
(16 May 2013) had 99 % hours within the interval
between 10 pm to 7 am. Reading 2 (17 May 2013),
covered 94 % of the interval. Finally, reading 3 (18 May
2013) covered 98 % of the interval. For this set of data,
all the three readings are considered to estimate the
LAeq,9 h for the cell for week 1. Indoor noise readings
with the 2Loud? mobile phone application in Cell M15
during week 1 (as a weighted average of the three
readings) varied from a maximum of 44.3 dB(A) at
10 p.m., to a minimum of 32.5 dB(A) at 2 a.m., having
the LAeq,9 h of 40.0+1.2 dB(A).

Results and discussion

Medical evidences suggest that sleep disturbance starts
for the majority of individuals from 42 dB(A) (WHO

2010). Based on this, WHO recommends that residents
should not be exposed to noise level above 40 dB(A)
during the night. This is in accordance to the recom-
mended design sound levels for building interiors, ac-
cording to the Australia/New Zealand Standard for
Acoustics (AS/NZS 2107:2000), which recommends
that sleeping areas in dwellings near major roads should
not be exposed to indoor noise levels above a maximum
of 40 dB(A), being 35 dB(A) a satisfactory noise level;
and living and working areas should not be exposed to
indoor noise levels above a maximum of 45 dB(A),
being 40 dB(A) a satisfactory noise level. These recom-
mendations are used as reference in this section to assess
the conditions of indoor night exposure to traffic noise
in the study area.

The participants of the project, despite being a small
number, had a good geographic distribution in the study
area (20 cells, which account of 17 % of the cells in
study area). They were also very active in their partici-
pation, which produced around 1,000 h of noise read-
ings during 7 weeks. This data produced good estimates
of the levels of indoor exposure to traffic noise in
different parts of the study area, along Monash and
Eastern Freeways.

Table 2 presents the results of the procedures de-
scribed in Section 4.3 for the indoor noise measurements
developed in the study area by the community using the
2Loud? mobile phone application for the night
period. This table presents the weighted average
night noise and standard deviation for each cell
with available information and for each week of

(a) Cell E66 (b) Cell M15

Fig. 4 Indoor noise readings with 2Loud? by residents. a Cell E66 and b Cell M15
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the monitoring period. The table also shows the
mean indoor night noise for the whole monitoring
interval (7 weeks) and the total hours of noise
readings for each cell during this period.

The study area in the City of Boroondara had a wide
range of indoor night noise, from 23.2 to 58.5 dB(A),
with an average and standard deviation of 40.0+
8.8 dB(A). Although the average indoor night noise is
at the threshold recommended by WHO, some areas
were identified as potentially exposed to unhealthy
levels of noise. Eastern Freeway seems to be generally
noisier than Monash Freeway. Figure 5 illustrates the
spatial distribution of the level of indoor exposure to
traffic noise overnight in the cells along Eastern Free-
way, using the 7-week mean LAeq,9 h for each cell, and
Fig. 6 presents the same data for the cells along Monash
Freeway.

These results indicate that 45 % of the monitored
cells are potentially exposed to unhealthy levels of in-
door noise during the night in the study area (Fig. 7).

As a smartphone application, 2Loud? is subjected to
more user, environmental and technical parameters than
a professional sound meter. Variation to the environ-
mental conditions such as not placing the phone on a
stable flat table or not facing the microphone in the
direction of the wall/window facing the freeway can
cause a loss of accuracy. Moreover, exposure to indoor
noise in two neighbouring dwellings can vary greatly
depending of the characteristics of the dwellings,
such as wall material, wall insulation system, lo-
cation and size of windows and window’s glazing
system. These factors can result in increasing variabil-
ity of noise readings among different participants in a
same cell.

For this reason, the averaged level of indoor exposure
to noise of a cell in the study area is accompanied by the
standard deviation of the readings. High standard devi-
ations can identify significant differences of level of
exposure to traffic noise among households within a
cell. If this situation occurs, the reasons for the

Table 2 Average LAeq,9 h+standard deviation for indoor noise measurements by Cell and by week in the study area, dB(A)

Cell Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Mean Hours of reading

E2 44.0+0.6 44.0 18.0

E9 46.2+3.9 52.8+5.7 38.0+1.9 45.7 50.6

E15 52.8+4.9 52.8 4.5

E25 46.6 46.6 8.7

E26 45.1 40.6+2.5 54.2 45.9+2.7 46.5 70.7

E33 35.0 35.0 9.0

E39 23.2 23.2 9.0

E54 36.2+5.8 36.2 9.1

E58 35.6 39.8 37.7 16.7

E65 57.4+0.8 58.9+3.5 58.2 41.8

E66 47.8+2.3 42.4+0.6 52.6+5.9 52.5+2.1 50.6 49.2 115.0

Eastern Freeway 43.1

M11 33.9+1.4 29.4 31.7 32.5

M12 46.9 46.9 9.0

M15 40.0+1.2 38.7+5.1 41.1+13.6 39.9 108.5

M16 44.4+1.2 43.7+1.8 37.8+7.3 45.9+2.2 44.2+2.1 43.2 140.0

M23 33.3+9.4 26.6+1.2 28.6 24.9 28.4 40.6

M24 40.6+5.5 37.8+1.6 36.3+2.2 36.6+2.6 37.8 143.6

M40 31.7 31.7 9.0

M44 36.6+2.9 35.3+6.3 43.1+6.1 38.3 70.6

M47 27.5 42.7 27.5 12.2

Monash Freeway 37.3

No standard deviation means that there is only one night noise reading for the cell
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variations should be investigated, and maybe dif-
ferent methods for data integration would be
required.

The small number of participants, together with the
homogeneity of the urban morphology and dwelling
typology in the study area, allowed this study to achieve
small standard deviations for the average night noise for
the cells (Table 2). The standard deviation for the

multiple noise readings ranged from a minimum of
0.6 dB(A) to a maximum of 13.6 dB(A), with an aver-
age of 3.7 dB(A). The methodology developed here for
integrating individual readings by cell seems appropri-
ate for the pattern of urbanization in the City of
Boroondara, but it needs to be further investigated in
the context of more diverse residential typologies and
larger sample of participants.

Fig. 5 Indoor noise along Eastern Freeway by Cell, 7-week mean LAeq,9 h

Fig. 6 Indoor noise along
Monash Freeway by Cell, 7-week
mean LAeq,9 h
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The validation of the accuracy levels of the 2Loud?
application presented a very good result, with an aver-
age of 1.6 dB(A) difference between the simultaneous
noise measurements from the scientific sound meter and
the 2Loud? application. This result positions 2Loud? as
the most accurate noise monitoring mobile application
currently reported in the literature. This high accuracy of
2Loud?, when compared to other reported scientific
mobile applications, is partially due to its focus on the
indoor environment, where the sound measurement de-
vice (mobile phone) is less exposed to environmental
factors, such as wind. Moreover, a few of the reference
sites visited and surveyed during the project could not
be used in the validation process due to the following
issues: climatic adverse conditions inappropriate for
characterizing a typical noise exposure; the mobile ap-
plication stopped working due to lack of battery or due
to interruption from calls; and accidental interruption of
the scientific sound meter recording by the resident.

This researchwas focused on traffic noise frommajor
freeways. Therefore, the study area was delimited as the
first row of dwellings along two busy freeways. Future
research should work with a larger area of study, includ-
ing a wider buffer along freeways in order to better
understand the traffic noise gradient and its causing
factors. A larger sample of users is also necessary for a
more robust assessment of the mobile phone application
and the participatory process. For example, how would
the upscaling of the system (hundreds of participants
making simultaneous noise readings) affect the server?
How would hundreds of participants in the study area
affect the results of the integration of multiple data in
cells? The latter could have a positive impact by the fact
that more samples are statistically more representative,

and outliers are easier to identify. However, at the same
time, hundreds of participants may include more diver-
sity in dwelling characteristics data, which can result in
more variability of exposure to noise indoors in the same
region.

The preliminary results from the pilot study of the
2Loud? mobile phone application presented in this pa-
per indicate the suitability of 2Loud? as a technology for
environmental monitoring embedded in a community
participatory process, both in terms of its accuracy and
the level of engagement and use of the mobile phone
application by the participants of the project. Taking
these into consideration, the 2Loud? mobile phone ap-
plication can be a potential means to fill the gap of
missing information of levels of exposure to indoor
noise during the night.

Conclusions

In the project reported here, a group of 27 active volun-
tary participants were engaged in a participatory process
of environmental monitoring related to traffic noise in
their residences using the 2Loud? mobile phone appli-
cation. For a period of 7 weeks in 2013, they collected
and provided around 1,000 h of noise monitoring during
the night inside their homes. This data had high level of
accuracy and produced meaningful estimates of the
levels of indoor exposure to traffic noise in different
parts of the study area in the City of Boroondara, rang-
ing from a minimum of 23 dB(A) to a maximum of
58 dB(A), with an average and standard deviation of
40+9 dB(A). Although the average indoor night noise is
at the threshold recommended by The World Health

Fig. 7 Number and percent of
cells along Eastern and Monash
Freeways by level of exposure to
indoor night noise
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Organization (40 dBA), 45 % of the monitored cells in
the study area were identified as potentially exposed to
unhealthy levels of indoor noise during the night, being
Eastern Freeway generally noisier thanMonash Freeway.

The 2Loud? project has entered an incipient field of
research. The literature demonstrates that benefits from
the process of participatory environmental sensing are
substantial for individuals, communities and the envi-
ronment (Conrad and Hilchey 2011; Goldman et al.,
2009). There are a number of community based moni-
toring groups worldwide actively engaging in a diversi-
ty of environmental issues. Although activities are nor-
mally well documented in the Internet and social media,
there is a poor assessment of these experiences and
processes in the scientific literature. This can be one of
the reasons for the limited acceptance of community-
collected data by authorities for planning and manage-
ment purposes. It seems that although technology is
moving fast and our current smartphones have the ca-
pacity of performing complex and good quality data
collection, there is still need for research on how to
channel this data to those responsible for managing
environmental issues.

The 2Loud? project departs from the understanding
that traffic noise pollution is a very complex issue, and
that a healthier environment would come from the inte-
gration of multiple actions from multiple stakeholders.
Citizens, communities, transport agencies, local and
state government and scientists are all part of the solu-
tion for the problem. The 2Loud? mobile phone appli-
cation may perform as a platform to facilitate environ-
mental education of citizens and also collaboration
among different stakeholders involved directly or indi-
rectly in the traffic noise management field.

Currently, the majority of the authors involved in
the development of the mobile phone sound applica-
tions NoiseTube, NoiseSpy and Ear-Phone moved on
to new topics of research. This is unfortunate, be-
cause this field needs further development before it
can produce a significant impact on the foundations,
methods and procedures for urban noise manage-
ment. One of the main causes of the abandonment
of participatory-mobile noise mapping research men-
tioned above may be because those researches were
led by the information technology field and had tech-
nological development as the driving force. Informa-
tion technology is a very dynamic field, and highly
instrumental and operational. Most of the researchers
involved in developing those mobile phone

applications remained working on the fields of per-
vasive computing and wireless sensing, but they are
now developing different systems or approaching
different themes related to mobile sensing.

The 2Loud? project differs from its precedents by
having the urban environment as the driving force. The
core of the research proposed here is not only the devel-
opment of the mobile application itself, but its use by
communities and the impacts of this usage on the plan-
ning and management of urban spaces with the goal of
achieving healthier cities. This is an important point of
difference. As mentioned before, most of the precedent
researches on noise monitoring through mobile phones
were abandoned before they could make a real impact to
people’s environment and quality of life.

There has been significant discourse in the literature
about participatory noise mapping using mobile phones,
with advocates of the pro (D’Hondt et al. 2012) and con
(Santini et al. 2009) perspectives. This debate is very
healthy as it helps to raise the importance of community
participation, and at the same time, to identify barriers
and limitations that would need to be addressed if a
higher level of use of the noise data for planning, man-
agement and decision-making is desired.

The 2Loud?mobile phone application had its first test
in a real community experiment in order to assess the
participatory process, together with the correctness of the
technology. The assessment of this current stage sets the
basis for further research. The next steps of this research
are suggested to follow four interrelated streams:

(1) Community-centred approach: how can the com-
munity monitoring process be improved by more
participation and better participant’s experience?

(2) Health-centred approach: what is the correlation
between long-term exposure to excessive traffic
noise and health in a community?

(3) Technology-centred approach: How can the accu-
racy, performance and usability of the 2Loud?
mobile phone application be improved?

(4) Policy-centred approach: how can a more effective
use of the data produced by the 2Loud? mobile
phone application be achieved in regards to man-
aging traffic noise?
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