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Abstract: Currently, traffic-related sources are considered to be one of the major contributors to air
pollutants in urban areas. As the number of motor vehicles increases, the impact of traffic-related air
pollutants (TRAPs) on human health has also increased in recent years. People are easily exposed
to TRAPs in their daily lives. However, long-term exposure to TRAPs can have adverse health
effects. Mobile monitoring is more flexible compared to traditional urban monitoring stations and
can effectively obtain the spatial variation characteristics of air pollutants. We mounted a sensor
package on an electric bicycle and conducted mobile measurements of CO, NO2 and SO2 on a circular
road in the center of Shaoxing, a city in the center of the Yangtze Delta, China. The CO, NO2 and SO2

concentrations were observed to be higher in the morning and evening rush hours, and the three
pollutants show different seasonal and spatial variation characteristics. CO concentration was higher
in urban arterial and crossroads. NO2 concentration was variable, alternating between high and
low concentrations. SO2 concentration was relatively stable and aggregated. This study provides
important information on the spatial and temporal variations of TRAPs, which helps commuters
understand how to effectively reduce pollutant exposure during personal travel.

Keywords: mobile monitoring; NO2; spatial distribution; temporal variability; personal exposure

1. Introduction

In densely populated cities, environmental pollution has become a public health
concern. As the result of continuous research on ambient air pollution issues, researchers
have an increasing recognition of the relationship between air pollution and human health.
There is much evidence that air pollutants can cause respiratory airway injury [1,2], increase
the prevalence of cardiovascular disease [3,4], and have effects on the brain leading to
dementia [5]. The risk of morbidity and mortality due to ambient air pollution has been
increasing in recent years [6–8]. A European study shows positive associations between
residential exposure to PM2.5, nitrogen dioxide and black carbon and deaths due to natural
causes, cardiovascular disease and respiratory disease. These associations remain even
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at low exposure levels [9]. Low concentration refers to concentrations lower than the
values set by the EU, US Environmental Protection Agency and WHO 2005 air quality
guidelines [10]. Therefore, in 2021, the WHO released new global air quality guidelines that
further improve the control requirements for PM2.5, PM10 and NO2. Transportation is an
integral part of people’s daily lives. However, people are exposed to air pollution during
their daily commute and are more likely to be exposed to high levels of traffic-related air
pollutants (TRAPs) when bicycling and walking alongside roads [11].

PM10, PM2.5, NO2, SO2, CO and O3 are common air pollutants and conventional
parameters monitored by air monitoring stations. Among them, the most important
sources of NO2 and CO are transportation-related fossil fuel combustion, SO2 is not only
directly derived from industrial emissions but also produced by transportation sources, and
the complexity of the transportation process leads to spatial variability in TRAPs [12,13].
However, the number of fixed monitoring stations in cities is usually limited, and it is
difficult to reflect the spatial and temporal variation of pollutants on the small scale of the
road. Air pollution hotspots inside the city center or around industrial areas can not be
identified by fixed monitoring stations. The spatial variability of air pollution is influenced
by local pollution enhancement, which may vary even at a scale of 10 m [14]. Especially for
TRAPs, the differences in pollution levels can occur on a small scale [15]. To overcome this
problem, mobile monitoring is increasingly applied to environmental monitoring to obtain
high spatial resolution for air pollutant concentrations [16]. There are various means of
transportation used in mobile monitoring, including buses, taxis, cars, bicycles, etc. [17–22].
Numerous previous studies have shown that using an instrument to perform multiple
mobile measurements for a certain area to obtain air quality data is an effective way [23–26].
However, fewer studies have focused on rapid changes in gaseous pollutant concentrations
on urban roads.

Mobile monitoring has been widely used to understand air quality and exposure in dif-
ferent travel modes. Crocchianti et al. [27] conducted a three-year campaign by deploying
portable instrumentation on a mobile cabin of a public transport system in Perugia, Italy (10
s corresponding to 50 m). They used models to analyze the spatiotemporal autocorrelations
of size-selected particulate matter (PM) and nitrous oxide and the effects of traffic and me-
teorological covariates on particulate matter concentrations. de Souza et al. [28] evaluated
exposure to multiple pollutants in four different transport modes in downtown Zhengzhou
city in four different transport modes (bike, taxi, subway and bus). The results show that
the concentrations of PM and O3 were lowest in the taxi and bus and highest for the bike
rider. The concentrations of NO2, CO and SO2 were highest in the taxi and bus. However,
the highest inhaled dose of all pollutants was observed in the bicycle mode due to high
inhalation rates and commuting times. Chen et al. [29] conducted mobile monitoring in
three California cities using an air sensor mounted on the roof of a hybrid sport-utility
vehicle (SUV). They studied community-level air pollution patterns by integrating mobile
measurement and a data analysis approach. The study reported that 15–30 repeated mea-
surements may be sufficient to map the general air pollution patterns within the community.
Van Poppel et al. [20] measured the concentrations of UFP, PM and BC by bicycle in a small
city of Flanders to study spatial variability in pollutants in different micro-environments.
The results show that UFP and BC concentrations increase by a factor of 2–3 on moderate-
to high-traffic streets, while PM2.5 concentrations increase by less than 10% compared to
urban background location.

In order to further understand the pollutant emissions from mobile sources of motor
vehicles on urban roads, we conducted several rounds of measurements of CO, NO2 and
SO2 concentrations on the central roads of Shaoxing City using a self-developed sensor
package including a GPS device. The sensor package was mounted on an electric bicycle.
We conducted mobile measurements of traffic-related air pollutants during specific periods
in four seasons to obtain high-temporal-resolution pollutant concentrations in the transport
microenvironment. The spatiotemporal variations in CO, NO2 and SO2 concentrations
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are described, thereby providing a reference for the formulation of relevant policies and
reducing the harm of traffic pollutants to human health during daily commuting.

2. Materials and Methods
2.1. Sampling Site

Located in the north of Zhejiang Province, Shaoxing City is one of the 26 cities in
the Yangtze River Delta city cluster. The specific location is shown in Figure 1. The
mobile monitoring activity was carried out in the prosperous central area of Shaoxing City
(120◦59′ E, 29◦99′ N), and the selected route (Figure 2) was the main traffic road where
people’s daily activities are more frequent and the number of driving vehicles is high. The
selected route is 5 km long. The main locations on both sides of the monitoring route include
Hechi Park with relatively more green vegetation, Shaoxing Children’s Park, Shenyuan
Garden, the scenic spot of Lu Xun’s hometown, and two hospitals, Shaoxing Chinese
Medicine Hospital and Shaoxing Second Hospital; the other locations are neighborhoods
composed of several multi-story houses. The residential areas are concentrated in the
eastern part of the whole area, and the parks and hospitals are concentrated in the western
part of the area. The north–south section of the entire mobile monitoring route on the west
side is Zhongxing South Road, a two-way three-lane urban trunk road, through which
more vehicles may pass than other roads. Therefore, the main source of pollutants of the
selected route is traffic pollution, and there is no industrial source.

According to the Shaoxing Municipal Bureau of Statistics, at the end of 2021, the city’s
motor vehicle ownership (including motorcycles) was 1.817 million, an increase of 6.8%
over the end of the previous year (Shaoxing Statistical Yearbook 2022).

Figure 1. Overview of the location of sampling site. (a) Location of Zhejiang Province and (b) location
of Shaoxing City in Zhejiang Province; (c) the sampling site is located in Shaoxing City.
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Figure 2. Mobile monitoring routes (red) and passing roads along the way in Shaoxing City, China.
Passing roads include Renmin Road, Pingjiang Road, Yan’an Road and Zhongxing Road. Zhongxing
Road is urban arterial.

2.2. Monitoring Time

Mobile measurements were conducted 108 times in total across 18 days in May (spring),
July (summer), November (autumn) 2022 and February (winter) 2023. The daily sampling times
were set to 8:00, 11:00, 14:00, 17:00, 19:00, and 20:30, covering the morning and evening peak
travel times. The mobile monitoring covered four seasons to observe seasonal changes in the
concentration of traffic pollutants. As shown in Table 1, the meteorological conditions were stable
without strong wind interference during the monitoring period (https://www.zq12369.com/,
accessed on 23 April 2023). In order to facilitate cycling, the measurement campaign was usually
performed under low wind speed conditions, which were 1.2 m/s, 1.6 m/s, 1.0 m/s and 1.2 m/s
in the four seasons of spring, summer, autumn and winter, respectively. We chose to drive an
electric bicycle on non-motorized lanes to obtain the exposure of traffic-related air pollutants
when bicycle is the mode of travel. The average driving speed was 10 km/h, and the average
time spent to make a circuit along the mobile monitoring route was about 30 min.

Table 1. The meteorological conditions during the monitoring period.

Date Weather Temperature
(◦C)

Relative
Humidity (%) Wind Scale

16 May 2022 Clear 19 58 Level II
17 May 2022 Cloudy 21 51 Level I
18 May 2022 Cloudy 22 38 Level I
19 May 2022 Cloudy 22 50 Level I
21 May 2022 Overcast 22 72 Level I
22 May 2022 Cloudy 24 64 Level I
17 July 2022 Cloudy 33 61 Level I
18 July 2022 Overcast 29 74 Level I
19 July 2022 Overcast 29 79 Level I
20 July 2022 Clear 33 63 Level II

1 November 2022 Cloudy 17 79 Level I
2 November 2022 Cloudy 16 82 Level I
3 November 2022 Cloudy 17 80 Level I
4 November 2022 Cloudy 15 72 Level II
14 February 2023 Cloudy 5 64 Level II
15 February 2023 Clear 5 62 Level I
17 February 2023 Clear 9 68 Level I
18 February 2023 Cloudy 14 69 Level I

https://www.zq12369.com/
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2.3. Instrumentations

The device used for mobile monitoring was our self-developed sensor package, which in-
cludes electrochemical gas sensors for measuring CO, NO2, SO2, temperature sensors, humidity
sensors, pressure sensors, GPS modules and data logging units, all housed in a plastic enclosure.
The design of the sensor package can be seen in our previous study [30]. The concentrations
of CO, NO2 and SO2 are measured every 2 s. The sensors have the characteristics of high
sensitivity, small volume, low power consumption and low cost. These advantages also allow
them to be applied to measure the vertical distribution of pollutant concentrations [31]. The
specific parameters are shown in Table 2. The gas is introduced into the sensor through a Teflon
tube, and the sensor reacts with the measured gas to produce an electrical signal proportional
to the gas concentration, which is collected using a data collector and converted into a concen-
tration value in ppb. Then, the data are recorded using software and saved using a Windows
10-controlled system. The sensor package is equipped with a GPS module capable of recording
time and spatial location information in real time, mainly including travel speed, travel distance,
longitude and latitude of the location it is in. The whole sensor package is light, powered by
rechargeable batteries, easy to carry and suitable for mobile monitoring.

In addition, we also carried small weather stations to measure ambient temperature,
humidity, atmospheric pressure, wind speed, wind direction and solar radiation during
our mobile monitoring activities.

As shown in Figure 3, the device was fixed on an electric bicycle. The electric bicycle
is a common mode of transportation for a large portion of people, and is also a commuting
mode with a relatively high dose of pollutant inhalation. The use of electric bicycles for
mobile monitoring can more objectively reflect the concentration of pollutants on both sides
of the road, which is a more flexible method.

Figure 3. The sensor package fixed position on the bicycle (left panel) and the air inlet position of the
sensor package (right panels).

Table 2. The parameters of sensors used in the mobile measurement.

Measuring Manufacturer Weight/g EC/W Range LOD TR/s

CO Alphasense 12 0.5 0–20 ppm 1 ppb 1
NO2 Alphasense 10 0.5 0–20 ppm 0.5 ppb 1
SO2 Alphasense 12 0.5 0–200 ppm 5 ppb 1

Temperature Texas Instru. 5 0.1 −10–100 ◦C 0.3 ◦C 1
Humidity Honeywell 5 0.1 0–100% 2% 1
Pressure NXP 5 0.2 0–700 kPa 150 Pa 1

EC: energy consumption; LOD: limit of detection; TR: time resolution.
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2.4. Data Quality Assurance

Before each mobile measurement activity, we calibrated the sensors in the laboratory
to improve the accuracy of the gas sensors. The known concentrations of the CO, NO2,
and SO2 standard gases were passed into the corresponding gas sensors until stable gas
concentration data were obtained. To verify the reliability of the sensor, five concentration
gradients were compared between each sensor and the standard gas produced by the
reference apparatus. Then, standard curves were made to determine the calibration effect.
R2 refers to the consistency between the sensor package and the reference apparatus. The
closer R2 is to 1, the better the agreement between the sensors and the reference instrument.
After calibration, the R2 values of the CO, NO2 and SO2 sensors were all greater than 0.99,
indicating good agreement with the standard gases. We also compared the sensor package
with the reference instrument during the measurement to reduce the impact of weather
conditions. This can be seen in our previous study [32]. We checked the time displayed by
the data acquisition system prior to the specific sampling time point on the sampling day
to ensure the time accuracy of the measured data.

3. Results and Discussion
3.1. Temporal Variability of TRAPs

The meteorological conditions during the mobile monitoring period are shown in
Figure 4. Hourly meteorological data for temperature, humidity, and wind speed were
obtained from the ambient air quality monitoring station located near the sampling site. We
calculated the correlation between pollutant concentrations and meteorological parameters
by Spearman correlation analysis, as shown in Table 3. The results show that CO and NO2
concentrations were significantly negatively correlated with temperature and wind speed
and significantly positively correlated with relative humidity. In particular, the correlation
between temperature and NO2 was strong (r = −0.644, p < 0.01). The effects of temperature,
humidity, and wind speed on SO2 concentration were weak.

Figure 4. Wind speed, temperature and relative humidity at the measurement location during the
monitoring period.
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Table 3. Correlation coefficients between air pollutant concentrations and meteorological parameters.

Parameter Temperature Relative Humidity Wind Speed

CO −0.424 ** 0.432 ** −0.221 **
NO2 −0.644 ** 0.401 ** −0.426 **
SO2 0.107 ** −0.084 ** −0.050 *

** Significant correlation at 0.01 level (two sides). * Significant correlation at 0.05 level (two sides).

The time series of the CO, NO2, and SO2 concentrations during mobile observations
are presented in Figure 5 with a time resolution of 2 s. The daily average concentrations and
standard deviations (AVG ± SD) of three traffic-related air pollutants (TRAPs), CO, NO2,
and SO2, are listed in Table 4. The diurnal variations during the 18-day mobile monitoring
period can be observed by comparing the average concentrations of pollutants on different
days. The pollutant concentrations all show small differences in the same season and
significant differences across different seasons. There were two precipitation processes
during the daytime on 20 May 2022 and the night of 18 July 2022, which had some removal
effect on pollutants, but the impact was minimal. Air pollutants are not only affected by
the amount of transportation, but the temperature, wind and humidity also play a very
important role in affecting the dispersion or accumulation of pollution in the city. As shown
in Figure 5, the time series of CO, NO2, and SO2 are all sawtooth-shaped. This could be
the result of a variety of factors such as changes in the boundary layer and motor vehicle
exhaust emissions [33]. Additionally, NO2 is also involved in photochemical reactions. Due
to the high volume of traffic during the morning and evening peak travel times, it is easy
to form extreme peak values of pollutants when cars idle at crossroads [34]. It should be
noted that the SO2 concentration maintained its peak concentration for a long time in the
morning and evening peaks of the spring. Because traffic pollutants were measured at close
range in the non-motorized lanes, a more realistic picture of pollutant exposure during
people’s non-motor vehicle travel can be obtained [35].

Table 4. The daily average concentrations of CO, NO2 and SO2 during the observation period
(average ± standard deviations; n: number of samples).

Number Date CO (ppm) NO2 (ppb) SO2 (ppb)

1 16 May 2022 0.84 ± 0.07 (n = 3874) 44.07 ± 23.78 (n = 3874) 3.44 ± 0.06 (n = 3874)
2 17 May 2022 0.86 ± 0.06 (n = 4683) 62.23 ± 18.17 (n = 4683) 3.14 ± 0.45 (n = 4683)
3 18 May 2022 0.86 ± 0.11 (n = 5181) 58.55 ± 19.03 (n = 5181) 3.28 ± 0.33 (n = 5181)
4 19 May 2022 0.87 ± 0.08 (n = 5155) 66.62 ± 18.28 (n = 5155) 3.42 ± 0.11 (n = 5155)
5 21 May 2022 0.86 ± 0.11 (n = 5956) 69.07 ± 16.60 (n = 5956) 3.34 ± 0.28 (n = 5956)
6 22 May 2022 0.92 ± 0.34 (n = 4538) 59.84 ± 23.70 (n = 4538) 3.40 ± 0.17 (n = 4538)
7 17 July 2022 0.40 ± 0.21 (n = 5087) 23.56 ± 2.02 (n = 5087) 3.08 ± 0.42 (n = 5087)
8 18 July 2022 0.37 ± 0.12 (n = 4588) 24.85 ± 1.90 (n = 4588) 2.76 ± 0.64 (n = 4588)
9 19 July 2022 0.36 ± 0.15 (n = 4723) 24.97 ± 2.09 (n = 4723) 2.52 ± 1.15 (n = 4723)
10 20 July 2022 0.30 ± 0.22 (n = 4373) 22.70 ± 2.57 (n = 4373) 2.10 ± 1.29 (n = 4373)
11 1 November 2022 0.94 ± 0.21 (n = 5061) 34.99 ± 12.57 (n = 5061) 7.37 ± 2.17 (n = 5061)
12 2 November 2022 0.89 ± 0.19 (n = 4572) 36.04 ± 12.63 (n = 4572) 7.50 ± 1.25 (n = 4572)
13 3 November 2022 0.93 ± 0.24 (n = 4817) 35.33 ± 12.68 (n = 4817) 7.36 ± 2.01 (n = 4817)
14 4 November 2022 0.85 ± 0.21 (n = 5362) 37.90 ± 11.91 (n = 5362) 8.52 ± 1.32 (n = 5362)
15 14 February 2023 0.84 ± 0.20 (n = 5793) 37.84 ± 5.98 (n = 5793) 2.78 ± 1.35 (n = 5793)
16 15 February 2023 0.87 ± 0.26 (n = 4686) 40.26 ± 6.32 (n = 4686) 2.73 ± 0.67 (n = 4686)
17 17 February 2023 1.00 ± 0.23 (n = 4119) 40.80 ± 5.89 (n = 4119) 2.86 ± 0.71 (n = 4119)
18 18 February 2023 1.22 ± 0.32 (n = 3606) 41.92 ± 10.87 (n = 3606) 2.92 ± 0.84 (n = 3606)

The large dispersion of CO concentrations in winter, NO2 concentrations in spring and
SO2 concentrations in autumn in Figure 5 indicates that the spatial distribution of TRAPs
differs in different seasons. The mobile monitoring results are shown in Table 4, where it
can be seen that the micro-scale spatial variations in pollutants are more obvious in seasons
with greater concentration dispersion by comparing standard deviations. Compared to
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other seasons, the number of tip peaks in CO concentrations was higher in winter, and the
concentration fluctuation range was larger, while the variation range of SO2 concentration
was smaller. The variation range of NO2 concentration was greater in spring than in other
seasons. In addition, the average CO concentration on non-working days was slightly
higher than the average concentration on working days during the same period (Table 3).
The non-working days were 21 May, 22 May, 17 July 2022 and 18 February 2023.

Figure 5. Time series of CO, NO2 and SO2 concentrations during mobile monitoring in Shaoxing City.
The concentrations of air pollutions in different seasons are divided by vertical dashed line.

As shown in Figure 6 and Table 5, the peak concentrations of CO, NO2 and SO2 usually
occurred around 8:00 a.m. and 19:00 p.m., which was the peak traffic travel period, and the
exhaust emissions from a large number of motor vehicles were the main cause of the in-
crease in TRAP concentrations within a short period of time. Specifically, the concentration
of CO was higher during 8:00–8:30 a.m. than in other time periods of the same day. This
may be due to the calm atmospheric flow in the morning, which causes air pollutants to
not spread easily. The concentration of NO2 was higher at 19:00 p.m. than at 8:00 a.m. The
nitrogen oxides (NO and NO2) produced by the cylinder of the internal combustion engine
during the driving process of the vehicle mainly exist in the form of NO [36]. From the
perspective of fuel combustion, NO accounts for about 95% of initial NOX emissions, but
NO reacts very easily with atmospheric oxygen to produce NO2. The ambient temperature
in the afternoon is higher than that in the morning, and the accumulated morning NO is
also oxidized to NO2, resulting in higher NO2 concentrations in the afternoon [37]. There
are many factors that affect a single vehicle’s pollutant emissions, such as driving speed,
vehicle age, fuel type, vehicle load, etc. [38]. The concentration of CO and NO2 was reduced
to the minimum value at 14:00 p.m., the time of day when the temperature was the highest
and solar radiation was stronger, and NOX and hydrocarbons reacted with each other to
form ozone under the action of ultraviolet light, thus reducing NO2 concentrations [39]. The
increase in atmospheric boundary layer height was also conducive to pollutant dispersion.

TRAPs have very obvious seasonal variation characteristics. CO and NO2 concentra-
tions were strongly correlated with meteorological factors, while SO2 concentrations were
less influenced by meteorological factors. Ambient air pollutant concentrations were lowest
in summer, and the overall concentrations of pollutants measured in spring were higher
than those of pollutants in summer. Specifically, the average concentrations of CO, NO2
and SO2 in spring were 241%, 254% and 124% higher than those in summer, respectively.
This is generally due to the fact that the atmosphere is in an unstable stratification in
summer, with intense vertical motion and enhanced turbulent activity in the atmosphere,
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which is conducive to the diffusion of pollutants [40]. Especially for NO2, strong solar
radiation and high temperature in summer were favorable for the photochemical reactions
of nitrogen oxides and volatile organic compounds, which generated near-ground ozone,
so the concentration of nitrogen oxides decreased in summer. The NO2 concentrations were
highest in spring. The SO2 concentrations were higher in autumn than in winter, probably
due to the reduced human activity in winter influenced by epidemic prevention and the
effect of long-range transport of air pollutants.

Figure 6. Box plots of (a) CO, (b) NO2 and (c) SO2 measurements at different sampling times. The
specific sampling time points are shown at the top of the box plots. In the box plots, the square
represents the mean value and the diamond represents the outlier. The black boxes represent pollutant
concentrations during the spring, the red boxes represent the pollutant concentrations during the
summer, the blue boxes represent the pollutant concentrations during the autumn and the green
boxes represent the pollutant concentrations during the winter.

Table 5. Daily and seasonal variation in CO, NO2 and SO2 concentration (average ± standard
deviations; n: number of samples).

Sampling
Time 8:00 11:00 14:00 17:00 19:00 20:30

CO (ppm)

May 1.05 ± 0.30
(n = 5112)

0.85 ± 0.05
(n = 5044)

0.79 ± 0.04
(n = 4810)

0.82 ± 0.06
(n = 5528)

0.86 ± 0.05
(n = 4252)

0.86 ± 0.05
(n = 3346)

July 0.55 ± 0.24
(n = 2930)

0.37 ± 0.23
(n = 3025)

0.26 ± 0.06
(n = 3083)

0.33 ± 0.14
(n = 2943)

0.33 ± 0.11
(n = 4456)

0.33 ± 0.08
(n = 2337)

November 1.02 ± 0.23
(n = 4095)

0.86 ± 0.19
(n = 3178)

0.84 ± 0.21
(n = 2983)

0.88 ± 0.18
(n = 3563)

0.89 ± 0.21
(n = 3080)

0.87 ± 0.22
(n = 2921)

February 1.03 ± 0.39
(n = 3209)

0.68 ± 0.22
(n = 3053)

0.88 ± 0.28
(n = 2925)

1.01 ± 0.22
(n = 3732)

1.12 ± 0.16
(n = 2724)

1.04 ± 0.08
(n = 2564)

NO2 (ppb)

May 65.22 ± 19.34
(n = 5112)

63.21 ± 17.22
(n = 5044)

43.39 ± 23.15
(n = 4810)

52.58 ± 19.05
(n = 5528)

71.24 ± 15.95
(n = 4252)

72.15 ± 15.57
(n = 3346)

July 24.63 ± 2.03
(n = 2930)

24.73 ± 2.17
(n = 3025)

22.57 ± 2.06
(n = 3083)

23.52 ± 2.81
(n = 2943)

24.24 ± 2.15
(n = 4456)

24.56 ± 1.93
(n = 2337)

November 38.22 ± 12.50
(n = 4095)

37.37 ± 12.30
(n = 3178)

36.68 ± 12.50
(n = 2983)

34.23 ± 12.46
(n = 3563)

34.42 ± 12.42
(n = 3080)

35.20 ± 12.33
(n = 2921)

February 40.88 ± 6.42
(n = 3209)

37.97 ± 6.37
(n = 3053)

37.10 ± 7.35
(n = 2925)

39.32 ± 6.84
(n = 3732)

42.23 ± 8.36
(n = 2724)

41.75 ± 7.64
(n = 2564)

SO2 (ppb)

May 3.45 ± 0.08
(n = 5112)

3.41 ± 0.11
(n = 5044)

3.38 ± 0.24
(n = 4810)

3.25 ± 0.32
(n = 5528)

3.32 ± 0.33
(n = 4252)

3.14 ± 0.47
(n = 3346)

July 3.39 ± 0.16
(n = 2930)

3.39 ± 0.13
(n = 3025)

2.96 ± 0.63
(n = 3083)

2.23 ± 1.00
(n = 2943)

1.91 ± 1.06
(n = 4456)

2.15 ± 0.99
(n = 2337)

November 7.27 ± 1.33
(n = 4095)

7.63 ± 2.32
(n = 3178)

7.80 ± 1.23
(n = 2983)

7.61 ± 1.83
(n = 3563)

8.33 ± 2.28
(n = 3080)

7.76 ± 1.41
(n = 2921)

February 3.13 ± 0.90
(n = 3209)

2.30 ± 0.75
(n = 3053)

2.46 ± 0.71
(n = 2925)

2.90 ± 1.06
(n = 3732)

2.85 ± 0.98
(n = 2724)

3.26 ± 1.03
(n = 2564)

3.2. Spatial Variability of TRAPs

Figure 7 shows the spatial distribution of CO concentration during the morning
and evening peaks in different seasons. Figure 7a,b show the spatial variation of CO
concentration in the morning peak 8:00–8:30 h and the evening peak 19:00–19:30 h of spring
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travel, and it can be seen that there is a strong spatial variability in CO concentration. The
pollutant concentrations shown are those measured on the same day to reduce the effect
of background concentrations in the region on the measurement results. The shade of
the line color corresponds to the level of CO concentration: dark color represents high
concentration, while light color represents low concentration. During the morning and
evening peak hours, there were high concentrations of CO for a short period of time, and
the locations of the high concentration were the crossroads formed by the intersection of
the moving route and other urban arterial roads. When cars encounter a red light at a
crossroads, the gasoline in the cylinder is incompletely combusted and produces CO [34].
The higher CO concentration in the section of Renmin East Road in Figure 7a may be due
to the fact that the road is a two-way two-lane road surrounded by residential areas, with a
high population density and more vehicles traveling in the morning peak hour, and the
section includes three traffic lights, a configuration prone to vehicle congestion.

Figure 7. The concentration distribution of CO on roads in the center area of Shaoxing City during
the spring (a,b), summer (c,d), autumn (e,f) and winter (g,h) peak hours. The peak periods include
morning peak 8:00–8:30 and evening peak 19:00–19:30.

The spatial variation in CO concentration during the summer travel peak is shown
in Figure 7c,d. During the rush hour, the CO concentration presented the characteristic
of “low east and high west”, probably due to the fact that the eastern area of the selected
route was mostly residential and the western commercial and office areas were predomi-
nant. Secondly, the western road was the main urban road, and the concentration of CO
was high on the main urban road during the morning and evening peaks. As shown in
Figure 7e,f, the spatial distribution of CO concentration in autumn was uniform without
high concentration aggregation. The spatial distribution of CO concentration during the
winter travel peak is shown in Figure 7g,h. The concentration was higher on the Renmin
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East Road section during the evening peak, and the distribution was similar to that of the
spring morning peak.

Nitrogen oxides (NOXs) are the important precursors of PM2.5 and O3. NO emitted by
motor vehicles is easily oxidized to NO2 by ozone (O3) and peroxygenated organic matter
(RO2) [41]. Some studies have found that during COVID-19 lockdown, the concentration
of NO2 on the surface declined, indicating a significant effect of human activities on NO2
concentrations [42,43].

The distribution of NO2 concentrations along the road during the travel peak in dif-
ferent seasons is shown in Figure 8. The concentration of atmospheric nitrogen dioxide
was affected by multiple factors, including complex atmospheric chemical reactions, me-
teorological conditions, and emission sources. In terms of spatial distribution, high and
low concentrations of NO2 were relatively evenly distributed, and there were no particular
discrepancies in different sections of the selected route.

Figure 8. The concentration distribution of NO2 on roads in the center area of Shaoxing City during
the spring (a,b), summer (c,d), autumn (e,f) and winter (g,h) peak hours. The peak periods include
morning peak 8:00–8:30 and evening peak 19:00–19:30.

Since the beginning of summer in 2022, many places in the northern hemisphere have
experienced persistent high-temperature weather. The number of high-temperature days
above 40 ◦C in July in Shaoxing City broke the historical record, the average number of
high-temperature days above 35 ◦C was 18.4 days, and the average temperature in July
was also a record high. Under high-temperature conditions in summer, the phenomena of
high radiation conditions, low humidity, poor atmospheric diffusion conditions, and the
presence of inversions were all conducive to ozone generation. The NO2 concentration was
slightly higher during the evening peak than the morning peak in summer, and the NO
accumulated during the day tended to react with O3 to produce NO2, which led to higher
NO2 concentration at night.
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The SO2 in the atmosphere mainly comes from the sources of industrial pollution,
transportation, and coal burning. As shown in Figure 9a,b, the spatial variation in SO2
concentration in spring was not obvious, and the maximum concentration of SO2 during the
morning and evening travel peaks was around 3.4 ppb. The concentration of SO2 was higher
in the morning peak hours in summer on the section of Renmin Middle Road (Figure 9c),
which may be attributed to traffic congestion caused by the high volume of traffic in this
section. The spatial variation in SO2 concentrations was more significant in autumn and
winter. Continuous relatively high concentrations of SO2 were observed in different road
sections in autumn, probably influenced not only by motor vehicle emissions but also by
transport from other high-concentration areas in autumn. The SO2 concentrations were
higher at road corners during the morning peak in winter (Figure 9g). In addition, the
primary source of SO2 is industrial emissions, and urban SO2 comes mainly from diesel
buses and trucks.

Figure 9. The concentration distribution of SO2 on roads in the center area of Shaoxing City during
the spring (a,b), summer (c,d), autumn (e,f) and winter (g,h) peak hours. The peak periods include
morning peak 8:00–8:30 and evening peak 19:00–19:30.

Shaoxing City is dominated by light industry and is located in the central area of
Zhejiang Province, which is not susceptible to emissions from marine vessels, so the con-
centration of SO2 is not high. The SO2/NO2 ratio is an indicator used to determine whether
air pollutants come from stationary sources (e.g., industrial emissions) or mobile sources
(e.g., traffic emissions) [44], with high ratios (>0.60) indicating significant contributions
from stationary sources and low ratios (0.04 to 0.12) indicating significant contributions
from mobile sources [45,46]. The SO2/NO2 ratios were 0.05, 0.10, 0.21 and 0.07 for the four
seasonal mobile monitoring periods, indicating that the measured pollutants were mainly
from traffic.
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4. Conclusions

We studied the emissions of CO, NO2 and SO2, common traffic-related air pollutants
on roads in central Shaoxing to facilitate the understanding of commuter exposure to
pollutants during daily travel. In general, CO, NO2 and SO2 all have traffic pollution as a
source, but CO and NO2 are more closely associated with motor vehicle emissions. The
concentrations of CO and NO2 were higher during 8:00–8:30 a.m. and 19:00–19:30 p.m.
than in other time periods of the same day, mainly due to morning and evening travel peaks
and poor dilution conditions. CO, NO2 and SO2 had seasonal variation characteristics.
According to a Spearman correlation analysis, CO and NO2 were significantly negatively
correlated with temperature and positively correlated with humidity, and the correlation
between SO2 and temperature and humidity was weak.

Measurements of pollutant concentration with high spatial and temporal resolution
help us understand people’s exposure to pollutants while commuting, especially for cyclists
with long commute times. This study also provides a reference for relevant departments to
formulate appropriate pollution prevention measures.

Mobile monitoring can help us understand spatial variability that is not provided by
fixed monitors and is a suitable method for mapping urban air quality with high spatial
resolution. One strength of our study is that we conducted multiple rounds of mobile
measurement at different time periods over four seasons. Our measurements allowed us to
better understand the temporal variation of pollutants on roads in the urban center area.
The other strength is that the temporal resolution of the measurement is 2 s, which captured
the fine and dynamic spatial variability of pollutants. This study is valuable for health risk
assessment during daily commuting.

In addition, there are some limitations in this study. For example, traffic volume is
an important factor affecting pollutant concentrations, but we did not record the relevant
information in detail. In the future, similar studies will need to be conducted in different
locations of the city to identify city hotspots and further analyze the impact of traffic volume
and topography on pollutants.
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