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Abstract: Mobile measurement techniques are increasingly utilized to monitor urban emissions,
regional air quality, and air pollutant exposure assessments. This study employed a bicycle mea-
surement method to obtain the detailed distribution of air pollutant concentrations in roadside,
commercial, residential, and recreational areas. The study area is located in Chuncheon, South Korea,
with approximately 280,000 residents. Black carbon (BC), PM2.5, and NO2 were monitored using
portable devices equipped on an electric bicycle. Results showed that in the evening (6–8 p.m.), the
concentrations were higher in both commercial and residential areas compared to the background
location, while concentrations were notably elevated only in roadside areas in the morning (8–10 a.m.).
Spatial mapping of measured concentrations revealed that the highest concentrations corresponded
to areas with densely operated charbroiling meat-cooking restaurants. Additionally, it was confirmed
that BC and PM2.5 emitted from the commercial areas influenced nearby recreational areas (e.g.,
streamside roads). In conclusion, this study demonstrated that air pollutant hotspots resulting from
human activities, such as dining at commercial restaurants, significantly worsen the local air quality
on a small scale. Efforts to reduce the uncontrolled emissions of air pollutants from charbroiling
meat-cooking restaurants are necessary.

Keywords: air pollution hotspots; commercial meat-cooking restaurants; mobile monitoring;
particulate matter (PM); black carbon (BC)

1. Introduction

Air pollutant emission sources in urban areas are mainly classified into the energy,
industry, transportation, and living sectors. One of the major emission sources in the
living sector is biomass burning due to cooking and heating. According to the national
air pollutant emissions of 2021 [1], the PM2.5 (i.e., particulate matter with an aerodynamic
diameter of less than 2.5 µm) emission amount from biomass burning accounted for 20.1%
in 2021 in South Korea, which is the third largest emission category after fugitive dust
(28.8%) and non-road transport (25.9%). The PM and other air pollutants emitted from
cooking and heating sources are known to be closely related to human health due to the
proximity of residential areas to their emission sources in the urban micro-environment [2].
While the emission inventories in the energy, industry, and transport sectors have been
systematically estimated based on nationwide annual statistical data, the reliability of
emission inventories of biomass burning in the living sector remains uncertain due to
deficient onsite activity data and undeveloped emission factors [3]. Therefore, the lack of
reliable emission data from biomass-burning sources makes it difficult for government
officers to regulate air pollutant emission sources.

Atmosphere 2024, 15, 991. https://doi.org/10.3390/atmos15080991 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos15080991
https://doi.org/10.3390/atmos15080991
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0001-6651-6059
https://doi.org/10.3390/atmos15080991
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15080991?type=check_update&version=2


Atmosphere 2024, 15, 991 2 of 11

The amount of PM2.5 emitted by cooking depends on food ingredients, cooking
methods and utensils, fuels, etc. [4] Among a number of other restaurants, commercial
meat-cooking restaurants have been regarded as the dominant PM2.5 emission sources in
urban residential and commercial areas. The PM2.5 emission factor of raw meat grilling is
estimated to be the largest for chicken, followed by pork, beef, and duck [5]. In addition,
the PM2.5 emission factor from charbroiling, one of the most widely used meat grilling
methods, is more than four times larger than that from pan grilling [5]. The large portions
of emitted PM2.5 by meat cooking consist of organic and element carbon, as well as oil
mist [6,7]. Jeong and Park (2017) [8] reported that the black carbon (BC) inhalation rate was
elevated up to 0.48 m3 h−1 for an age group of 6–10 years and 0.50 m3 h−1 for an age group
of 11–18 years during cooking activity in South Korea. On the other hand, activity patterns
of air pollutant emission sources by meat cooking are difficult to standardize statistically in
terms of the time of day, day of the week, seasonality, and floating population [9]. Therefore,
the air pollution levels and the resultant human exposure to harmful air pollutants need
to be estimated based on onsite information on air pollutant emission sources, such as
meat-cooking restaurants.

To assess the neighborhood-scale air quality in urban areas, mobile monitoring vehicles
equipped with air pollutant analyzers have been widely used in cities worldwide, for
example, in Los Angeles, USA [10]; Durham, USA [11]; Hong Kong, China [12]; Seoul,
South Korea [13]; Antwerp, Belgium [14]; and Nanjing, China [15]. Full-scale mobile
laboratories utilizing customized vans and trucks are beneficial to provide comprehensive
air quality information acquired at a selected air pollution hotspot or while driving along a
selected route for up to a few hours. Kim et al. [16] built a 2D gridded air pollution map
with a high resolution of 50 m × 50 m in a densely populated urban area of Seoul, South
Korea, based on mobile measurement using a fully equipped air pollution monitoring van.
In the study, although a zone-averaged air pollution level was categorized as the ‘Moderate’
category, at least the top 25% of cell-based air pollution levels, especially near roadways
and commercial areas, were likely to be categorized into the ‘Unhealthy’ category or even
higher one.

In comparison to the mobile measurements using full-scale vans/trucks mainly inves-
tigating traffic-related air pollutants, some recent studies have utilized a bicycle equipped
with portable measurement devices and low-cost sensors to assess the neighborhood-scale
air quality in urban residential areas behind main roadways. The advantages of mobile
measurements using a bicycle are zero self-emissions of the vehicle, accessibility to non-
road areas, and visualization at a high spatial resolution with a low driving speed and
high temporal resolution. In addition to the strong impacts of vehicle exhaust emissions
on neighborhood-scale air quality [17–20], air pollutants emitted from domestic wood-
burning sources [21] and construction sites [22,23] have also been successfully detected
using bicycle-based mobile platforms. Thus, mobile monitoring using a bicycle enables us
to identify air pollution hotspots around different emission sources in a neighborhood-scale
urban area.

The aim of this study is to perform the spatial mapping of air pollution around biomass-
burning emission sources in urban residential and commercial areas. As many small-
sized grill restaurants are excluded from the air pollutant national emission inventories,
the air pollution emission amounts from biomass burning by cooking are still largely
underestimated [24]. Chuncheon is famous for charbroiling chicken nationwide. Although
there are few massive air pollutant emission sources, such as national industrial complexes
and coal-fired power plants, in the urban area, urban air quality in Chuncheon is known to
be worse than that in metropolitan cities of South Korea [25,26]. In this study, we develop a
bicycle-based mobile platform and perform mobile monitoring along the selected route
around commercial meat-cooking restaurants in Chuncheon, South Korea. The monitoring
results are visualized at a high resolution to analyze air pollution hotspots.
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2. Methods
2.1. Study Site and Period

The site of interest is a commercial area located near a railway station in Chuncheon,
Gangwon province, Republic of Korea (37.86◦ N, 127.72◦ E). Chuncheon, the capital city of
Gangwon province, with approximately 280,000 residents, serves as a gateway of Gangwon
province to the Seoul metropolitan area and vice versa. There are 85 restaurants and
cafeterias in total densely operated in the commercial area of 0.12 km2 (Figure 1). Out of
the 85 restaurants and cafeterias, 29 are charbroiling restaurants of beef, pork, chicken,
and duck, opening from noon to late evening (approximately 10 p.m.). Notably, only
4 non-charbroiling restaurants are open in the morning among them. A roadside air quality
monitoring station (RAQMS) placed at the corner of the road intersection southwest of
the commercial area continuously measures the hourly averaged concentrations of air
pollutants, such as PM10, PM2.5, and nitrogen dioxides (NO2). A stream, called Gongji-
cheon, flowing through the inner city next to the commercial area is a vital place for citizens’
recreational activities. Therefore, we selected a location in the middle of the pedestrian
bridge crossing the stream as the background (BG) location.
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lution hotspots attributed to commuting and dining activities. We avoided the days with 
high background concentrations of air pollutants (i.e., PM2.5 ≥ 40 µg m−3) because the meas-
ured concentrations could be influenced by changing the background concentration dur-
ing a single run when the background concentration is high and fluctuating. We also 
avoided the days with severe weather conditions, such as heavy precipitation, cold waves, 
and wind gusts. The monitoring days were 28th (p.m.) and 29th (a.m., p.m.) January, 5th 
(a.m.), 24th (a.m., p.m.), and 25th (a.m., p.m.) February, and 4th (p.m.) and 5th (a.m., p.m.) 
March. The daily minimum temperatures were always below 0 °C and no precipitation 

Figure 1. Mobile monitoring routes passing through roadside, commercial, residential, and stream
areas in Chuncheon, Gangwon province, Republic of Korea. The map at the left bottom corner shows
the entire Chuncheon basin. The roadside air quality monitoring station (RAQMS) and background
(BG) location are indicated by red squares.

The period for mobile monitoring was on selected weekdays from 28 January to
5 March 2021 because local air quality frequently becomes severe during this cold season.
The mobile monitoring was conducted in the morning (8–10 a.m.) on five days and evening
(6–8 p.m.) on six days non-consecutively, for the purpose of identifying local air pollution
hotspots attributed to commuting and dining activities. We avoided the days with high
background concentrations of air pollutants (i.e., PM2.5 ≥ 40 µg m−3) because the measured
concentrations could be influenced by changing the background concentration during a
single run when the background concentration is high and fluctuating. We also avoided the
days with severe weather conditions, such as heavy precipitation, cold waves, and wind
gusts. The monitoring days were 28th (p.m.) and 29th (a.m., p.m.) January, 5th (a.m.), 24th
(a.m., p.m.), and 25th (a.m., p.m.) February, and 4th (p.m.) and 5th (a.m., p.m.) March. The
daily minimum temperatures were always below 0 ◦C and no precipitation occurred on the
monitoring days. While the morning-hour monitoring aims to conduct the spatial mapping
of air pollutants mainly emitted from on-road traffic emission sources, the evening-hour
monitoring aims to detect those mainly emitted from meat-cooking restaurants as well as
from on-road traffic emission sources.
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2.2. Mobile Monitoring by Bicycle

An electric bicycle with a throttle and speed monitor was used as the bicycle-based
mobile monitoring platform (Figure 2). It is highly advantageous for mobile monitoring
because a rider can monitor the speed of the bicycle and keep it constant, regardless of
road environment such as surface type and slope. As shown in Figure 1, the 7 km-long
monitoring route started at the RAQMS and returned to the starting point through the
roadside sidewalk, commercial area A, commercial area B, residential area, and Gongji-
cheon stream. Every run took approximately 45–50 min, with a speed of less than 11 km/h.
Two runs in the morning (8–10 a.m.) and two runs in the evening (6–8 p.m.) were repeatedly
carried out for the selected days.
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Figure 2. An electric bicycle-based mobile monitoring platform (left) and the deployment of portable
devices for measuring particulate and gaseous pollutants in the front basket (right).

Meteorological (Imet-XQ2, InterMet Inc., Grand Rapids, MI, USA, for air temperature
and relative humidity), particulate (Sidepak AM520, TSI Inc., Shoreview, MN, USA, for
PM2.5 and MA200, AethLabs, San Francisco, CA, USA, for BC), and gaseous (Series500,
Aeroqual, Auckland, New Zealand, for NO2) pollutant sensors were deployed in the front
basket of the electric bicycle (Table 1). Reliable performances both for air temperature and
relative humidity were obtained while testing the meteorological sensor (Imet-XQ2) with
a reference sensor in a calibration chamber [27]. The comparison results of particulate
pollutant sensors (Sidepak AM520 and MA200) with reference sensors were obtained in
roadside environments, showing the coefficient of determination higher than 0.94 and 0.87,
respectively [28,29]. A GPS logger (RCV-3000, AscenKorea, Seoul, Republic of Korea) was
also equipped to record locational information (e.g., latitude and longitude). The micro-
aethalometer for BC measurement was connected to a diffusion dryer prior to its inlet to
keep the measurement away from humidity interference [30]. The inlets of particulate
pollutants were tied to the front edge of the basket as closely as possible in order to minimize
particle losses on inlet tubes.

Table 1. Specifications of instruments used for mobile monitoring.

Variable Model Resolution Flow Rate
(L min−1)

Time Interval
(s)

Air temperature/Relative humidity Imet-XQ2 0.01 ◦C, 0.1% - 1
BC MA200 0.001 µg m−3 0.15 5

PM2.5 AM520 1 µg m−3 1.7 1
NO2 Series500 0.001 ppm - 60

Location RCV-3000 - - 1
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2.3. Data Processing

Portable devices used for mobile monitoring do not guarantee the reliability of mea-
sured concentrations without a bias correction because the data are frequently influenced
by many environmental factors [31]. We recorded the PM2.5 and NO2 concentrations at the
start location next to the RAQMS for every run and compared the measured concentrations
with those from the RAQMS (Figure 3). The portable devices generally have reasonable
sensitivity (enough to detect air pollution hotspots). The PM2.5 and NO2 concentrations
measured immediately with time intervals of 1 s and 1 min, respectively, using portable
devices commonly, showed small slopes (0.560 and 0.444, respectively) against those at
the RAQMS. After correcting such biases of mobile monitoring by applying the regression
equations to the measured concentrations, the corrected PM2.5 and NO2 concentrations
were used for analysis, similar to a previous study [32].

Atmosphere 2024, 15, 991 5 of 11 
 

 

Table 1. Specifications of instruments used for mobile monitoring. 

Variable Model Resolution 
Flow Rate 
(L min−1) 

Time Interval 
(s) 

Air temperature/Relative humidity Imet-XQ2 0.01 °C, 0.1% - 1 
BC MA200 0.001 µg m−3 0.15 5 

PM2.5 AM520 1 µg m−3 1.7 1 
NO2 Series500 0.001 ppm - 60 

Location RCV-3000 - - 1 

2.3. Data Processing 
Portable devices used for mobile monitoring do not guarantee the reliability of meas-

ured concentrations without a bias correction because the data are frequently influenced 
by many environmental factors [31]. We recorded the PM2.5 and NO2 concentrations at the 
start location next to the RAQMS for every run and compared the measured concentra-
tions with those from the RAQMS (Figure 3). The portable devices generally have reason-
able sensitivity (enough to detect air pollution hotspots). The PM2.5 and NO2 concentra-
tions measured immediately with time intervals of 1 s and 1 min, respectively, using port-
able devices commonly, showed small slopes (0.560 and 0.444, respectively) against those 
at the RAQMS. After correcting such biases of mobile monitoring by applying the regres-
sion equations to the measured concentrations, the corrected PM2.5 and NO2 concentra-
tions were used for analysis, similar to a previous study [32]. 

 
Figure 3. Comparisons of (a) PM2.5 and (b) NO2 concentrations between portable devices (Sidepak 
and Aeroqual, respectively) and the RAQMS. The inserted equations used for bias correction were 
obtained via linear regressions between them. 

The temporal concentration data recorded at a constant time interval were converted 
to spatial concentration data at a constant grid cell size in three steps [33,34]. First, the 
measured concentration data were allocated into grid cells with a 30 m × 30 m size for each 
run. For example, a cycling speed of 11 km/h (i.e., ~3 m/s) corresponds to more than 10 
measurement points in a grid cell with a 30 m × 30 m size for each run, which means that 
cycling at the lower speed or stopping would allocate the larger number of data in the 
grid cell. Second, a representative concentration at a grid cell for each run was calculated 
as a median concentration of allocated data for the grid cell. Finally, the representative 
concentration at the grid cell is the median of representative concentrations at the grid cell 
for entire runs when the number of valid representative concentration data is larger than 
2 out of 10 (in the morning) and out of 11 (in the evening). This process improves the 
reliability of spatial mapping data by assuring their independence from the inconstant 
speed of the bicycle and the uncertainty of GPS logging data. 

  

Figure 3. Comparisons of (a) PM2.5 and (b) NO2 concentrations between portable devices (Sidepak
and Aeroqual, respectively) and the RAQMS. The inserted equations used for bias correction were
obtained via linear regressions between them.

The temporal concentration data recorded at a constant time interval were converted
to spatial concentration data at a constant grid cell size in three steps [33,34]. First, the
measured concentration data were allocated into grid cells with a 30 m × 30 m size for
each run. For example, a cycling speed of 11 km/h (i.e., ~3 m/s) corresponds to more than
10 measurement points in a grid cell with a 30 m × 30 m size for each run, which means
that cycling at the lower speed or stopping would allocate the larger number of data in the
grid cell. Second, a representative concentration at a grid cell for each run was calculated
as a median concentration of allocated data for the grid cell. Finally, the representative
concentration at the grid cell is the median of representative concentrations at the grid
cell for entire runs when the number of valid representative concentration data is larger
than 2 out of 10 (in the morning) and out of 11 (in the evening). This process improves
the reliability of spatial mapping data by assuring their independence from the inconstant
speed of the bicycle and the uncertainty of GPS logging data.

3. Results and Discussion

To capture air pollution hotspots in the commercial areas, the measured BC and PM2.5
concentrations were spatially mapped according to the simultaneously recorded location
data (Figure 4). In the morning, the BC concentrations were high along the roadside route,
especially near the railway station. On-road BC emission from traffic sources was obviously
the major contributor to the elevated BC concentration in the morning, as previously
reported in Chuncheon [35,36]. On the other hand, the PM2.5 concentrations were lower
than 40 µg m−3 and showed a smaller spatial variation compared to BC concentrations.
While PM2.5 comprises BC and other primary and secondary components, the BC portion
in PM2.5 was approximately 2–10% in the morning during the mobile monitoring period.
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Thus, the local traffic emission was found to be less influential to the spatial variability of
the PM2.5 concentration than background influences such as long-range transport [31].
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In the evening, hotspots in BC concentrations differed from those in the morning.
The BC concentration in the evening, compared to that in the morning, was higher and
showed a larger spatial variation. The highest BC concentration appeared at approximately
5 µg m−3 in commercial area B, with 52 restaurants, including 15 charbroiling ones, mostly
opening in the evening. It is noteworthy that none of the charbroiling restaurants was open
in the morning. The PM2.5 concentration showed a large spatial variation in the evening,
which also differed from that in the morning. A couple of hotspots with PM2.5 concen-
trations higher than 60 µg m−3 were consistent with the hotspots with BC concentrations
in commercial area B. The PM2.5 concentration was also high in commercial area A, with
33 restaurants, including 14 charbroiling ones, mostly opening in the evening. In contrast
to the hotspots found in commercial areas A and B, the BC and PM2.5 concentrations were
relatively low in the residential area and Gongji-cheon stream. The large discrepancy in
the concentrations between analyzed areas implies the large contribution of local BC and
PM2.5 emissions to the aforementioned air pollution hotspots, particularly in the evening.

We compared the measured BC, PM2.5, and NO2 concentrations on the roadside
sidewalk, in commercial areas A and B, in the residential area, and in the Gongji-cheon
stream quantitatively (Figure 5). Here, the Gongji-cheon stream route is subdivided into
stream A (northside) and B (southside) routes. The roadside sidewalk route obviously
showed high BC and NO2 concentrations in the morning. The increments in concentrations
were attributed to the adjacent on-road traffic emission during the morning rush hour.
Commercial area B showed the highest median BC and PM2.5 concentrations (3.2 and
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34.4 µg m−3, respectively) in the evening among the categorized routes. In commercial
area B, the median BC and PM2.5 concentrations in the evening were 60% and 27%, re-
spectively, higher than those in the morning. Similarly, in commercial area A, the median
BC and PM2.5 concentrations (2.9 and 31.0 µg m−3, respectively) in the evening were 45%
and 14%, respectively, higher than those in the morning. The differences in median BC,
PM2.5, and NO2 concentrations between commercial areas A and B were negligible in the
morning when none of the charbroiling restaurants were open. As a result, the increases in
concentrations in the evening, especially in commercial area B, were found to be mainly
attributed to local emissions from operating charbroiling and other restaurants [37,38]. It is
also interesting that many outliers of BC (up to ~16 µg m−3) and PM2.5 (up to ~200 µg m−3)
concentrations were frequently measured in commercial areas during the mobile monitor-
ing in the evening. We experienced that the outliers were detected on device monitors when
the bicycle passed beside the small-sized charbroiling restaurants with directly emitted
fumes possibly without operating control or filtration system [39].
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Figure 5. Boxplots of (a,d) BC, (b,e) PM2.5, and (c,f) NO2 concentrations on the roadside sidewalk
(Road), in commercial areas A (C·Area A) and B (C·Area B), in the residential area (R·Area), and
in Gongji-cheon streams A (Stream A) and B (Stream B) in the (a–c) morning (8–10 a.m.) and
(d–f) evening (6–8 p.m.). Red crosses indicate the outliers of concentration, where blue boxes indicate
the range of concentration between first to third quantiles.

We calculated the increase in the ratios of BC, PM2.5, and NO2 concentrations on the
roadside sidewalk, in commercial areas A and B, in the residential area, and in Gongji-cheon
streams A and B against their background concentrations measured at the BG location on a
bridge over Gongji-cheon stream (Table 2). As shown in Figure 4, the spatial variabilities of
BC, PM2.5, and NO2 concentrations were larger in the evening than in the morning. In the
evening, the increases in BC and PM2.5 concentrations were the largest in commercial area
B (88% and 64%, respectively), followed by residential area (76% and 54%, respectively)
and commercial area A (72% and 48%, respectively). The increase in NO2 concentration
in the commercial area was comparable to that on the roadside in the evening, while the
increase in NO2 concentration was not as large as that on the roadside in the morning.
This is probably due to the impact of vehicles driven by restaurant visitors in commercial
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areas. In contrast, the increases in concentrations were the smallest in stream A for BC, the
roadside sidewalk for PM2.5, and stream B for NO2. It is noteworthy that the increases in
BC and PM2.5 concentrations were larger in stream B than in stream A because the distance
to commercial area A is shorter from stream B than from stream A. Considering that there
is no local BC and PM2.5 emission source in the Gongji-cheon stream routes, the higher
increase in ratios in stream B than in stream A was obviously influenced by nearby BC
and PM2.5 emissions from the densely located meat-cooking restaurants in commercial
area B. In stream A, the increase in ratios of BC and PM2.5 concentrations (26% and 17%,
respectively) was still not negligible in the evening, implying the considerable influences
from the meat-cooking restaurants in commercial area B to downwind residential and
recreational areas within a hundred meter [40]. Notably, the concentration maps show the
plumes dispersed from commercial areas to Gongji-cheon stream A and B areas. As a result,
the locally emitted BC and PM2.5 from meat-cooking restaurants, especially charbroiling
restaurants, were found to contribute to elevating their concentrations severely in the
neighboring areas, including citizens’ recreational places, located within a hundred meters.

Table 2. The increase in ratios of BC, PM2.5, and NO2 concentrations against their background
concentrations.

Area
BC (%) PM2.5 (%) NO2 (%)

Morning Evening Morning Evening Morning Evening

Roadside 57 57 4 −2 9 23
Commercial A 28 72 0 48 3 23
Commercial B 26 88 0 64 3 23

Residential 23 76 −1 54 0 20
Stream A * 12 26 −1 17 0 11
Stream B ** 10 34 0 27 −3 6

* The shortest distance from commercial area B to stream A is 75 m. ** The shortest distance from commercial area
B to stream B is 35 m.

We further discuss the remaining influential factors on air pollutant concentrations and
distributions during the mobile monitoring days. At first, one of the major socio-economic
factors is the impact of social distancing to prevent the spread of the COVID-19 pandemic.
During the monitoring period, private gatherings of five or more people were not allowed
in indoor restaurants. Because of the social distancing measure, the air pollutant emission
amounts in the years 2020 and 2021 were obviously decreased compared to those in the
year 2019 [41], which also potentially decreased the contribution of BC and PM2.5 emissions
in the monitoring areas. This was also one of the influencing factors for the large increase in
BC and PM2.5 concentrations in residential areas in the evening. Another influential factor
is biomass burning activities in suburban areas especially for cold-surge events [42]. There
were a couple of days experiencing cold surges with a daily minimum air temperature
below −10 ◦C. Although we excluded monitoring data for the days with strong cold surges
from the data analysis, the influence of biomass burning in suburban areas on air pollutant
concentrations might be non-negligible.

4. Conclusions

In this study, we selected 11 cases in the morning and evening from 28 January to
5 March 2021 and conducted mobile monitoring of BC, PM2.5, and NO2 concentrations by
riding an electric bicycle on the roadside, commercial area, residential area, and streamside
in Chuncheon, South Korea. In the morning, BC, PM2.5, and NO2 concentrations were
highest on the roadside, indicating that traffic emissions had a significant impact on the
air pollutant concentrations. On the other hand, BC, PM2.5, and NO2 concentrations in
the evening all showed a couple of hotspots in commercial areas compared to those in the
morning, and BC and PM2.5 showed higher concentrations in commercial areas than in
the roadside area. In particular, their peak concentrations were found near charbroiling
meat-cooking restaurants.
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We understand that there are some limitations on controlling other influential factors
to BC, PM2.5, and NO2 concentrations. The measurement devices used in this study are
portable and equipped on a moving bicycle, which can make some biases that have to be
corrected by regression equations. The mobile monitoring was conducted during a period
when human activities were reduced due to social distancing where private gatherings of
five or more people were prohibited to prevent the spread of the COVID-19 pandemic.

Despite the above limitations, the mobile monitoring conducted in this study con-
firmed that the impact of BC and PM2.5 emission sources in daily life is non-negligible
and the results of this study show that efforts to reduce the air pollutants, particularly
particulate pollutants, emitted from charbroiling meat-cooking restaurants in the evening
are necessary.
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