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ABSTRACT
Most epidemiological studies investigating the association between noise and health use
modelled outdoor noise estimates as exposure proxy. This study explores the relationship of
indoor and outdoor noise at residential dwellings in London to establish how well outdoor
noise levels represent indoor noise levels. Continuous noise measurements were made inside
and outside each home for three consecutive days using an Optimus CR:171B sound level
meter. Selected homes were located close to major roads, railway, under an aircraft flight path
or any combination of them. Measurements from 18 homes found average daytime noise
levels (Leq,16h) of 44.7±7.1 dBA indoors and 61.7±7.3 dBA outdoors, and night-time noise
levels (Lnight) of 39.1±7.8 dBA indoors and 55.9±7.6 dBA outdoors. Analysis of indoor and
outdoor noise showed similar temporal patterns, with attenuation of 10-30 dB indoors.
Correlations between indoor and outdoor were moderate for both night-time (r=0.69, p<0.001)
and day-time noise levels (r=0.51, p<0.001). No significant differences were found between
noise levels recorded in occupied and unoccupied rooms (p=0.29). More homes will be
measured and repeat measurements taken in the summer period.

INTRODUCTION
The main source of noise in most developed urban areas is transport, particularly for those
who live near to either a major road, over ground railway, under a flight path or any
combination of them. Around 20% of European Union’s population are exposed to noise levels
which are considered unacceptable because they can cause annoyance, sleep disturbance
and adverse health effects [1]. It is estimated that 125 million people in European countries
are affected by noise levels from road traffic greater than 55 dB day-evening-night equivalent
noise level (Lden), including more than 37 million exposed to noise levels above 65 dB Lden.
Nearly 8 million and almost 3 million people exposed to rail traffic and aircraft noise above 55
dB Lden, respectively [2]. Noise had been associated with various health outcomes such as
noise-induced hearing loss, myocardial infarction, ischaemic heart disease, stroke,
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annoyance, sleep disturbance and cognitive performance in children [3]. Several studies have
found exposure-response relationships with annoyance due to increasing environmental noise
mainly from road traffic, train and airplane movement [4,5].
Residential proximity to road traffic and railway lines can influence the noise exposure levels
[6]. A two times higher proportion of annoyed and highly annoyed persons were observed in
residential areas situated less than 50 m from major road compared to those live within 150
and more meters away from the road [7]. The maximum noise levels (LAFmax) reported when
trains pass by in study conducted by Lim et al. (2006) were varied between 91 and 100 dB, as
80% of the studied sites were situated within about 50 m of railway lines [8]. In addition,
residents live closer to airport are also exposed to higher noise levels. Based on a noise study
done in 12 homes near LaGuardia Airport, New York City, residents living near the airport
were exposed to noise levels that were four times greater than those who live in a comparable
quiet home [9]. Thus, high attenuation of outdoor noise to indoor can be influenced by
distance between the residential dwellings and the noise source, window opening habits and
sound insulation installed at the dwellings (e.g. single or double glazed windows).
Previous studies have, therefore, suggested that window characteristics should be considered
when studying environmental noise effects on residents inside their homes as windows are
generally the weakest point in the sound propagation path. Various window types can be
found in homes including single thin panes within frames either with or without additional
insulation and double or triple-pane windows within insulated frames. A sound reduction from
outside to inside buildings of usually less than 24 dB has been estimated for the simplest
types of façade, and more than 45 dB for the most elaborate facades (e.g. built to cope with
cold climates) [10]. Building characteristics and window opening habits thereby lead to
important differences in individual’s exposure.
Generally, individuals spend approximately 90% of their time indoors and about 56-66% of
time a day is spent at home [11]. Indoors, people are exposed to noise from both outdoor and
indoor sources; indoor noise exposure is therefore a complex mixture of noise migrating from
outdoor sources such as transport noise, together with noise generated by indoor sources [12]
(such as inhabitants, children, and equipment including television and musical instruments)
[13]. Most epidemiological studies have used models to assess outdoor long-term noise
exposure accounting for traffic volume and sound propagation [14,15]. Other studies have
measured noise outside residences to accurately reflect outdoor noise levels [16-18].
However, the variability of the relationship between ambient noise and indoor noise across a
population is still unclear.
Few studies have measured indoor noise exposures in residential dwellings [19,20], mostly to
investigate the effect of noise on sleep disturbance and cognitive impairment in children.
Hence, the noise assessments were done either over a short period of time, only for night-time
exposures or at school. A longer indoor and outdoor measurement at residential dwellings
could provide more information on individual daily noise exposure levels, and provide further
insight into the variability of the relationship of outdoor and indoor noise in different locations.
This study aims to explore the relationship between outdoor and indoor noise a) to understand
whether outdoor levels misclassify noise exposures for the time people spend indoors and
whether this is different for day-time and night-time periods and b) inform future
epidemiological studies of noise and health about the exposure misclassification and possible
corrective measures.
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METHODOLOGIES
We intend to investigate indoor and outdoor noise levels related to transport at 50 residential
dwellings with repeat measures and completion of a time-activity diary. Selected study
participants are residents who live within 300 m from a major road, within 200 m from railways
and/or under a flight path in London. The study participants that have been recruited are
Imperial College staff and students who were invited through email. Residents affected by
aircraft from Heathrow and London City airports were also approached through contact with
Heathrow Association for the Control of Aircraft Noise (HACAN). This study has obtained
approval from the Imperial College Research Ethics Committee, Joint Research Compliance
Office.
Measurements were conducted at participants’ homes during winter (December 2016-January
2017). A survey was done at each of the participants’ house before being selected for the
study to evaluate the suitability of the location for the measurement and availability of a secure
site to lock the outdoor noise monitor. Additionally, only residents who live at the same
residential address within the study period (November 2016-February 2018) were included in
the study.
The noise measurements were conducted simultaneously inside and outside residential
dwellings for at least three consecutive days, covering the cold season to date. The cold
season measurements are still ongoing and repeat measurements will be started in summer
2017. Noise levels were measured using an Optimus CR:171B class 1 sound level meter
(SLM) with a CK:670 outdoor measurement kit for outdoor measurement. Outside, the SLM
was placed in a bespoke weatherproof case with a cable extending from the case to a
microphone on a tripod. Each SLM was sent to the manufacturer for annual calibration and
then were checked onsite with an acoustic calibrator before each measurement. SLMs were
located in the room with the most exposed façade to a main road and railway, with at least
one window, and ideally unoccupied such as second bedroom. The SLMs were positioned at
least 1 m from walls or other major reflecting surfaces, 1.2 to 1.5 m above the floor and 1.5 m
from windows. Measurement outside residential dwellings were taken at a private garden or
balcony, at least 1 m away from the façade of the building or any reflecting surfaces [21,22].
A building survey was conducted at each participant’s dwelling to gather information related to
building and household characteristics that may influence the level of indoor noise measured source of transport noise, types of dwelling, number of occupants, types of window and room
dimension. The participants were asked to identify the hours of the day in a diary when the
occupants were absent from the home or asleep. The purpose of this diary was to identify the
occurrence of indoor noise events and isolate those periods when indoor noise is
predominantly a function of outdoor noise, to be able to study the mean and variance of the
attenuation of outdoor noise in indoor microenvironments.
Noise data were processed using NoiseTools v1.6.4 software from Optimus SLM. Two time
periods of each day were defined as follows: day (7:00-23:00) and night (23:00-7:00). Hourly
LAeq was calculated for each day and night period. Descriptive statistics of measured noise
levels, and dwelling and household characteristics are presented as mean and standard
deviation or as percentage for categorical variables (dwelling characteristics). Indoor and
outdoor noise levels from each dwelling were presented in box-and-whisker plots for day- and
night-time. Pearson’s correlation was used to test the association between the outdoor and
indoor noise. Mann-Whitney U-test was used to find whether the noise levels varied by level of
occupancy of the rooms used to locate the indoor noise monitor. Analyses were performed
using Stata (v.13.0) package.
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RESULTS AND DISCUSSION
So far, data have been collected at 18 dwellings. As shown in Table 1, most of those dwellings
are terraced (a continuous row of houses with adjoining walls) houses (55.6%) and 33.3% of
all dwellings are exposed to road traffic noise. Mean floor level is 1 and the number of room
per dwelling ranges between 2 and 7 (not included are bathroom, kitchen and storage room).
Number of occupants in each dwelling ranged from 1 to 6 persons. The types of window
installed in the studied rooms were mainly double glazed (72.2%). Size of the studied rooms
ranged from 6.9 m2 to 24.8 m2.
Table 1: Dwelling and household characteristics of the study sample
n

%

Terraced house

10

55.6

Semi-detached house

1

5.6

Medium-rise flat

2

11.1

High-rise flat

5

27.8

Aircraft

3

16.7

Road traffic

6

33.3

Aircraft and road traffic

5

27.8

Rail and road traffic

3

16.7

Aircraft, rail and road traffic

1

5.6

Mean (SD)

Range

Number of inhabitants

2.8 (1.5)

1-6

Number of rooms

4.3 (1.8)

2-7

Floor

0.9 (2.3)

-1 - 9

Type of dwellings

Sources of transport noise

a

a

-1: basement floor and 0: ground floor

Table 2: Characteristics of the study room
Mean (SD)

Range

39.3 (14.3)

18.2 - 65.1

2

16.1 (5.5)

6.9 - 24.8

Type of window

n

%

Single glazed

4

22.2

Double glazed

13

72.2

Secondary glazed

1

5.6

3

Volume (m )
Area (m )
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Average noise levels reported during the winter measurement campaign (n=18) were 44.7±7.1
dBA Leq,16h indoors and 61.7±7.3 dBA outdoors and night-time exposures of 39.1±7.8 dBA Lnight
indoors and 55.9±7.6 dBA outdoors (Table 3). Highest mean noise levels were observed at
dwellings with road traffic noise exposure for daytime indoors and outdoors and night-time
outdoors. Similar daytime and night-time outdoor mean levels were recorded for dwellings with
combine rail and road traffic noise exposures.
Table 3: Day- and night-time indoor and outdoor noise exposures
Indoor noise (Mean±SD)

Outdoor noise (Mean±SD)

Lday (dBA)

Lnight (dBA)

Lday (dBA)

Lnight (dBA)

Aircraft (n=3)

44.8±7.0

32.5±7.1

59.2±4.8

51.6±8.0

Road traffic (n=6)

48.5±6.4

38.9±6.3

64.4±8.6

59.7±10.0

Aircraft and road traffic (n=5)

45.0±7.7

35.4±6.5

61.2±6.2

54.2±6.2

Rail and road traffic (n=3)

44.3±10.3

38.7±8.6

64.2±11.5

57.8±12.2

Aircraft, rail and road traffic (n=1)

44.3±5.1

45.0±7.3

53.4±4.1

44.9±4.9

Average noise levels (n=18)

44.7±7.1

39.1±7.8

61.7±7.3

55.9±7.6

Source of noise

Figures 1 and 2 show the indoor-outdoor noise variation at each dwelling with more variability
during the daytime than the night-time. Overall, the measured indoor noise is 10 to 30 dB
lower than that measured outside. The variations of indoor and outdoor noise levels observed
between dwellings (Figures 1 and 2) depended on distance from the house to the roadway
and railway (for road and rail traffic noise), and number and height of aircrafts flying over the
house (for aircraft noise). The highest indoor and outdoor Lnight were found amongst dwellings
located in close proximity to roads and railways especially roadside residences. Higher indoor
LAeq,16 were found in occupied rooms and levels depended on the number of occupants and
presence of children in the dwelling. Previous studies have identified dwelling characteristics,
presence and activities of people in the dwelling, the number of children living in the dwelling
and noisy event occurrences were some of the factors that influence noise variability within
dwelling [13,20].The indoor noise levels that were measured in an occupied room had higher
levels as the overall noise recorded was influenced by activities of the occupants. However,
no significant differences were found between noise levels measured in occupied (n=10) and
unoccupied (n=8) rooms (p=0.29) (Figure 3).
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Table 4: Summary of noise level results (hourly LAeq mean values)
Source of noise
Aircraft

Road traffic

Aircraft + road traffic

Rail + road traffic

Aircraft + rail + road traffic

Mean indoor (dB) Mean outdoor (dB)

Mean I/O ratio

Sample

Study room

ID03

Unoccupied

33.9

57.7

0.59

ID 05

Occupied

47.5

58.2

0.82

ID 06

Unoccupied

33.9

57.3

0.59

ID 08

Occupied

42.8

49.1

0.87

ID 10

Unoccupied

29.7

53.1

0.56

ID 07

Unoccupied

43.9

52.7

0.83

ID 14

Unoccupied

37.1

49.9

0.74

ID 01

Unoccupied

43.4

54.6

0.79

ID 19

Occupied

49.1

66.8

0.74

ID 02

Occupied

46.7

62.2

0.75

ID 09

Occupied

38.8

57.4

0.68

ID 11

Unoccupied

36.6

65.7

0.56

ID 12

Occupied

38.4

57.0

0.67

ID 17

Occupied

47.9

52.7

0.91

ID 15

Occupied

35.8

45.1

0.79

ID 16

Unoccupied

31.0

44.1

0.70

ID 20

Occupied

47.6

68.0

0.70

ID 13

Occupied

44.5

51.9

0.86

CONCLUSION
Preliminary results from a winter monitoring campaign suggest that majority of the residents
from the 18 homes studied are exposed to noise levels that exceed the World Health
Organisation outdoor recommended limits (55 dB at day-time [55.6%], 45 dB at night-time
[72.2%]) and 50% exceed the indoor limit (30 dB at night-time). Outdoor noise levels are
attenuated indoors up to 30 dB with slightly high correlation between outdoor and indoor noise
during night-time. A total of 50 homes will be measured and repeat measurements taken in
the summer period. A fuller analysis of the data will follow.
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