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ABSTRACT
Urban noise exposure has shown significant negative as-
sociations with health effects, largely based on outdoor
assessments. As most people spend the majority of time
indoors, especially at night, assessments should include
the attenuation of outdoor noise exposure to estimate in-
door noise exposure for developing epidemiological ev-
idence on health-related noise effects. In this study, a
prediction modelling framework is defined for estimat-
ing the outdoor-to-indoor level differences for three time
periods (day, evening, and night) via statistical learning
models, employing synchronised and unsupervised out-
door and indoor noise exposure measurements from 49 lo-
cations in Greater London, UK. The study evaluates which
background noise criteria expressed via percentile indi-
cators (LA90, LA95, and LA99) under two conditions are
most effective. In the analysis, stronger correlations be-
tween the equivalent outdoor-to-indoor level differences
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and outdoor levels were obtained after applying the more
stringent condition. Particularly, stronger night-time rela-
tionships (r = 0.66–0.76) were obtained compared to day-
time (r = 0.55–0.63) and evening (r = 0.43–0.55) rela-
tionships. Regarding the modelling validation, the lowest
RMSE was observed in the night-time models (RMSE =
2.0–2.8dB(A)), followed by the day-time (RMSE = 2.9–
3.0dB(A)) and evening (RMSE = 2.5–4.0dB(A)) models.
The study’s findings support the value of random forest
models in estimating outdoor-to-indoor level differences,
executing errors mostly below the just perceptible level
difference (3dB(A)).

Keywords: outdoor-to-indoor, noise exposure, statistical
learning, attenuation.

1. INTRODUCTION

The impact of noise exposure on human health has shown
significant negative associations with a range of non-
auditory health effects effects, including annoyance, sleep
disturbance, reduced quality of life, and cardio-metabolic
outcomes [1, 2]. The consequences of chronic noise ex-
posure in childhood may manifest in adverse outcomes in
later life [2]. Furthermore, the impact of noise exposure,
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associated with the indirect accumulation of measurement
of noise exposure in human organisms [3], underscores
the importance of expressing noise exposure via objective
noise indicators for exploring exposure-response relation-
ships [2].

In urban noise exposure studies, outdoor noise expo-
sure levels are usually employed as a basis for analyses
in contrast to the utilisation of indoor levels [2]. This
suggests the potential for a systematic risk of bias in the
identification of exposure-response relationships. This is
particularly salient in relation to vulnerable groups whose
activities are predominantly confined to indoor environ-
ments. Hence, statistical prediction models have been de-
veloped with the purpose of estimating outdoor-to-indoor
level differences based on outdoor levels as well as pa-
rameters related to outdoor environment, indoor environ-
ment, and building façade characteristics. This has been
done via both supervised [4] and unsupervised [5] mea-
surement approaches. These models allow for a more pre-
cise estimation of attenuation levels in comparison to a
single-valued attenuation factor (e.g., [4–7]).

Focusing on the incorporation of unsupervised noise
measurements in the estimation of outdoor-to-indoor level
differences, a recent methodology has been proposed [5].
In this methodology, the LA99 percentile indicator has
been applied for the estimation of background noise
levels, while two defined background noise conditions
(6dB(A) and 10dB(A)) verify the incorporation of the
proper indoor (and their respective outdoor) noise levels.

The objective of this study was to establish attenu-
ation levels for use in the adjustment of outdoor noise
levels to facilitate the prediction of indoor noise expo-
sure levels. First, the impact of indoor background noise
levels on the relationship between the outdoor-to-indoor
level differences and outdoor levels was investigated via
experimental data from 49 dwellings in Greater London,
UK. Second, statistical learning models (random forest),
were developed for predicting the outdoor-to-indoor atten-
uation levels with respect to outdoor levels and predictors
related to outdoor and indoor environment as well as façde
characteristics.

2. METHODOLOGY

In this section, the principal methodologies are presented,
corresponding to the dataset processing and the prediction
modelling. For a comprehensive overview of the study
design, including the detailed procedure of the noise ex-
posure assessment, the reader is directed to [8].

2.1 Data Processing

Following the capturing of outdoor and indoor noise expo-
sure levels [8], the A-weighted equivalent noise indicator
was used for the assessment of outdoor (LAeq,Out), indoor
(LAeq,In), and outdoor-to-indoor noise exposure levels
(LAeq,Out-In) for day-time (07:00-19:00), evening (19:00-
23:00), and night-time (23:00−07:00) period based on an
integration time of 1-minute and a time-period of 1-hour.

Since noise exposure measurements were conducted
via an unsupervised approach, a data processing pro-
cedure was employed for capturing the representative
outdoor-to-indoor levels. Particularly, noise exposure (i.e.
full bandwidth) measurements, where indoor levels ex-
ceeded outdoor levels, were excluded. Then, the spec-
tral characteristics of both outdoor and indoor exposure
levels were evaluated in 1/3-octave bands (50Hz–5kHz).
Consequently, measurements for which the indoor spec-
tral levels were determined to exceed those of the outdoors
were excluded. In order to reduce the impact of indoor
background noise on the identification of the appropriate
outdoor-to-indoor level differences, some percentile noise
indicators were selected to express the background noise
levels. These correspond to LA99,In, LA95,In, and LA90,In.
Finally, two background noise conditions (6dB(A) and
10dB(A)) were defined associated to the minimum level
difference between the equivalent indoor levels and the
background noise levels (i.e., LAeq,In − LAN,In). Differ-
ences lower than the two conditional levels indicate a sig-
nificant effect of the indoor background noise, and there-
fore they were excluded.

2.2 Prediction Modeling

Initially, the relationship between outdoor levels and
outdoor-to-indoor level differences per time-period (day,
evening, and night), background noise indicator (LA90,
LA95, and LA99) and condition (6dB(A) and 10dB(A)) was
verified via a simple regression model, using the R2 met-
ric and Pearson correlation coefficient (r). For explaining
the percentage of unexplained variance in the estimation
of the outdoor-to-indoor level difference, random forest
(RF) models were developed. Numerical predictors asso-
ciated to the outdoor noise levels (LAeq,Out), the room vol-
ume (RV), the window size (WS) and the window num-
bers (WN), as well as to the categorical variables asso-
ciated to the window type (WT), the room type (RT), the
building type (BT), and the site type (ST) were applied. In
all the models, the datasets were split into 70% for training
and 30% for testing. The random forest models were ap-
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Figure 1. Outdoor levels per time period, back-
ground noise indicator and condition.

plied via the ranger package [9] in RStudio software. All
the models were tuned via three (hyper)parameters: the
number of trees (ntr), the number of variables (nv) used
at each split (mtr), and the complexity of trees (ct). The
number of trees was chosen to range from 70 to 1200 trees
with a step of 10 trees. The number of split-variables used
to tune the models ranged from 2 to 8 variables with a step
of 1 variable. Regarding the complexity of tree parameter
(tree nodes), the number of nodes ranged from 1 node to
15 nodes with a step of 1 node. Moreover, the (normal-
ized) importance of each predictor per model was evalu-
ated. Finally, the error between predicted and observed
LAeq,Out-In levels was verified via the root-mean-squared
error (RMSE) metric [10].

3. RESULTS

3.1 Assessment of Noise Exposure Levels

First, the outdoor, indoor, and outdoor-to-indoor noise ex-
posure levels were assessed per time period, background
noise indicator and condition, and the results are presented
in Fig. 1, Fig. 2 and Fig. 3, respectively.

As seen from Fig. 1 and Fig. 2, the median outdoor
and indoor exposure levels based on the 6dB(A) back-
ground noise condition are lower than the corresponding
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Figure 2. Indoor levels per time period, background
noise indicator and condition.
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Figure 3. Outdoor-to-indoor levels per time period,
background noise indicator and condition.

levels based on the 10dB(A) background noise condition
for all time periods and background noise indicators. Fur-
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Figure 4. Spectral level differences per time period, background noise indicator and condition.

thermore, the median day-time outdoor and indoor levels
are generally higher than evening and night-time levels
across the background noise conditions and indicators.

Opposite to Fig. 1 and Fig. 2, the median outdoor-to-
indoor levels in Fig. 3 presented a downward trend by in-
creasing the background noise condition across the back-
ground noise indicators and exposure periods. The de-
cline in outdoor-to-indoor levels in the transition to strin-
gent background noise conditions is associated with the
higher transmission of energy affected less by the in-
door background noise. Consequently, the stringent back-
ground noise condition is responsible for the presence of
broader IQR (interquartile range) across the time periods
and background noise indicators.

Focusing on the median average spectral outdoor-to-

indoor levels per 1/1-octave bands in Fig. 4, it can be seen
that levels based on the 10dB(A) condition present less
outliers compared to the levels based on the 6dB(A) con-
dition. Furthermore, the stringent background condition
presents broader IQR at most frequency bands across the
time periods and background noise indicators.

3.2 Relationship between LAeq,Out and LAeq,Out-In

For exploring the relationship between outdoor and
outdoor-to-indoor levels, simple regression models per
background noise indicator and condition were exe-
cuted. In Fig. 5, the scatter plots between the LAeq,Out and
LAeq,Out-In are presented, while in Tab. 1, the R2 and Pear-
son correlation coefficient (r) are summarized.
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Figure 5. Relationship between outdoor and outdoor-to-indoor levels per time period and setting.

Table 1. Diagnostics per explored relationship.
Model BGN: 6dB(A) BGN: 10dB(A)

R2 r R2 r
LAeq,LA90,D 0.34 0.58 0.40 0.63
LAeq,LA95,D 0.34 0.58 0.39 0.62
LAeq,LA99,D 0.31 0.55 0.39 0.62
LAeq,LA90,E 0.20 0.44 0.27 0.52
LAeq,LA95,E 0.20 0.45 0.30 0.55
LAeq,LA99,E 0.19 0.43 0.27 0.52
LAeq,LA90,N 0.44 0.66 0.57 0.76
LAeq,LA95,N 0.44 0.66 0.57 0.75
LAeq,LA99,N 0.44 0.66 0.56 0.75
Green cells: Moderate, Blue cells: Strong

As seen from Fig. 5 and focusing on Tab. 1, an in-
crease in background noise from 6dB(A) to 10dB(A) re-
sulted in stronger correlations, indicating the inclusion of
less affected indoor background noise levels. In particu-
lar, the correlation coefficient exhibited an increase from
moderate to strong for day-time exposure. For evening ex-
posure, the correlation coefficient increased, yet it main-
tained a moderate correlation degree. Regarding night-
time exposure, the correlation coefficient exhibited an in-
crease, and therefore it continued to demonstrate a strong

degree. As the indoor background levels exhibited less
significant variations at night-time stronger correlations
were obtained in comparison to the day-time and evening
time periods. By comparing r and R2 with respect to the
type of background noise indicator, it can be seen that
there were no significant differences among them across
the time periods and background noise conditions. Hence,
it can be suggested that for a single response relationship,
the background noise indicator is less important than the
background condition.

3.3 Prediction Modelling

Following the tuned RF models, the importance of each
predictor in the estimated response (LAeq,Out-In) was iden-
tified via the normalized importance and the results are
presented in Fig. 6.

As seen from Fig. 6, the LAeq,Out emerges as the most
important predictor across all models, explaining the ma-
jority of the variance in the estimation of the outdoor-to-
indoor levels. For the 6dB(A)-based models, the RV, WS,
and BT predictors mostly accounted for more than 40% of
the variance across noise conditions and time periods. In
contrast, the ST and WT predictors for the day-time and
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Figure 6. Importance of predictors in models per time period, background noise indicator, and condition.

evening models as well as the RT and WT predictors for
the night-time models explained less than the 10% of vari-
ance. In the 10dB(A) models, the RV and WS predictors
accounted for most of 40% of variance for the day-time
models. For evening models, the WS and RV predictors in
the LA90 model, the WS, RV, BT, and RT predictors in the
LA95 model, and the WS in the LA99 model accounted for
more than 30% of variance. For night-time models, the
RV and WS predictors primarily accounted for a greater
of 30% variance across the background noise indicators.
Finally, in all the time period models, the ST and WT pre-
dictors explained less than the 10% of variance.

For validating the performance of the developed mod-
els, the test datasets were employed and the observed
outdoor-to-indoor levels were compared with the esti-
mated levels. The performance of models based on the
training and test datasets, is presented in Tab. 2.

Table 2. Modelling performance.

Model
BGN: 6dB(A) BGN: 10dB(A)

Train Dataset Test Dataset Train Dataset Test Dataset
RMSE R2 RMSE R2 RMSE R2 RMSE R2

LAeq,LA90,D 3.09 0.76 2.91 0.77 3.12 0.77 2.98 0.79
LAeq,LA95,D 2.77 0.80 2.97 0.77 3.25 0.77 2.64 0.83
LAeq,LA99,D 2.75 0.79 2.91 0.78 2.85 0.80 2.99 0.80
LAeq,LA90,E 3.41 0.71 2.53 0.83 4.08 0.59 4.00 0.61
LAeq,LA95,E 3.12 0.76 2.74 0.81 3.89 0.77 3.65 0.77
LAeq,LA99,E 3.36 0.71 2.94 0.76 3.90 0.66 3.42 0.76
LAeq,LA90,N 2.12 0.90 2.38 0.89 2.99 0.79 2.00 0.90
LAeq,LA95,N 1.93 0.92 2.28 0.89 2.87 0.82 2.22 0.88
LAeq,LA99,N 2.26 0.88 2.01 0.92 2.28 0.88 2.83 0.84
Green cells: RMSE≤3dB(A), Blue cells: RMSE>3dB(A)

As illustrated in Tab. 2 and with particular attention
to the test dataset, night-time models exhibited the low-
est RMSE levels, followed by day-time models across
the background noise indicators and conditions. In the
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case of the evening models, a greater degree of varia-
tion was exhibited, with RMSE levels exceeding 3dB(A)
for the more stringent background condition across all
background noise indicators. In consideration of the less
stringent background condition, RMSE levels lower than
3dB(A) were obtained in the evening models and across
the background noise indicators.

3.4 Single-Valued Attenuation Factors

Focusing on the single-valued attenuation factors, the es-
timated factors were compared to the observed ones and
the results are presented in Fig. 7.
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Figure 7. Single-valued attenuation factors per time
period, background noise indicator and condition.

As Fig. 7 illustrates, the outdoor-to-indoor attenua-
tion factors for the 6dB-based models are higher than
those for 10dB-based models. These differences are more
pronounced in the case of night-time noise exposure than
of day-time and evening exposure, presenting mean dif-
ferences up to 4dB(A). Regarding the background noise
indicator, mean differences up to 2dB(A) were detected
for evening and day-time periods.

4. DISCUSSION

4.1 Noise Assessment

The incorporation of methodologies for the identification
of appropriate noise exposure levels, associated with the
transmission of noise exposure from outdoors to indoors,
could be characterised as important, especially when noise
exposure measurements are conducted via an unsuper-
vised approach. The assessment of the relationship be-
tween the outdoor and outdoor-to-indoor levels revealed
a stronger correlation by increasing the background noise
condition from 6dB(A) to 10dB(A) across the time pe-
riods and background noise indicators. Consequently, a
decrease in the median/mean outdoor-to-indoor levels and

an increase in their interquartile ranges across the time pe-
riods and background noise indicators was obtained. Con-
sequently, this is associated with the further minimization
of noise levels affected by background levels, and there-
fore with the inclusion of noise levels related to higher
transmission of energy. Our results demonstrate analo-
gous trends to those previously depicted in [5]. Focusing
on the type of background noise indicator for mitigating
indoor background noise levels, it was observed that there
were no significant differences in the outdoor-to-indoor
levels between the background noise indicators used.

Various outdoor-to-indoor attenuation factors have
been reported for closed windows, ranging from 25dB(A)
to 32dB(A) [4,6,7,11]. These factors are contingent upon
the characteristics of the measurement locations and the
measurement methodology employed. In our study, anal-
ogous outcomes were obtained, particularly in the context
of the 6dB(A) background noise condition, wherein the at-
tenuation factor approximates 23dB(A) across the major-
ity of the background noise indicators and time-periods.
However, in the case of the 10dB(A) background noise
condition, the outdoor-to-indoor level differences exhib-
ited more pronounced fluctuations in terms of the time
period, as opposed to the background noise indicators.
Specifically, outdoor-to-indoor level differences of ap-
proximately 22dB(A) for day-time, 21dB(A) for evening,
and 20dB(A) for night-time were obtained. This indicates
the significant impact of the variations in indoor back-
ground noise levels and characteristics across the different
time periods. Day-time outdoor and indoor levels reach
higher levels in relation to the evening and night-time ones
from various indoor and outdoor sound sources. Night-
time exposure presents less level variations in both envi-
ronments as well as lower indoor background noise levels,
indicating a more representative period for exploring the
noise propagation from outdoors to indoors.

4.2 Prediction Modeling

Regarding the performance of the prediction models, al-
most similar diagnostics were obtained across the differ-
ent models. In order to gain a deeper understanding of the
performance of the prediction models, the RMSE is inter-
preted by the ability of healthy ear to detect changes in
broadband noise [12]. In this context, noise level differ-
ences of 3dB(A) and 5dB(A) are associated with just and
clearly perceptible differences, respectively [12]. The ma-
jority of the day-time and night-time models are subjected
to RMSEs that are up to the just perceptible level dif-
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ference (3dB(A)), in contrast to the evening-time models
where the RMSEs are up to the clearly perceptible level
difference (5dB(A)). Regarding the background noise in-
dicators, their performance presented similar diagnostic
characteristics with respect to the time period. It is impor-
tant to note that the number of predictors employed in this
study was limited. Incorporating a greater number of mea-
surements and predictors might lead to a more compre-
hensive dataset based on detailed built environment char-
acteristics.

5. CONCLUSIONS

In this study, a methodology to derive outdoor-to-indoor
noise attenuation levels for day, evening, and nigh time ex-
posure was developed, utilising unsupervised outdoor and
indoor noise exposure measurements with information re-
lated to building characteristics in random forest (regres-
sion) modelling. This method minimizes the presence of
dominant indoor noise sources and background noise lev-
els, considering the equivalent spectral characteristics of
noise measurements. Across the various used background
noise indicators, similar results were obtained. Finally,
the attenuation factors obtained in the present study have
been generated from UK data, reflecting localized noise
sources and the characteristics of the built environment.
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