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Abstract: Sustainable transportation is an essential part of a sustainable city; however, modern
transportation systems with internal-combustion engines emits unacceptably high level of
air-pollutants and noise. It is recognized widely that road-traffic noise has negative health impacts
(such as annoyance and sleep disturbance) on exposed population in highly-populated cities.
These harmful effects should be removed or at least reduced to guarantee the sustainability of
modern cities. The estimation of pollutant levels at a specific location and the extent of the damage
is therefore important for policy makers. This study presents a procedure to determine the levels
of road-traffic noise at both day and night, and an assessment of the adverse health effects across
Gwangju Metropolitan City (GMC), Republic of Korea (ROK). Road-traffic noise maps in 2-D and
3-D were generated, in order to find spatial distribution of noise levels across the city and noise level
at the façade of a building-floor, respectively. The adoption of existing assessment models for the
highly-annoyed (%HA) and highly-sleep-disturbed (%HSD) leads to building-based estimation of
the affected population and spatial distribution of the road networks of the city. Very high noise
levels were found to exist along major roads in the day and at night, with little difference between
them. As a result, approximately 10% and 5% of the total population (n = 1,471,944) were estimated
to experience high-level annoyance and sleep disturbance, respectively.

Keywords: road-traffic noise; negative health impacts; annoyance; sleep disturbance; 3-D noise map

1. Introduction

Environmental noise, also known as community noise, is undesirable sound that is emitted
from various sources, including transportation, industries, construction sites, and neighborhoods.
The World Health Organization (WHO) has recognized it as a harmful pollutant that has ill impacts on
public health [1]. Taking environmental noise into account, the European Union (EU) has adopted the
Environmental Noise Directive (END) that focuses on assessing population exposed to community
noise, reducing harmful noise levels, and mitigating its burden of adverse public health [2–5].

Based on the recent END revision [6], noise pollution continues to be a major environmental
problem in Europe with the following consequent set of health effects backed by sufficient evidence:
annoyance [7], sleep disturbance with awakenings [8,9], hypertension ischemic heart disease [10–12],
mental health [13], and even learning impairment [14–16].
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Annoyance and sleep disturbance are known to be the most important psychological impacts of
community noise [17–20]. Annoyance is a human feeling of displeasure that typically includes anger,
disappointment, anxiety and depression [21,22]. Nighttime noise causes interrupted sleep of residents
in a community, and disturbed sleep could lead to fatigue, depression, and decreased performance,
among others [21,23,24].

In this context, since the END’s prescription for noise maps and action plans, the scientific
community has made many efforts—from high-level studies to proposed mitigation systems—to
curb for the following sources of noise in urban areas: road-traffic [25,26], railway traffic [27,28],
airport [29,30], and industrial [31,32]. In addition, country areas (outside urban borders) have a
new noise source—wind turbines—that are large in number and have been studied to be highly
annoying [33,34].

Transportation is a major source of community noise, particularly in modern urban environments
of many nations, where dense traffic systems are well developed [22,35–39]. Road traffic is known
to play a dominant role in environmental noise and affects more people than other forms of
transportation [18,40,41]. For instance, approximately 100 million people are estimated to be exposed
to harmful levels—above 55 decibels (dB)—of road traffic noise in Europe [42]. Road traffic noise has
been found to have a strong association with annoyance and directly caused awakening and alterations
of sleep stages, particularly at night [21,22,43–48].

Perceiving transportation noise as an environmental problem, the Republic of Korea (ROK), which
is an emerging country in Asia, recently amended the Noise and Vibration Regulation Act of 1990
to produce road traffic noise maps for highly-populated urban areas. Some studies using the maps
pointed out that the road traffic noise levels of ROK were higher than those of EU member states and
many people were exposed to very high noise levels [49,50]. However, the researches offer limited
reporting on the number of people exposed to road-traffic noise levels, and the ill-impacts of road
traffic noise on health.

This research aims at providing an overview of the health impacts of road traffic noise in a
densely-populated metropolitan city of the ROK, focusing on annoyance and sleep disturbance.
In addition, we present spatial distribution of the estimated population across the city that is
psychologically affected as a result.

2. Material

2.1. Study Area

Gwangju Metropolitan City (GMC), selected as the study area in this research, is a highly populous
urbanized region in the southwestern part of the ROK territory. Based on the 2015 nationwide census [51],
GMC has approximately 0.6 million households, where 1.5 million people lived. The population density
of the city (2998 person/km2) was the third highest among metropolitan cities in the nation although its
area (501 km2) was the smallest compared to the others. In 2015, 0.6 million vehicles were registered with
the city’s government, and the percentage of their types was as following [52]: passenger cars (81.1%),
heavy vehicles (14.6%), and vans/special vehicles (4.3%). Due to the location of a car manufacturing
complex, heavy vehicles like trucks, not registered in the city, frequently run along some routes of the
city area.

The GMC consists of five sub-level (-i.e., -gu-level) districts for an administrative purpose, as
indicated in Figure 1. Each gu-level district consists of several dong-level divisions and the city
currently consists of 202 dongs in total. Dong-gu is recognized as an old town, where the City Hall
was located. The city hall was recently relocated to Seo-gu, a new town area in the city. This research
also presents the spatial distribution of land use and land cover (LULC), recently generated by the
ROK Ministry of Environment (ME), in Figure 1. As illustrated in the figure, the urban development of
the city was made in a circular pattern, and residential area covers around 16% of the city’s total area.
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The percentage of individual residential types is as follows: 63% for high-rise apartment buildings,
31% for low-rise detached houses, and 6% for others such as row houses and multiplex house.
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2.2. Input Data

The levels of road traffic noise can be measured at given locations by a field survey with a
sound-level meter. However, it captures short-term results of the noise levels and distinguishing road
traffic transportation from other noise sources in the measured data is difficult. Noise mapping, as
another method, provides long-term average sound levels that are emitted from a target source like
road traffic transportation. Therefore, we adopted this approach to assess the health impacts of road
traffic noise, focusing on annoyance and sleep disturbance.

In general, noise mapping is performed with a sound propagation model that requires a variety
of data, such as building, topography, road network, traffic volume, vehicle types and speed [2,53,54].
Table 1 summarizes input data that were utilized in generating the road traffic noise maps of the study
area. Topography and building footprints were primary data to develop a 3-D urban model that is
described in Section 2.3. LiDAR is a remote sensing technique that utilizes laser pulse and acquires
point data set with the heights of artificial features above terrain surface [55]. We utilized LiDAR
data from 2007, since there was no recent data set for the GMC. Besides the data sets, we included
noise barriers, also known as protection wall, for noise mapping, because they could influence the
propagation of traffic noises emitted from individual roads. In addition, we obtained population
statistics of 2015 Census to estimate the number of residents in individual buildings; this is documented
in Section 2.4.
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Table 1. Summary of input data used for road traffic noise map generation.

Type Parameter Provider Production Year Access
Constraints

Topography
LiDAR

Terrain elevation
Noise barrier
Point could

National
Geographic
Information

Institute

2016
2007 Public Proprietary

Road Network 2016 Proprietary

Vehicle
Volume
Speed
Type

Gwangju
Metropolitan
Police Agency

2016 Proprietary

Building Footprint
Elevation

Gwangju
Metropolitan City

Office
2016 Public

Sound-proof tunnel Footprint Proprietary

The total length of roads was reported to be 1,832 km in 2015; spatial distribution of the road
network is shown in Figure 2. In the figure, most tunnels marked in cyan color were developed
beneath mountains. A beltway, called the 2nd Ring Road, passes around residential areas of the
city. In addition, a highway called the Honam Expressway, runs through two districts of Buk-gu and
Gwangsan-gu. The speed limits of the two roads are higher than those of the others.

Sustainability 2018, 10, x FOR PEER REVIEW  4 of 17 

Table 1. Summary of input data used for road traffic noise map generation. 

Type Parameter Provider 
Production 

Year 
Access 

Constraints 

Topography 
LiDAR 

Terrain 
elevation 

Noise barrier 
Point could 

National Geographic 
Information Institute 

2016 
2007 

Public 
Proprietary 

Road Network  2016 Proprietary 

Vehicle 
Volume 
Speed 
Type 

Gwangju Metropolitan 
Police Agency 

2016 Proprietary 

Building 
Footprint 
Elevation 

Gwangju Metropolitan 
City Office 2016 Public 

Sound-proof 
tunnel Footprint   Proprietary 

The total length of roads was reported to be 1,832 km in 2015; spatial distribution of the road 
network is shown in Figure 2. In the figure, most tunnels marked in cyan color were developed 

beneath mountains. A beltway, called the 2nd Ring Road, passes around residential areas of the city. 
In addition, a highway called the Honam Expressway, runs through two districts of Buk-gu and 

Gwangsan-gu. The speed limits of the two roads are higher than those of the others. 

 
Figure 2. Road network of Gwangju Metropolitan City. 
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Figure 3 provides the geographic distribution of 131,078 buildings in 3-D (based on the number
of floors). Over half of the buildings were found to be located in Gwangsan-gu and Buk-gu with
percentages of 26.6% and 25.0%, respectively. Nam-gu followed them with 19.3%, and the other two
districts had around 14.5% of the total number of buildings.
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2.3. Road Traffic Noise Mapping

The noise mapping of road traffic transportation is generally subdivided into two phases, i.e.,
developing a 3-D urban model and applying a selected sound propagation model. In the first phase,
developing such an urban model is important because traffic noises are reflected and diffracted when
they propagate across a given city area [38,56]. In general, we need elevations and heights of terrain
surfaces and artificial features such as buildings, roads, and noise barriers for this purpose [57].

The 3-D urban model of the GMC was generated by SoundPLANTM (version 7.4) [58]. The software
internally calculates terrain elevation based on triangulated irregular network; contour lines extracted from
topography data are entered into the computation. The heights of individual buildings are also required
for producing the urban model; footprint data of buildings, however, contained only the number of
floors without heights. Therefore, we utilized LiDAR points for determination of building heights.
Meanwhile, since the data set was acquired in 2007, there was no information on recently-developed
buildings. After our research and acquiring of new data, we applied the ROK ME noise mapping
guideline, called the Notice 2016-117 Noise Mapping Method. The Notice recommends we multiply
the number of floors by a scale factor as following: 2.8 m, 2.9 m, and 3.1 m for a detached house, an
apartment building, and a commercial building, respectively.

In 3-D urban modeling, the SoundPLANTM also needs the elevation values of individual surfaces
and overpass roads. Since surface roads are constructed right above the Earth’s surface, their elevations
can be obtained directly from those of terrain surfaces. On the other hand, we used LiDAR data to
compute the elevations of individual overpass roads. A total of 456 noise protection walls were
detected in topography data, but no height information was available. Therefore, we conducted a field
survey to acquire the geometric attributes of each barrier, such as shape, length, and height. All the
data sets were then entered into the noise-mapping software for developing a 3-D urban model of
the GMC.

For noise mapping over a wide area such as the GMC, the ME of ROK recommends RLS90 [59],
NMPB [60], CRTN [61], ASJ 2003 [62] and Nord 2000 [63] as road traffic noise models. In the second
phase, we produced 2-D noise maps for both day and night (hereafter called grid noise maps) and
a 3-D one (hereafter called facade noise map), based on the RLS90 implemented in SoundPLANTM.
Daytime and nighttime grid noise maps were generated at a sound level of Leq with a size of 10 m at
1.5 m above the terrain surface. We studied the two grid maps to gain insights on spatial distribution of
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road traffic noise levels across the GMC, at both day and night. For the facade noise map, the receiver
points were placed at 1 m apart in the center of the building facade plane. The ROK ME requires
3-reflection order, and 5000 m for noise source searching radius. The ground absorption of urban area
was considered to be perfectly reflective.

The RLS90 model was tested by comparing predicted levels with measured levels, as shown in
Figure 4. The noise levels were measured at a total of 604 points, including 456 points at 1.5 m above the
terrain surface and 148 points at the facade of high-rise apartment buildings. We measured noise level
at each point for one hour and also collected traffic volume, speed and vehicle type. The assessment
result of noise prediction accuracy is presented in Figure 4. It was discovered that the differences
between predicted and measured noise levels were within ±3 dB(A).
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This research adopted the levels of road traffic noise received at each facade of every floor for a
building in assessing the psychological impacts of human exposure. Such a noise map was known to
result in more accurate estimates of human exposure in the ROK [50]. To do so, we produced a facade
noise map with day-night noise level, i.e., LDN, using the following equation:

LDN = 10 log
(

15
24

× 10
LD
10 +

9
24

× 10
LN+10

10

)
, (1)

where LD and LN stands for daytime and nighttime noise levels, respectively.
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2.4. Estimation of Building Population and Human Exposure Analysis

Human exposure analysis needs the population statistics of each building to estimate the number
of people exposed to road traffic noise levels. However, there were no available building-based
population data in the ROK, so we followed the general practice of the European Commission to
estimate the population of each residential building [3].

This analysis follows a series of the estimations of the population per unit floor area of a building
in a sub-district administrative unit (kth dong), αk, the population of each floor for the building, Pjk,
and the number of people on each facade of a target building, Pijk, expressed as follows:

αk =
Pk

∑j

(
Ajk × NFjk

) , (2)

where Pk, Ajk, and NFjk represent population of kth dong-level district, a total area of floors for jth
building in the district, and the number of floors for building j of the district, respectively. The number
of people per floor of the building, Pjk, can be obtained from:

Pjk = αk × Ajk, (3)

The population of ith facade plane on jth building in a kth dong-level district, Pijk, can be
obtained from:

Pijk = Pjk ×
Lijk

∑i Lijk
, (4)

where Lijk stands for the width of ith facade plane.
Annoyance and sleep disturbance are known as the most adverse health outcomes of

transportation noise, and they were found to affect over 8 million European adults [7,19,64–70].
Taking these statistics into account, this research performed human exposure analysis of road traffic
noise, focusing on health outcomes, with the day-night noise levels and population estimates of
each facade for individual buildings across the GMC. In doing so, we employed the percentages
of highly-annoyed people (%HA) and highly sleep-disturbed people (%HSD) that were developed
by Miedema and Oudshoorn [7] and Miedema et al. [64]. The computational equations of the two
measures are as following:

%HA = 9.994 × 10−4(LDN − 42)3 − 1.523 × 10−2(LDN − 42)2+ 0.538(LDN − 42) (5)

%HSD = 20.8 − 1.05LN + 0.01486L2
N (6)

where LDN and LN indicate day-night and nighttime levels of road traffic noise, respectively.
We multiplied %HA and %HSD to Pijk, the predicted population of each facade for individual

floors to derive the total number of people at risk of being highly-annoyed and highly sleep-disturbed,
respectively. The facade-based estimates of the two measures were summed to obtain the human
exposure results of each building in order to assess the psychological health impacts of road traffic
noise at both city and district levels.

The per-building population estimates for annoyance and sleep disturbance were then utilized
in Getis-Ord Gi* analysis, implemented in Esri ArcGIS (version 10.1), to identify hot and cold spots.
The analysis is used to detect statistically significant spatial clusters of high values (i.e., hot spots) and
low values (i.e., cold spots) [71], based on computed z-scores of individual units. Therefore, the hot
and cold spots provide an insight into the geographic clusters of high- and low-level %HA and %HSD
populations, respectively.
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3. Results

Figure 5 shows the grid maps of road traffic noise levels, predicted at 1.5 m above terrain surface,
for daytime and nighttime. No considerable differences were found in the spatial pattern of road
traffic noise levels between day and night. As illustrated in the figure, high level of noise largely
occurred along highways and arterial roads, and the highest noise levels were observed near the
ring roads of the GMC and the Honam Expressway passing through the north of the city. On the
contrary, lower-level noises appeared at places that were close to tunnels or where sound-proof tunnels
were located.
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Figure 6 shows the areas and the populations of the GMC exposed to daytime and nighttime road
traffic noise. In the figure, the noise levels of 23.9% of GMC area exceed 55 dB(A), the daytime
recommended level by WHO [1] and 34.7% of population are exposed to the exceeded levels.
In addition, WHO recommends 45 dB(A) for nighttime and the corresponding rates for the exceeded
area and population of GMC were 46.8% and 71.3%, respectively.
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The health impacts of road traffic noise need to be assessed with facade noise maps, instead of
grid maps, considering noise propagation in a real-world human settlement environment. Therefore,
this research adopted facade maps with day-night and nighttime noise levels to calculate %HA and
%HSD, respectively. Figure 7 illustrates facade noise maps for a portion of the study area.
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Figure 7. Facade noise map for a residential area with high-rise apartment buildings.

This research predicted the population estimates of each facade for individual floors of buildings,
as described in Section 2.4. The total number of people per building was then derived by summing
all facades estimates, as shown in Figure 8. Individual polygons were extruded with their predicted
populations for a presentation purpose. In Figure 8, the tall buildings are apartment houses with a
larger number of people than blue-colored detached houses.
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This research estimated the facade-level population of %HA and %HSD and summed them for
each building. Figure 9 shows the extrusions of individual buildings based on estimates of the two
health measures; the same class intervals were adopted for a comparison purpose. Although not
clearly visible in Figure 9, there was a similar spatial pattern between %HA and %HSD predictions.
That is, it was discovered that the larger numbers of both measures occurred near the 2nd Ring Road
and the Honam Expressway.
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Besides the visual presentation, we computed the prevalences of %HA and %HSD at both city
and district levels and present them in Table 2. The prevalence stands for the percentage of the
impacted population against the total population at both city and district levels. As summarized in
Table 2, annoyance was found to be negatively impacting the residents of the GMC more than sleep
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disturbance, which can be also be seen from visual interpretation of per-building %HA and %HSD
predictions in Figure 9.

Table 2. The impact of road traffic noise with high-level annoyance and sleep disturbance for individual
gu-level districts.

District
Total

Population

High Annoyance High Sleep Disturbance

Population
Affected Prevalence (%) Population

Affected Prevalence (%)

Gwangsan-gu 399,254 16,912 4.2 12,704 3.2
Nam-gu 221,409 10,766 4.9 7608 3.4
Dong-gu 99,044 9196 9.3 4902 4.9
Buk-gu 446,737 57,853 13.0 27,951 6.3
Seo-gu 305,500 46,361 15.2 21,315 7.0
Total 1,471,944 141,088 9.6 74,480 5.1

Such tendency was also detected at the district level, but there were some differences. The most
obvious impact of annoyance appeared in Dong-gu, Seo-gu, and Buk-gu where its prevalence was
around two times as high as sleep disturbance. On the other hand, no considerable distinctions were
noticed in Nam-gu and Gwangsan-gu. In the GMC, Seo-gu and Buk-gu were found to have the
most ill-health effects of road traffic noise, based on their prevalences of %HA and %HSD. On the
contrary, Nam-gu and Gwangsan-gu were considered to have better acoustic environment than the
other districts.

Figure 10 depicts the geographic distributions of hot- and cold-spot buildings, derived from the
Getis-Ord Gi* analysis with %HA and %HSD sums for each spatial unit, i.e., individual buildings.
In the figure, the hot and cold spots of annoyance and sleep disturbance were significant at p < 0.01
(99% CI), which had z-scores greater than +2.58 and less than −2.58, respectively. We observed
that a similar distribution pattern for hot spots occurred between annoyance and sleep disturbance.
The hot-spot buildings were generally located inside the 2nd Ring Road and near both the road and
the Honam Expressway. It was assumed to occur possibly due to the following reasons: (1) high-level
road traffic noise emitted from the two roads with heavy traffic volume and high vehicle speeds and
(2) large number of residents in high-rise apartment buildings. The population and residential types
could also influence cold-spot buildings for %HA and %HSD surrounded by the beltway and the
highway. Most of them were low-rise detached homes with a relatively small number of residents.
When the resources for mitigation measures are limited, priority should be determined on the basis of
not only on noise levels, but also the impacted population and the building-based hot- and cold-spot
analysis in Figure 10; it can be a very useful tool for policy makers. From Figures 5 and 10, it is found
that the large clustered cold-spot area in Figure 10 still has a high level of noise, but its impacted
population is relatively low; thus, priority should be given to the hot-spot area. Although the area
and population exceeding a standard can be obtained from Figure 6, they are usually based on an
administrative unit.

As mentioned above for Table 2, annoyance was supposed to be more severe than sleep
disturbance, based on the total number of the affected population, estimated at the district level.
However, although the statistics is not provided here, the hot- and cold-spot analysis in Figure 10
showed that the road traffic noise of the GMC had a more adverse effect on sleep disturbance
than annoyance.
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4. Discussion

This research assessed the overall negative health impacts of road traffic noise at a building level
in a highly urbanized area, i.e., GMC, of the ROK. Based on comparisons of previous literature, there
is a noticeable health impact of road traffic noise in the highly-populated city, particularly at night.
For instance, Kim et al. [66] estimated that 9.5% and 2.3% of the total population in Fulton County of
Georgia, United States, had high levels of annoyance and sleep disturbance, respectively. The %HSD
prevalence of the GMC was over two times as high as that of the county, although there was a similar
level of %HA prevalence in the two urbanized areas. Such difference in noise impact could result
partially from high levels of nighttime road traffic noise, as presented in Figure 5.

In addition, urban form influences the higher levels of sleep disturbance in the GMC with
densely-located high-rise residential buildings near major roads such as beltways and highways.
The characteristics of urban form is known to affect different patterns of nighttime human exposure
between Eastern and Western cities [18,72]. This is also partially confirmed by another study for an
Asian city. Brown et al. [73] predicted the prevalence of %HSD in Hong Kong to be 4.1% of 10,077
sampled populations. Nonetheless, the percentage of highly-annoyed people in the GMC was slightly
greater than that in Hong Kong (i.e., 7.9%).

This research also observed the spatial variability of negative health outcomes at a district level.
Seo-gu and Buk-gu were more severely impacted districts than the others, considering the number
of people and their geographic distribution with hot spots affected by road traffic noise. In fact,
automobile assembly plants and industrial complex are located in Seo-gu and Buk-gu, respectively.
This land use pattern of the two districts was speculated to account for a high level of daytime and
nighttime road traffic noise, since an industrial area is known to be a major determinant to spatial
variation of noise [74]. Higher noise levels due to heavy freight transportation implies an increased
percentage of population suffering from high-level psycho-social effects [75].

Previous studies [73] have shown that even though people in residential areas are exposed to the
same noise level, annoyance and sleep disturbance may vary depending on their sensitivity. In other
words, subjectivity can be involved in %HA and %HSD. However, the sensitivity factor was not
considered in this study. The %HA and %HSD used in this study were derived from meta-analysis
using the results of surveys conducted in Europe. Therefore, the %HA and %HSD formulas in GMC,
ROK may differ from the %HA and %HSD formulas suggested by Miedema et al. [7,64]. Thus, it is
possible that the results of this study may be revised, depending on the outcome of the questionnaire
survey on %HA and %HSD of GMC, ROK. This should be considered as a future work, which can also
preferably adopt more sophisticated and current road traffic noise models, such as CNOSSOS-EU [76].
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5. Conclusions

This research presented an overview of road traffic noise impacts on inhabitants of the
highly-populated Gwangju Metropolitan City in the ROK. Considering the grid noise map, there was
no considerable distinctions across the city area between day and night. In addition, the health effect
of nighttime road traffic noise could be more severe in the GMC than a highly-urbanized city of both
developed and even developing countries, based on the prevalence of %HSD population estimates.
We also noticed that the psychological impacts of road traffic noise were distinct to district levels.
That is, the three districts of the city were more impacted by road traffic noise than the other ones,
according to the prevalence of %HA and %HSD population estimates.

This study demonstrated that the government of the city urgently needs to take any actions to
reduce the psychological impacts of road traffic noise. It is required to enforce a road traffic noise
abatement policy to make the nighttime living environment more tranquil at a city level. In addition,
as shown in the hot- and cold-spot analysis, the decision makers of the city are recommended to be
aware of the importance of the location of the impacted buildings, rather than the impacted districts
for such health impact assessment. This is vital in the distribution of available resources to abate road
traffic noise levels across the city area.

Although this work is based on an elaborated map of the measured and predicted noise levels, the
building-based population data, and the sophisticated hot- and cold-spot analysis, future research that
considers the aspects of socioeconomic and environmental inequalities will be important to achieve a
more justifiable health impact assessment.
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