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This research aims to calculate PM, 5 concentration on the road network by considering the network-wide traffic status, which can
be used to support research about the impact of urban road network pollution concentration on health. The increase in the use and
number of vehicles has brought about a large amount of vehicle exhaust emissions and increased urban air pollutants. This is also
one of the important reasons why this issue is worth studying. In this research, traffic emission was an estimate based on network-
wide traffic status which was calculated from vehicle trajectories and spatial variance-covariance matrix. An identification method
of external input pollutants is proposed to determine the occurrence of external pollutants imported into the urban area. To
calculate the impact of multiple influencing factors on the pollution concentration of the entire road network, a multivariate linear
model was adopted to calculate a variety of influencing factors and calibrate the model parameters by collecting real data. The
results show that traffic emissions, external input pollution, and wind impact are the main factors affecting the PM, 5 con-
centration on urban road networks. Combined with real-time traffic data, we can obtain the temporal and spatial characteristics of
the pollutant concentration of the road network. For policymakers, our research can provide a method for calculating the PM, 5
concentration on the road network, which is useful for establishing a health assessment framework in the future.

1. Introduction

Ambient air pollution is a major factor for various diseases
and cardiovascular health effect, which has been proven in
epidemiological studies in the past decade, especially car-
diorespiratory diseases [1-4]. Other studies have indicated
that air pollution may be an important factor in autism in
children [5]. The World Health Organization estimates that
ambient air pollution caused approximately 3.7 million
premature deaths every year [6]. In cities, PM, 5 from traffic-
related emissions has a nonnegligible impact on environ-
mental pollution. With urbanization in many developing
countries, motorization is also an inevitable trend. At the
end of 2019, the number of private vehicles in Beijing was
4.974 million. Ten years ago, this number was only 3.19
million. In ten years, 1.784 million vehicles have been added

and will continue to increase in the future [7]. The increased
vehicle usage significantly contributes to urban air pollution.
According to data released by the Beijing Municipal Bureau
of Ecology and Environment in 2018, among the current
local PM, 5 sources, mobile sources account for the largest
proportion, reaching 45%. Based on two facts, such as the
increase in traffic emissions and the proximity of most
pollution sources to homes or workplaces, many studies
have highlighted traffic-related air pollution [8]. Therefore,
obtaining an accurate road network pollution concentration
value helps to assess the health impact of pollution on
residents.

In recent years, the issues of vehicle emission and urban
air pollution received more attention. One method to in-
vestigate the impact of traffic emission is to derive emission
inventories, which can estimate the total traffic emission in


mailto:siyang@buaa.edu.cn
mailto:383269162@qq.com
https://orcid.org/0000-0002-4811-1602
https://orcid.org/0000-0003-4986-0629
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8883697

regional [9, 10] or global [11]. Emission inventory can
provide macroemission information about urban vehicles.
Land-use regression (LUR) modeling approaches have
gained more application in many cities in China [12, 13],
Europe [14, 15], and North America [16-18]. Althoughitisa
reasonable and reliably modeling approach, a standard LUR
model still has a limitation that is not transferable to other
areas or different scales. Such as areas with special terrain
conditions such as the Swiss Alps [19]. And due to it is a
macroscopic emission estimate, the resolution of the pol-
lutant concentration will be limited. Pollution models can
help traffic managers to control the traffic emission by
selecting the most adequate management strategy [20]. The
main input of models is traffic data and meteorological data
[9, 21-25]. Some studies are only based on traffic data
[22, 26] or meteorological data [27]. Fan et al. [28] collected
field emission data, and they are incorporated into the
microscopic traffic simulation tool for quantifying the
emissions. Gonzalez-Aparicio et al. [29] presented three
different linear regression models: simple linear regression,
linear regression with interaction terms, and linear regres-
sion with interaction terms following Sawa’s Bayesian in-
formation criteria to describe the dependence of PM;,
concentration on traffic, meteorological, and temporal data.
However, when calculating traffic emissions, more attention
needs to be paid to the dynamic variability of traffic. As we all
know, urban traffic is a huge and complex system, and its
biggest feature is constant change. Vehicles keep moving on
the road. Only using the total number of vehicles in the city
to calculate traffic emissions, it is impossible to get the
difference in emissions between different roads at a certain
time. Therefore, it is necessary to consider the traffic status
when calculating traffic emissions. When we introduce the
traffic status, we need more and more detailed traffic-related
data and consider the temporal and spatial changes in traffic
status, which makes the problem more complicated. In some
previous studies, fixed measurements were used to describe
air pollution exposure in specific areas [19, 30-32]. Sun et al
[24] found that the length of the road, the distance to the city
center, and the density of bus stations would substantially
increase the emission rate. However, only using these
measurements cannot adequately represent local traffic-re-
lated air pollution which shows high spatial variability on a
small scale. Although it is currently possible to directly
measure traffic pollution through measurement equipment,
it is impossible to directly measure urban pollution. Since
the city contains a large number of roads, it is very costly to
install measurement equipment on all roads, so it is im-
possible to install measurement equipment on all roads.
Therefore, using traffic data and a small amount of pollutant
monitoring point data is an achievable and necessary way to
estimate the level of road pollution in the city. Since the
traffic status is constantly changing, the precise traffic data of
the entire network are not available. More other forms of
data need to be combined for further research. Not only do
pollutants on urban road networks include traffic emissions,
but pollutants present in the background environment also
can affect the concentration of pollutants on urban road
networks. Therefore, the study of the concentration of
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pollutants in the urban road network needs to explore the
spatial and temporal relationship between traffic conditions
and environmental changes.

This study proposes a framework to estimate the spa-
tiotemporal PM, 5 concentration on the urban road network.
A spatial variance-covariance matrix was used to calculate the
travel time of the entire road network by some real-time traffic
data. Vehicle trajectory data and spatial variance-covariance
matrix are used to calculate the travel statues (travel time,
traffic volume, speed, and acceleration of vehicle) on the road
network. The external input pollutant identification method is
used to obtain the period of no external pollutant input. A
case study near the Beijing Olympic Sports Center revealed
the influence of different factors on the pollution concen-
tration of the road network and calibrated the parameters of
the model. Then, the model was applied to the Beijing road
network within the Fourth Ring Road, and the PM, 5 con-
centration changes of the road network during the morning
rush peak-hour period in Beijing were analyzed.

The main methodological contributions in this study are
as follows:

(a) An emission model that considers the state of traffic
is applied to the road network. It provides a practical
method to calculate traffic-related PM, 5 emissions
on the road network.

(b) An external input pollutant identification method is
established through existing monitoring points.
When external pollutants enter or leave, information
such as the location of the pollutant input or de-
parture, the time of input or departure, and the
movement direction of the pollutant can be
obtained.

(c) When estimating the PM, 5 concentration on the
road network, this study uses actual data to verify the
emission model parameters. And we combine the
characteristics of meteorological conditions and
external input pollution. As a result, the spatial-
temporal pollution concentration of road network
can be estimated.

By considering dynamic traffic conditions, the study
provides a method for estimating PM, s concentration on
urban road networks. The temporal and spatial character-
istics of road network pollution can be obtained. PM, s
concentration on the road network concentration is of great
significance for future environmental pollution supervision
and the establishment of the health assessment framework.

The paper is organized as follows. Section 2 describes the
estimation method of travel time on the road network and
traffic emissions. And the multiple linear regression model is
used to evaluate the concentration of the road network. A
method for identifying regional input pollutants is proposed.
Section 3 contains background environmental pollution
data, meteorological data, and data of pollution imported
outside Beijing. In Section 4, the actual pollution data of the
road network are used to calibrate the parameters of the
model, and the importance of various factors is shown. Then,
the model is applied to the entire road network. The results
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of the study are summed up and conclusions are drawn in
Section 5.

2. Methodology

2.1. Estimation of Travel Time on the Road Network.
Traffic emission is also an important part of the pollutant
concentration on the road network [33]. To estimate the
traffic emissions of the urban road network, the traffic status
on the road network needs to be obtained first. However, the
traffic data of the entire road network are unavailable, so the
traffic status on the road network cannot be directly ob-
tained. This study uses a method based on the spatial var-
iance-covariance relationship of travel time on arterial road
networks to estimate traffic status of road networks. A
simple road network example is shown in Figure 1.

Suppose links 1, 2, and 3 of the road network have their
own set of historical travel time: {t;,t5,...,t1,}
{ty1 0> - s o} and {t5, 55, . . ., £3,}, Where £, t5,, and 5,
are the travel time on links 1, 2, and 3 at a particular time n,
respectively. The 3 x 3 matrix is the spatial variance-co-
variance matrix of the link travel times at a particular time
for the three-link network case:

Ky Ky Ky
K=|Ky Ky Ky | 1
K3 Kj Ky

K;; = Var(t,), the variance of the link travel time
{ti>tins .. >t} where i =1, 2, and 3.

K;; = Cov(t;t;), the covariance of the link travel time
for {tj,ty...>t;,} and where

for an {tisti ot
i,j=1,2,and3, and i # j.

The travel time on each link that varies with other links
in the network is indicated by the travel time covariance.
When the travel time of one link increases and leads to the
increase of travel time on other links, the value of the
corresponding position in the matrix is positive. The neg-
ative covariance indicates that when the travel time on one
link increases, the travel time of another link would decrease.
For example, K5 should be negative because links 1 and 3
are the two alternative routes.

The traffic time on an upstream link is directly affected
by the traffic condition on a downstream link. That is why
the spatial covariance relationships of travel times are im-
portant for travel time estimation in congested urban road
networks. A more detailed description of the method can be
found in [34]. The travel time on arterial roads without real-
time data can be indirectly deduced by equation (1):

Te = Te + I<211<;11 (Td - Td) (2)

T, =travel time estimate on the arterial road without
real-time data.

T ; = travel time estimate on the arterial road with real-
time data.

FiGure 1: A simple network case.

T,=average travel times in the historical database
without respect to the arterial road

T, =average travel times in the historical database
concerning the arterial road

K, =real-time updated variance of the travel times
corresponding to the arterial road with real-time data.

K,, =real-time updated travel time covariance of the
arterial road without and with real-time data.

The k-nearest neighbor (k-NN) method was also
adopted to calibrate the spatial variance-covariance matrix
of link travel times for the real-time estimation. The k-NN
method was based on similar past cases which were referred
to as the nearest neighborhood. We take the travel time of all
links which one link connected as the input. And we look for
similar situations in the historical database to get the current
travel time.

The procedure for the k-NN method is described as
follows:

(1) Identify the variables of one road and the value of k
(2) Input all states of variables into the database

(3) Calculate Euclidean distance of a new state to each
state in the database

(4) Choose output of k-nearest neighborhood
(5) Average the output of k-nearest neighborhood

Through this method, we can get the traffic time on the
road network.

2.2. Estimation of Traffic Emissions. After obtaining the
traffic status of the road network, traffic-related emissions
can be calculated. Traffic and vehicle emission linkage
(TRAVEL) model was used in this study, which was pro-
posed by Yang et al. [35]. The model takes traffic flow and
vehicle running bins (VRBs) as input to obtain traffic
emissions. The date, acceleration, speed, location, and other
parameters of the car driving are recorded by the GPS device.
The traffic flow data were calculated by the method discussed
above and calibrated with official statistics based on the
National Bureau of Statistics and peer-reviewed publications
[21]. Two-stage mapping is included in the TRAVEL model.
The first stage is mapping from traffic flow patterns to vehicle
running bins (VRBs). We use 39 traffic flow patterns and the
corresponding emission rates proposed by Yang et al. [35] in
our study. Traffic patterns are determined based on the
vehicle speed and traffic flow. A bottom-up approach was



used in the second mapping to aggregate emission rates of
VRBs to basic emission rates (BERs, g/km) of the corre-
sponding flow pattern and estimate the emission factor (EF,
in g/km) in the target traffic pattern. We use equation (3) to
convert the unit of emission factor in combination with the
vehicle velocity:

EF(g) _ EF (g/km) x 3600‘ (3)

s V (km/h)

The emission control level of automobiles is a key factor
in determining emission factors. The emission control
strategies in China followed European control policies.
Generally, China III, China IV, and China V are equivalent
to the Euro II, Euro III, and Euro IV standards, respectively.
More attention has been paid to vehicle emissions in recent
years. In 2019, Beijing has completely banned vehicles of
China IIT enter the Sixth Ring Road. Trucks matching the
criteria of China IV and China V can only enter the Sixth
Ring Road between 0am and 6am. We used the emission
factors generated by the TRAVEL model. The total emissions
are calculated as follows:

Ep=) Y Y VIT,; x P; xEF,; , (@)
t i

where the subscripts t, i, and j stand for a time in a typical
day, road category, and car category, respectively; VIT,;
represents the vehicle traveled time of the entire fleet on
road iattime ¢ in a typical day. In this research, VTT,; was
calculated by the traffic speed and statistical data on the
road i at time t. E; represents the total emission. P
represents the penetration rate of emission control level j
in the entire fleet. The emission control level of vehicles
was determined by the implementation year of the
emission control standard and the year when the vehicle
was registered.

2.3. Multivariate Regression Model. The multivariate linear
regression model was used to compare different types of
variables and to assess the strength of the correlation be-
tween factors that lead to changes in the concentration of
pollutants on the road:

P, =ua,A + B, +p, (5)

where P, denotes the concentration of PM, 5 on the road
during hour ¢, and «; is the coeflicient describing the influence
of factor A, on hourly pollutant concentration. The factors
assessed included different hours of the day, temperature,
relative humidity, wind power, wind direction, atmospheric
pressure, hourly rainfall, working days or nonworking days,
and hourly traffic emissions. The time accuracy of the above
data is converted to hours. The wind direction factor was
divided into eight directions: north (337.5-22.5°), northwest
(292.5-337.5%), west (247.5-292.5%), southwest (202.5-247.5°),
south  (157.5-202.5°), southeast (112.5-157.5°), east
(67.5-112.5°), and northeast (22.5-67.5°). The data of wind
direction were obtained in continuous numerical form.
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However, when the wind direction in degrees is used as an
explanatory variable, a similar wind direction will bring a
huge difference. For example, 1 and 359 are close to the north
wind, but the value is very different. Therefore, eight cate-
gories with 45 intervals (north, northwest, west, southwest,
south, southeast, east, and northeast) are used instead of
continuous wind direction. B, represents the random inter-
cept at time ¢ which is used to capture potential variations that
are not explained by A,, for example, changes caused by
secondary pollution in the environment. 3, represents re-
sidual random normal error. A positive coefficient indicates
that pollutant concentration increases with the increase of the
corresponding factor units. Parameters that describe the
spatial variation are also included in multivariate linear re-
gression models, such as traffic flow on the road network and
external input pollution. They combine temporally variables
such as traffic counts or traffic emission, and meteorological
and temporal parameters in this study. Backward and forward
step-by-step selection procedures are used (covariates are
selected at a significance level of 0.1) to select the final model.
After excluding models with physically impractical estimates,
a 10-fold cross-validation method was used to validate the
model [36].

2.4. External Input Pollutant Identification Method.
According to data released by the Beijing Municipal Bureau
of Ecology and Environment in 2018, of all PM, 5 pollution
in Beijing, external transmission accounts for one-third of
the total. It is necessary to identify the external input pol-
lution, so we need to establish a method to identify external
input pollution. We use some of the current monitoring
points to establish an internal monitoring zone and an
external monitoring zone. Two pollution monitoring zones
are shown in Figure 2. The composition of the monitoring
zone can be found in Table 1.

When pollutants arrive or leave the monitoring point,
the concentration of the monitoring point will suddenly rise
or fall. We define this situation as an abnormal concen-
tration of pollutants (ACPs). According to this phenome-
non, we can identify the pollutant input in temporal and
spatial perspectives.

In the temporal dimension, we set a threshold for the
changes in pollution data at each monitoring point.

When the pollutant concentration at the monitoring
point has an ACP situation at a certain moment, it is
considered that there is a pollutant entering or leaving at
this moment. From the spatial dimension, we set a dif-
ferent threshold for the pollutant concentration of each
monitoring point in the same monitoring zone. When, ata
certain moment, the pollutant concentration difference
between a certain monitoring point and other monitoring
points in the same monitoring zone exceeds the threshold,
we believe that at that moment, foreign matter input
pollutants pass or leave the monitoring point. We use this
method to identify whether there is an external pollutant
input, and we can get the external pollutant input or the
time of leaving, which is very helpful for our follow-up
research.
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FIGURE 2: The composition of the external input pollutant monitoring zone.

TaBLE 1: External pollutant identification system.

Monitoring site type

Name of monitoring site

Internal monitoring zone

Fangshan-Liangxiang, Daxing-Huangcun, Yizhuang-Development Zone, Tongzhou-New Town, Shunyi-New

sites Town, Changping-Town, Mentougou-Longquan Town, Huairou-Town, Miyun-Town

External monitoring zone
sites

Changping-Dingling, Yanqing-Town, Beijing Northwest Regional Point-Badaling, Beijing Northeast Regional
Point-Miyun Reservoir, Beijing East Regional Point-Donggao Village, Beijing Southeast Regional Point-
Yongledian, Beijing South Regional Point-Yufa, Beijing Southwest Regional Point-Liulihe

3. Data Collection and Analysis

Beijing, the capital of China, is the economic and cultural
center of China. Beijing is situated at the northwest border of
the North China Plain (115.7°-117.4° E, 39.4°-41.6° N). There
are 16 districts belong to Beijing. Among them, Xicheng
District, Dongcheng District, Haidian District, Chaoyang
District, Fengtai District, and Shijingshan District are urban
areas. The remaining areas are suburbs. The total land area of
Beijing is 16410.54 square kilometers. The mountainous area
of Beijing is 10,200 square kilometers, accounting for 62% of
the total area, and the plain area is 6,200 square kilometers,
accounting for 38% of the total area, as shown in Figure 3.
The mountainous areas are distributed in the west, north,
and northeast of Beijing. The terrain of Beijing is high in the
northwest and low in the southeast. The average altitude of

Beijing is 43.5 meters, the elevation of the plain is 20 to 60
meters, and the mountainous area is usually 1000 to 1500
meters above sea level. The arterial roads in Beijing are
radially distributed, such as the Second Ring Road, Third
Ring Road, and Fourth Ring Road from the central city to the
suburbs (Figure 4). This means that the urban road system in
Beijing is also radial and is constantly expanding to support
the increasing traffic volume. At the end of 2019, the per-
manent population was approximately 21.536 million [21].
The residential population in Beijing’s Sixth Ring Road
accounts for 78% of the city’s total population [7]. The
number of vehicles in Beijing has increased year by year in
the past ten years. As of 2019, the total number of cars in
Beijing is 6.08 million, of which 4.89 million are private
vehicles. The structure of the road systems, in conjunction
with the large number of vehicles traveling in the city,
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F1GURE 3: Distribution of 35 monitoring sites in Beijing.

produces significant congestion, and this leads to increased
exhaust emissions.

3.1. Environmental Pollution Data. The pollution data used
in this study were collected by the Beijing Municipal Bureau
of Ecology and Environment. They shared data from 35
monitoring sites, and each monitoring site can measure data
of six monomers, PM, 5, PM;o, CO, NO,, SO,, and Os;. The
distribution of monitoring sites covers all 16 administrative
regions of Beijing. The locations of 35 monitoring sites in
Beijing are given in Figure 3.

According to the different locations of the monitoring
sites, all monitoring sites are divided into four types, namely,
background monitoring sites, suburb monitoring sites, urban
monitoring sites, and traffic pollution monitoring sites. The
background monitoring sites are the green point in Figure 3.
Background monitoring sites are located in the outermost
periphery of Beijing and far away from urban areas. The
consideration of this arrangement is to avoid the impact of
human life and factory production on the monitoring data.
The surrounding environment of the background monitoring
sites is stable, which is suitable as a benchmark for other kinds
of monitoring sites. Dodge blue monitoring sites are suburban
monitoring sites. Suburban monitoring sites are used to
monitor the air pollution of ten suburb districts in Beijing.

The suburbs have a smaller density of population than the
urban areas, which means fewer traffic emissions from car
emissions and living-related air pollution of residents. The
urban pollution monitoring sites are located in the purple
position in Figure 3. The urban monitoring sites are re-
sponsible for monitoring the pollution situation in Beijing,
where more than 10 million people work and live in the urban
area (Beijing Bureau of Statistics, 2019) [21]. The red car sign
in the picture represents the location of the traffic pollution
monitoring sites, which are distributed close to the road. The
specific names and types of monitoring sites are shown in
Table 2 According to the requirements of the “Beijing Three-
Year Action Plan to Win the Blue-Sky Defense Warfare” in
2018, Beijing divides air quality into six levels according to the
concentration of the pollutant PM, 5, as shown in Table 3.
For instance, Figure 5 shows the concentration of PM, 5 at
the Olympic Sports Center monitoring site for 8760 hours in
2019. Through the line chart, we can find that there was ex-
tremely heavy pollution in January 2019, and the value of PM, 5
concentration exceeded 500 yg/m>. At this monitoring point,
the cumulative duration of extreme pollution in 2019 was about
10 hours. The most serious external input pollution that oc-
curred in January lasted about 0.1% of the entire year.
Through the pie chart (Figure 6), we found that the
cumulative hours of level 1 accounted for 68.8% of 2019.
General weather accounts for 21.1% of the total hours. We



Journal of Advanced Transportation 7

i | 1%

| Experimental road \

N\
° \ 4‘*—__\4 The fourth ring road l\
S| )

\ S
( | The second ring road |
&
XizhimenNorth iy IS
|
[ ] | ]
Guanyuan Dongsi |

Qianmen

® Temple of Hea

Rl
LT

/7
] /
Fengtai-Huayuan pr— ®
| The third ring road |

N | " -
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TaBLE 2: Classification of air quality monitoring sites in Beijing.

Monitoring site type Name of the monitoring site

Changping-Dingling, Beijing Northwest Regional Point-Badaling, Beijing Northeast Regional Point-

Miyun Reservoir, Beijing East Regional Point-Donggao Village, Beijing Southeast Regional Point-

Yongledian, Beijing South Regional Point-Yufa, Beijing Southwest Regional Point-Liulihe
Fangshan-Liangxiang, Daxing-Huangcun, Yizhuang-Development Zone, Tongzhou-New Town, Shunyi-
Suburb monitoring sites (11) ~ New Town, Changping-Town, Mentougou-Longquan Town, Pinggu-Town, Huairou-Town, Miyun-
Town, Yanqing-Town

Dongcheng-Dongsi, Dongcheng-Temple of Heaven, Xicheng-Guanyuan, Xicheng-Wanshouxigong,
Chaoyang-Olympic Sports Center, Chaoyang-Agricultural Exhibition Hall, Haidian-Wanliu, Haidian-
North New District, Haidian-Beijing Botanical Garden, Fengtai-Huayuan, Fengtai-Yungang, Shijingshan-

Ancient City

Background monitoring sites

)

Urban monitoring sites (12)

Traffic pollution monitoring Qianmen, Yongdingmen, Xizhimen North, South Third Ring Road, East Fourth Ring Road

sites (5)

TaBLE 3: Pollution classification according to PM, 5 concentration. Figure 7 shows the PM, s concentration distribution at
Level Air quality Pollution value range d}ﬁ”erent time scales at the Olympic Sports Center mf)nitc?ring
Lovel 1 Excellent 0-50 site. The result shows that the PM, 5 pollutapt Yalue in winter
Level 2 Good 51-100 months (December, January, and February) is higher than that
Level 3 Light pollution 101-150 in summer months (June, July, and August). In January, there
Level 4 Moderate pollution 151-200 was heavy pollution imported from other regions. By dividing
Level 5 Severe pollution 201-300 the data according to the day of the week, it is found that the
Level 6 Extreme pollution >300 daily pollution situation is more average, but it is prone to

abnormal heavy pollution on nonworking days. Looking at 24
hours of a day, the median pollutants in peak hours are slightly
also found that the hours of llght pollution (pollution hlgher than those in evening peak hours. And there are also
concentration greater than level 3) accounted for 8.1% of the  higher median pollutants in the early morning hours, which are
total hours. higher than those in early peak hours.



Journal of Advanced Transportation

600

PM, 5 concentration

0
— o o <t [Xa} O D~ (e} D (=} — o~
< < < < < < < < < I In In
o N o o o e o N o o o e
— — — — — — — — — — — —
- > > = = > > > > = = >
Q o (o)l N o [\ N o (o)l N o [\
Month of 2019
— PM, ;5

FiGure 5: The concentration of PM, 5 at the Olympic Sports Center monitoring site in 2019.

Level 1

L 019
5
W Level 6

21.1%
Level 3

Level 2
B Level 1 [ Level 4
Level 2 B Level 5
[ Level 3 I Level 6
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3.2. Meteorological Data. The meteorological data of Beijing
were provided by the Beijing Meteorological Bureau. The
meteorological data set contains hourly air temperature,
wind speed, wind direction, relative humidity, and atmo-
spheric pressure. To match the weather data with the traffic
data and the monitoring sites data, the time granularity of
the meteorological data we obtain is also hourly. The climate
of Beijing is typical of a semihumid continental monsoon
climate in the northern temperate zone, with high tem-
perature and rain in summer and cold and dry season in
winter. Spring and autumn are shorter than summer and
winter. The north wind prevails in Beijing in winter, and the
east and southeast winds prevail in summer. However, the
northern and western parts of Beijing are surrounded by
mountains, as shown in Figure 3, and north and west winds
are rare in Beijing.

The rank of wind speed is shown in Table 4. According to
the wind speed, the hourly wind speed is ranked.

Histograms (Figures 8 and 9) show that all wind di-
rection data are compared with the number of hours of
different wind directions and wind levels. Figure 7 shows the
hourly distribution of wind direction in Beijing for 12
months in 2019. It can be found that the number of hours of
southwest wind and northeast wind is the largest in the
whole year. Figure 10 shows the distribution of collected
temperature, atmospheric pressure, and relative humidity
data of 2019. The obvious change in temperature is the main
characteristic of temperate climate. July is the hottest month
in Beijing, the highest temperature is 37.8 degrees Celsius,
the lowest temperature is 19.4 degrees Celsius, and the
median temperature in July is 27.9 degrees Celsius. And the
coldest month is December. The minimum temperature in
December is —14.3 degrees Celsius.

Atmospheric pressure decreases with increasing tem-
perature, so July is the season with the lowest atmospheric
pressure in Beijing. The lowest pressure in July is 990 hPa,
the highest atmospheric pressure is 1008 hPa, and the
median atmospheric pressure is 999.53 hPa. The median
atmospheric pressure in the highest month is about 26
higher than the median atmospheric pressure in the lowest
month. The maximum relative humidity value of each
month in 2019 is relatively close, within the range of 89-96
percent. The minimum relative humidity in the summer and
autumn months is significantly higher than that in winter
and spring months, which is also consistent with the climate
characteristics of Beijing. The highest relative humidity that
appeared in July is about 62.65%.

3.3. Identification of External Contaminants. When external
pollutants are imported into Beijing, the pollutants will drift
away with the wind. It can be found from multiple moni-
toring points along the wind direction that the concentration
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FIGURE 7: Comparison of PM, 5 concentration at the Olympic Sports Center monitoring site under different time scales.

TasLE 4: Wind level classification according to wind speed.

Wind speed level Actual wind speed (m/s)

Wind speed level Actual wind speed (m/s)

0.0-0.2
0.3-1.5
1.6-3.3
3.4-54
5.5-7.9
8.0-10.7
10.8-13.8

AU W= O

7 13.9-17.1
8 17.2-20.7
9 20.8-24.4
10 24.5-28.4
11 28.5-32.6
12 32.7-36.9
13 37.0-41.4

of pollutants gradually increases from the upwind direction
to the downwind direction. Figure 11 shows the external
pollutants” input from the southwest in January.

On January 12", the PM,s concentration at the
Liulihe background pollutant monitoring site which is the
most southwestern site of Beijing rises first. The highest
concentration of PM, 5 even exceeds 600 yg/m3. Due to
the wind direction at that moment in Beijing was
southwest, the pollutants drift along the wind direction
from the southwest to the northeast. As can be seen from
the location distribution of the monitoring sites in

Figure 11, from the Liulihe background monitoring site to
the northeast, there are Fangshan monitoring site, Fengtai
Garden monitoring site, Guanyuan monitoring site,
Olympic Sports Center monitoring site, etc. The order of
increasing the concentration of PM, 5 in Figure 11 just
confirms the conjecture that pollutants will spread with
the wind.

Through the above methods, we use background
monitoring sites and suburban monitoring sites as identi-
fication sites to determine whether there are external pol-
lutant inputs. When the concentration of pollutants at all
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Figure 8: Comparison of the number of hours with different wind directions in the months of 2019.

identification sites does not rise abnormally, we assume that
no external pollution enters the central city within this
period. The data sources used in the text are summarized in
Table 5.

4. Case Study

4.1. Parameter Calibration. To calibrate the parameters of
the emission model, we measured and calculated the PM, 5
concentration of the section between the Fourth Ring
Jianxiang Bridge and Anhui Bridge by placing monitoring
equipment. The monitoring device is placed on the lamp at
the side of the road. The entire measurement process meets
China’s ambient air quality standards (GB 3095-2012). The
time range of data collection is from August 7 to August

11™. Use the external input pollutant identification method
to exclude the data of the period with pollutant input to
correct the emission model. The concentration of pollutants
on urban road networks is much higher than the concen-
tration monitored by the regional monitoring sites, and
similar results have appeared in the study [37].

4.1.1. Statistical Analysis of Data. The GPS data were filtered
to calculate the travel speed from the Jianxiang Bridge to
Anhui Bridge. As shown in Figure 12, the green shaded area
is the Olympic Sports Center, a large forest park in Beijing.
The Jianxiang Bridge and Anhui Bridge are two overpasses

on the Fourth Ring Road, respectively, on the west and east
sides of the Olympic Sports Center. The length of the road
between the two overpasses is approximately 2.5 kilometers.
The Olympic Sports Center monitoring site is located inside
the Olympic Sports Center. The experimental road moni-
toring site we set is on the Fourth Ring Road between the
Jianxiang Bridge and Anhui Bridge. The location of this road
segment can be found in Figure 4.

The PM, 5 concentration of the Olympic Sports Center
monitoring site in August is shown in Figure 13 An external
PM, 5 pollution input occurred on August 26, causing the
concentration of pollutants to be light pollution level.

The measurement of PM, NO, NO,, black carbon, and
polycyclic aromatic hydrocarbons (PAHs) on the highway
was taken by Westerdahl et al. [38]. Fruin et al. showed that
the pollutants are highly correlated with traffic-related
emissions [39]. Similar correlations were shown in the re-
search by mobile sites for measurements done within 400 m
of a highway [31]. Seasonal factors may also be one of the
related factors. We assume that externally input pollutants
will pass through at least one background monitoring site.
The identification of external input pollutants has been
introduced in the previous section.

Table 6 presents a statistic of the measured air pollutants
and meteorological parameters at the Olympic Sports Center
monitoring site and traffic flow of the experimental road. To
avoid interference caused by other months, only the data of
August 2019 are considered. According to national
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FiGure 9: Comparison of the number of hours with different wind levels in different months of 2019.

standards [40], the annual average of PM, 5 and PM;, should
not exceed 35 yg/m® and 70 ug/m’, the annual SO, should
not exceed 70 ug/m?, and the annual average value of NO,
should not exceed 40 ug/m>. The average hourly concen-
tration of CO cannot exceed 10 yg/m?, and average hourly
concentration of Oz cannot exceed 200 ug/m® After sta-
tistical analysis, the data from the monitoring sites of the
Olympic Sports Center in August are in full compliance with
national standards.

4.1.2. Traffic Emission of the Experimental Road Section.
When calculating the travel speed of the research section, we
not only considered the mean value of speed but also in-
cluded the variance value of speed into the calculation. If
only considering the mean value of speed, the dispersibility
of speed may be masked. There may be such a situation that
the difference between the maximum value and the mini-
mum value of the speed is large, but after taking the average
value, it is close to the mean value which the speed fluc-
tuation range is small. Therefore, the variance value of the
speed needs to be included in the calculation, which can
effectively distinguish the above situation.

Figure 14 shows the result of the average speed on the
experimental road section in August, which was calculated
using GPS data and the method discussed in Section 2.1. The

red line represents the average speed on working days, while
the blue line represents the speed on nonworking days.
According to the regulations of the Beijing Municipal Traffic
Management Department, the maximum speed of the
Fourth Ring Road is 80 km/h, so this is the reason why the
maximum value of the average speed in Figure 14 is around
80 km/h. In the curve of working days, there are two
processes in which the travel speed has dropped significantly
and then increased. The first decrease starts at 6am and
reaches the lowest value between 8am and 9am. The min-
imum value of travel speed drops below 20 km/h. After
reaching the lowest value, travel speeds begin to increase and
stabilize at 1lam. The second significant decrease in the
travel speed starts at around 5pm and reaches the minimum
value around 7pm. The minimum travel speed is about 25
km/h. Then, the travel speed gradually increased again and
stabilized at 10pm. The travel speed rises to the limit value at
1 am, and it can be inferred that the number of vehicles on
the road has decreased significantly after this time. The
vehicle may travel at the maximum speed restricted by the
road without obstruction.

It can be speculated that the traffic conditions of the
Fourth Ring Road are affected by commuting. During
commuting hours, the Fourth Ring Road becomes con-
gested. Due to the implementation of flexible punch time in
Beijing, we can see that the travel speed starts to recover
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Ficure 10: Distribution of air temperature, atmospheric pressure, and relative humidity.

before 9am and returns to a stable level at 11am. Similarly,
most companies are off duty at 5pm, so the travel speed starts
to decrease at 5pm. The minimum value of travel speed in
the morning rush hour is lower than that in the evening rush
hours. Based on this, we can infer that the traffic condition
during morning rush hours may be more congested than
that during evening rush hours. Since there is no commuting
trafic demand on nonworking days, two peaks of congestion
like working days do not exist in the blue curve. On non-
working days, the lowest travel speed of the experimental
road section is around 50 km/h. We can know that the traffic
conditions on nonworking days are better than those on
working days. Comparing the two curves, it can be found
that the time people travel by car on nonworking days is
about an hour later than that on working days. This can be
seen from the moment when the travel speed drops in the
morning.

Using the method proposed in the previous section,
combined with the travel speed and traffic flow (obtained
through road monitors and camera videos), the traffic
emissions on the experimental road section can be calcu-
lated. The shaded area in Figure 15 is the 95% confidence
interval. The estimated traffic emissions of the experimental
sections on working days and nonworking days are shown in
Figure 15. On working days, the lowest PM, 5 concentration
of road vehicles throughout the day was at 5am. After 5am,
the number of vehicles on the experimental road section
begins to increase, so the traffic emission of the experimental
road section increases too. The PM, 5 concentration of the
experimental road section reaches the highest value at 9am.
The maximum concentration of PM, 5 exceeds 70 ug/m°.
Between 1lam and 5pm, the PM, 5 concentration of road
stabilizes at around 40 ug/m’. The PM, 5 concentration in
the evening rush hour also exceeded 60 pg/m?, but it was still
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TaBLE 5: Data type and source.

Type of data Data sources

Meteorological data Beijing Meteorological Bureau

Pollution data of urban monitoring sites Beijing Municipal Bureau of Ecology and Environment
Vehicle GPS data Beijing Taxi Company

FIGURE 12: The location of experimental road, road monitoring site, and Olympic Sports Center monitoring site.

lower than the maximum concentration in the morning peak ~ working days. In nonworking days, the pollutant concen-
hours. tration is almost stable at around 40 ug/m?. There is also a

The PM, 5 concentration on nonworking days also starts peak of traffic emission between Oam and 5am. After our
to rise at 5 am, but it does not have an obvious peak like  investigation at night, it was found that Beijing prohibited
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TaBLE 6: The general summary statistics of Olympic Sports Center monitoring site in August 2019.

Mean Std Median Min Max
Air pollutants
PM, 5 (ug/m?) 24.44 20.94 19 1 152
PM,, (ug/m) 40.59 24.30 37 1 162
SO, (ug/m?) 241 0.93 3 1 8
NO, (ug/m?) 32.95 21.76 1 26 118
CO (mg/m?) 0.57 0.24 0.6 0.1 1.6
05 (ug/m?) 69.62 51.66 1 64 213
Traffic counts
Average hourly traffic flow (working days) 2513 2062.85 1608 243 14790
Average hourly traffic flow (nonworking days) 1388 326.24 223 3720
Meteorological data
Temperature (°C) 25.96 343 25.8 16.7 33.8
Relative humidity (%) 59.77 21.39 62 16 93
Atmospheric pressure (Pa) 1002.80 4.26 1004 989 1011
Working d
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FIGURE 14: Travel speed of the experimental road section.

FiGure 15: PM, 5 concentration of vehicle emissions on the Fourth
Ring Road.

the trucks with an emission control level below China V to
enter the Sixth Ring Road between 6am and 1lpm.
Therefore, trucks below the emission control levels of the
China V can only enter the Sixth Ring Road after 11 pm and
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leave before 6am. The supply of fresh vegetables, fruits, and
dairy products in Beijing is dependent on the transportation
of trucks at night. There are a large number of trucks driving
in the city at night. The load capacity of the truck and its
weight are larger than that of a car, so the power of the
engine will be greater than that of the car at the same speed.
This means that trucks will generate more emissions. Since
not all trucks at night belong to Beijing, there can be some
missing and errors in the data on truck emission control
levels. The emission of these trucks is another problem
worthy of further discussion. More detailed discussions will
be conducted in our future studies.

4.1.3. Estimation of Urban Road Pollution Concentration.
The road pollutant concentration detector was placed on the
experimental road section of the Fourth Ring Road between
the Jianxiang Bridge and Anhui Bridge, with a vertical height
of about 5 meters from the ground. The linear distance from
the Olympic Sports Center monitoring site to the detector is
about 780 meters without the obstruction of tall buildings.
The period measured by the detector is from August 7™ to
August 12™. The red line in Figure 16 was the concentration
of PM,s on the experimental road section. Combining
meteorological data, traffic emission data, and foreign
pollutant data at a corresponding time into the model, the
estimated road can be calculated. The green line in Figure 16
was the concentration of PM, s at the Olympic Sports Center
monitoring site. Part of the data at the Olympic Sports
Center monitoring site is missing within this period. To
ensure authenticity, the results are directly displayed and not
filled here. The PM, 5 concentration value calculated by the
model is the blue line in Figure 17.

From the red curve, five peaks of pollutant concentration
can be found at 8pm on August 7%, from 3am to 6am on
August 9th, at 3pm and 5pm on August 9" and from 10am
on August 10" to 4am on August 11, At the first peak, from
6pm to 8pm on August 7, the concentration of PM, 5 rose
from 46 ug/m’ to 82 ug/m?, and fell to 41 pg/m’ at 10pm.

When pollutants are input from the outside, the mon-
itoring sites on the monitoring zones will appear ACP sit-
uation. The ascent rate is defined as the increase of pollutants
within an hour, as a basis for judging whether there is an
external input of pollutants. The ascent rate and descent rate
of PM, 5 concentration are about 20 pg/m? per hour. The rise
time of PM, 5 concentration is also consistent with the night
peak hours of the traffic in the studied Fourth Ring Road
area. After the first concentration peak, the PM, 5 concen-
tration continued to rise until the second concentration peak
was higher than the first peak concentration value. From
lam on August 8™ to noon on August 9™, the southwest
wind continued to blow in the Beijing area. At 9am on
August 8™, an external pollutant input in the southwest
occurred. At 5am on August 9™, the concentration of foreign
PM, 5 reached a maximum of about 75 pg/m®. At 7am, the
maximum PM, 5 concentration on the road reaches about
144 pg/m®. The third peak occurred at 3pm on August 9",
with a PM, 5 concentration of 140 ug/m?®. Compared with
previous hour, the concentration increased by 30 pyg/m® and
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decreased by 80 pyg/m? in the next hour, and it is not the peak
time of traffic emissions, so it can be concluded that this is
due to the impact of external pollution. The fifth peak oc-
curred at 11am on August 10, and PM, 5 concentration rose
30 pg/m® within an hour. Since it is also a nontraffic peak,
combined with weather information, it can be inferred that it
is imported pollution from the southeast direction.

At 5pm on August 9, the PM, 5 concentration began to
decrease rapidly and dropped to about 40 pg/m’ at 7pm.
During this time, the Fourth Ring Road is at the peak of
night traffic, but the PM, s concentration is the point of
decline. Combined with meteorological data, it was dis-
covered that there was a heavy rain in Beijing at this time. It
can be inferred that the rainfall process is also one of the
important factors of PM, s concentration. The Olympic
Sports Center monitoring site is about 780 meters away from
the road monitoring site. The green line in Figure 16 is the
pollutant concentration of the monitoring point of the
Olympic Sports Center. It can be found that the general
trend of the concentration of the detection site of the
Olympic Sports Center is very close to that of the road
monitoring site, and the value is about one-third of the
concentration of road pollutants. We suspect that the dif-
fusion of PM pollutants decreases with increasing distance,
and similar conclusions can be obtained from the literature
of other researchers [41]. We will discuss this in future
research.

We use R*, MAD, and MAPE to evaluate the goodness of
fit of the model. R? is one of the basic measures of goodness
of model fit. The value range is between 0 and 1. The closer
the value is to 1, the smaller the difference between the
estimated value of the dependent variable and the empirical
value. MAD (mean absolute deviation), MAPE (mean ab-
solute percentage error), and MFB (mean fractional bias) are
the measures that are independent of the mean value. The
calculation formula can be found in Table 7. The blue line in
Figure 17 is the result of the model calculation. It can be seen
that the data calculated by the model are not very ideal when
the PM, 5 concentration changes sharply, and the fitting is
ideal when the weather is sunny. During heavy rains, the
PM, s concentration dropped significantly, but the con-
centration value obtained by the model is not as obvious as
the actual value. This shows that the impact of the model on
the heavy rain may need further research. By statistical
analysis of the estimated results, we can get that the value of
the model statistic R? is 0.92. The value of MAPE is 9.2483%,
which is an acceptable relative error. The value of MAD is
5.8147. The results of the model calculation can well reflect
the concentration of pollutants on the road network.

The variables were grouped into meteorological condi-
tions (temperature, wind direction, wind power, relative
humidity, rainfall, and atmospheric pressure), traffic emis-
sion (when calculating traffic emissions, temporal conditions
such as a different hour of the day, working days, and
nonworking days are included in the calculation. Therefore,
traffic emissions can be regarded as temporal conditions),
and external pollution. The percentage contribution to the
total sum of importance in a given model is shown in
Figure 18 shows the distribution of PM, 5 concentration at



16 Journal of Advanced Transportation
1
140 1 - i
I
o 1204 o
S i
£ 100 1 - i
£ !
g 801
=
S 60 -
I L
A~y
201 M| YV M
2019-08-08 2019-08-09 2019-08-10 2019-08-11 2019-08-12
Date
—— Experimental road monitoring site
—— Olympic sports center monitoring site
FIGURE 16: Comparison between experimental monitoring site and Olympic Sports Center monitoring site.
5 140
2 120
g
= 100
i)
2 80
o
2, 60
S 40
[y
20
2019-08-08 2019-08-09 2019-08-10 2019-08-11 2019-08-12
Date
—— Actual measurement data
—— Estimate road pollution
Figure 17: Comparison between experimental monitoring site and model output.
TaBLE 7: Goodness of fit.
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FIGURE 18: Feature importance for the variables.
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the monitoring point of the Olympic Sports Center at dif-
ferent time scales. The result shows that the PM, 5 pollutant
value in winter months (December, January, and February)
is higher than that in summer months (June, July, and
August). Especially, in January, there was heavy pollution
imported from other regions. By dividing the data according
to the day of the week, it is found that the daily pollution
situation is more average, but it is prone to abnormal heavy
pollution on nonworking days. Looking at 24 hours of a day,
the median pollutants in peak hours are slightly higher than
those in evening peak hours, and there are also higher
median pollutants in the early morning hours, which are
higher than those in early peak hours.

The standardized regression coeflicient of the model is
shown in Table 8.

In August 2019, traffic emission is the most important
factor affecting the concentration of PM, 5 on the road. The
second influencing factor is pollution imported from other
regions (external input pollution). Externally, PM, s will
affect the pollutant concentration on the road significantly.
Although meteorological data accounted for the largest
proportion of the overall impact, it was not the largest
among various factors.

In meteorological data, the effect of wind power is the
most significant one. In the case of wind power above level 3,
it is conducive to the spread of pollutants. Temperature and
relative humidity also have a significant effect on the con-
centration of PM, 5. Heavy rain also has a very significant
effect on the concentration of PM, s, but the days of heavy
rain in August are rare. The effect of heavy rain was not
reflected in the proportion chart, but it is still a factor that
cannot be ignored. This finding is following the analyses
performed by other researchers [37, 42]. In Oslo, the most
significant variable was the number of vehicles and the next
most important variable for PM, 5 was the day number.

4.2. Estimation of Pollutant Concentration on the Urban Road
Network. We apply the model to the entire urban road
network in Beijing. The GPS data of vehicles were used to
obtain traffic data such as travel speed and flow of different
roads. The pollution concentration of the urban road net-
work in August is shown in Figure 19.

At the time of the morning peaks, there are three road
sections with PM,5 concentrations over 80 yg/m3
throughout the Second Ring Road, which is located between
Andingmen and Xizhimen on the North Second Ring Road,
from the Caihuying Bridge to Fuxingmen Bridge on the
West Second Ring Road, and in the road section between the
Zuo’anmen Bridge and the Jianguomen Bridge on the East
Second Ring Road.

In the Third Ring Road, the concentration of pollutants in
the road from the Lotus Bridge to the Lize Bridge in the West
Third Ring Road and the road from Fenzhong Temple Bridge
to the Guomao in the East Third Ring Road exceeded 80
pg/m®. The sections from the Fengbei Bridge on the West
Fourth Ring Road to the Nanshawo Bridge, the Sifang Bridge
on the East Fourth Ring Road to the Dajiaoting Bridge, and the
Jianxiang Bridge to the Wanghe Bridge all exceeded 80 pg/m”.
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TaBLE 8: Standardized regression coefficient of the model.

Feature Standardized regression coefficient
Traffic emission 0.6361
External pollutant 0.4293
Wind power 0.3988
Temperature 0.1547
Relative humidity —-0.1516
Wind direction 0.1263
Atmospheric pressure 0.0352
Rainfall —-0.0191
Phenomena -0.0037

The concentration of PM, 5 at the Shangqing Bridge on
the Fifth Ring Road also exceeded 80 pg/m’. The section
from the Sun Palace Bridge to the Laiguangying Bridge is the
same, where the pollutant concentration exceeds 80 ug/m”.
This may be because these road sections are very congested
during the morning peak period. According to the distri-
bution of road sections with high pollution concentration,
we can find that the increasing trend of peak road pollution
concentration is the north, northeast, southwest, and
southeast directions, spreading from the outside to the in-
side of the urban area. This is roughly consistent with
people’s commuting patterns.

The spatiotemporal change process of the PM, s con-
centration of the road network during the morning peak
period is shown in Figure 20. We found that the spread of
PM, 5 concentration in the urban road network is positively
correlated with urban commuting. In some commuter-in-
tensive roads and some key intersections, the concentration
of PM, 5 exceeds other roads. For instance, the enlarged part
in Figure 20 contains our experimental section in the pre-
vious part (the road between the Jianxiang Bridge and Anhui
Bridge). At 9 am, this road reached the highest concen-
tration, and the concentration of PM, 5 during the morning
peak hour was higher than most of the road sections con-
nected. This section can be considered as a polluted section
during the morning peak period and needs to be given more
attention. Environmental protection agencies can conduct
more monitoring on such road sections. And some methods
can be used to purify the air or absorb pollution to reduce the
pollution level during the morning peak period of the road
section to ensure the health of people living and working
near the road section.

From the temporal and spatial changes of the entire road
network, we can deduce that in the northern suburbs of the
central city, Xizhimen and Zhongguancun are the main
destinations for commuting. Therefore, during the morning
rush hour on working days, it can be observed that the
concentration of PM, 5 on the road spreads from the south
to the north on the Badaling Expressway, and from the east
to the west on the North Fourth Ring Road. Eventually, the
maximum concentration of road pollutants appears close to
Xizhimen and Zhongguancun. In the northeast area of the
central urban, there are large communities such as Tian-
tongyuan. Therefore, the concentration of road pollutants
spreads along the main route into the central urban, from the
Guangying Bridge to the Taiyanggong Bridge, then towards
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FIGURE 19: PM, 5 concentration of the urban road network at 7am in August.

F1GURE 20: The pollutant concentration of the road network at 7am, 8am and 9am the peak of Beijing.

Zhongguancun and Xizhimen. There is also pollutant dis-
persion to the direction of Guomao. Tongzhou District,
Beijing’s administrative subcenter, is located in the east of
the central urban. Therefore, at the morning rush hour, the
road pollution concentration between the Beijing-Tongtong
expressways is high, and the concentration of the pollutants
is transmitted from Tongzhou to the direction of Guomao.
In the southwest of the central urban, the concentration of

road pollutants also spreads from outside to the central
urban areas.

Because most of the data used in this study are based on
hourly observations, the accuracy of this study could be
limited. If data at the monitoring sites in minutes can be
obtained, the estimated pollutant propagation process can be
described in more detail. More detailed meteorological data
and traffic data are also helpful to improve the accuracy of
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urban road network pollutant concentration estimation. It
should also be noted that the establishment of more
monitoring equipment placed on urban road networks can
be conducive to improving the reliability of the monitoring
system. Therefore, in future studies, it is necessary to in-
troduce monitoring data placed on urban road networks.
Besides, the advancement of electric vehicle technology and
the popularization of charging facilities in cities will increase
the use of electric vehicles in cities, bringing changes in the
composition of mobility tools, which consequently influ-
ences emission and pollutant concentration as a whole.

5. Conclusions

Since most of the monitoring sites are far away from the
arterial road, the concentration of PM, 5 at the city moni-
toring sites cannot reflect the pollution situation near roads,
and the value of pollutant concentration may be under-
estimated. The PM, 5 concentration on the road maybe 2-5
times that of urban monitoring sites.

It can be seen from the estimated results of the PM, 5
concentration of the road network that there are some heavily
polluted road sections within the Fourth Ring Road, such as
Xizhimen, Guomao, and Deshengmen. The PM, 5 concen-
tration at these critical road sections exceeds 70 yg/m?>. In the
north of the central city, the PM, 5 concentration on the road
spreads through the Jianxiang Bridge and Sun Palace Bridge
to Xizhimen, in the southeast of the central city, from
Tongzhou to Zuoanmen and Guomao, and in the southwest
of the central city, from Fangshan to Fuxingmen and the
Lotus Bridge. This can be found from the comparison of the
temporal and spatial distribution of road pollution concen-
tration and the relative distribution of traffic congestion.

The multivariate linear model shows that not only is the
PM, 5 concentration on urban road networks due to vehicle
emissions, but also PM, 5 in the background environment
and meteorological conditions play an important role.
Meteorologically, factors such as wind power, relative hu-
midity, and temperature have a nonnegligible effect on
pollutant concentration. Heavy rain may cause a significant
drop in PM, 5 concentration. It will be discussed further in
future research.

In this study, a method is established to estimate PM, 5
concentration of road network based on traffic status. The
model proposed in this study describes the spatial and
temporal distribution of traffic pollutants to a certain extent
and analyzed the relationship between traffic status, vehicle
emissions, input pollutant concentration, and the impact of
meteorology on pollutant concentration. This method may
have a contribution in the future when establishing an urban
air quality pollutant or health assessment framework. It will
be discussed further in future research.

Appendix

Experimental Monitoring Site

The 16 administrative districts of Beijing are Dongcheng
District, Xicheng District, Chaoyang District, Fengtai
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District, Shijingshan District, Haidian District, Shunyi
District, Tongzhou District, Daxing District, Fangshan
District, Mentougou District, Changping District, Pinggu
District, Miyun District, Huairou District, and Yanqing
District.

The vehicle GPS data used in this study come from our
long-term collection and some data from the Beijing Mu-
nicipal Transportation Administration.

The mathematical formulae for these coeflicients of the
goodness of fit are given in Table 7, where 3, is the i™
theoretical value (from the model), y; is the i empirical
(real) value, y; is the mean empirical value, and N is the
sample size.
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