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the difficulties in distinguishing between the resuspended and the deposited PM. This study
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created two Bayesian Networks (BN) models to explore the deposition and the re-suspension
of PM as well as the important influential factors. The outcomes of BN modelling revealed
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that deposition and re-suspension of PM10 occurred under both, high-traffic and low-traffic

Bayesian networks (BN)

conditions, and the re-suspension of PM2.5 occurred under low-traffic conditions. The de-

Particle build-up

position of PM10 under low-volume traffic condition is 1.6 times higher than under high-

Particulate re-suspension

volume traffic condition, which is attributed to the decrease in PM10 caused by relatively

Road surfaces

higher turbulence under high-volume traffic conditions. PM10 is more easily resuspended
from road surfaces compared to PM2.5 as the particles which larger than the thickness of the
laminar airflow over the road surface are more easily removed from road surfaces. The increase in wind speed contributes to the increase in PM build-up by transporting particulates
from roadside areas to the road surfaces and the airborne PM2.5 and PM10 increases with
the increase in relative humidity. The study outcomes provide a step improvement in the
understanding of the transfer processes of PM2.5 and PM10 between atmosphere and urban
road surfaces, which in turn will contribute to the effective design of mitigation measures
for urban stormwater and air pollution.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Particulate Matter (PM) in urban areas has raised significant concerns in relation to public health (Liu et al., 2018). For example,
PM in the atmosphere can contribute to respiratory and cardiovascular diseases, resulting in high mortality (Brook et al., 2010;
Liu et al., 2019; Yang et al., 2019). Similarly, PM deposited on urban road surfaces can be washed-off by stormwater runoff, lead∗

ing to non-point source pollution of receiving waters (Ma et al.,
2018).
Denby et al. (2018) reported that atmospheric deposition is
one of the important sources of road deposited PM. Additionally,
PM on road surfaces can re-suspend back into the atmosphere
(Amato et al., 2010; Amato et al., 2016). For example, Ramírez
et al. (2019) noted that local soils and pavement erosion are the
main sources (63%) of the PM10 fraction. Due to the dynamic nature of re-suspension and deposition of PM (Abt et al., 2000), the
investigation of the transfer of PM between the atmosphere and
road surfaces is challenging.
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Firstly, there are difficulties in distinguishing between PM resuspension and deposition. This is due to the fact that the fraction of re-suspended or deposited PM is difficult to assess. The
PM originating from wear emissions of traffic and road surfaces
cannot be differentiated easily using field data (Rissler et al.,
2012; Rivas et al., 2020). Secondly, although in recent years, a
number of research studies have been undertaken to investigate the re-suspension and the deposition of PM under the
influence of anthropogenic and natural factors, these studies
have explored the re-suspension process and deposition process separately, despite the fact that these two phases are closely
linked. For example, Fang et al. (2010) estimated the deposition
of particulate-bound Hg(p) using an improved deposition model,
and Moran et al. (2013) investigated the deposition of PM10 under the influences of wind turbulence using a conceptual model.
On the other hand, researchers have simply explored the resuspension process of PM. Ketzel et al. (2007) investigated particulate re-suspension via monitoring the tracer element NOx.
Amato et al. (2009) used factor analysis (FA) to estimate the
contribution of re-suspension of PM. Zhao et al. (2016) explored
the potential pollution contribution of re-suspension to atmospheric PM employing an innovative road dust index model.
In addition, the variation in influential factors such as traffic conditions and weather characteristics further adds to the
complexity in understanding the transfer of PM between road
surfaces and the atmosphere. Traffic volume is a significant
factor that influences the re-suspension of PM. As noted by
Hinds (1999), the airflow generated by passing vehicles induces
the re-suspension of PM on road surfaces. Factors such as land
use, street sweeping frequency, road surface texture depth, and
wind speed can indirectly influence the re-suspension of PM by
affecting the amount of PM on road surfaces (Keuken et al., 2010;
Gunawardana et al., 2012; Amato et al., 2016; Liu et al., 2017;
Li et al., 2018; Crilley et al., 2017). Factors such as atmospheric
temperature, relative humidity, wind speed and traffic volume
also contribute to the transfer of PM between road surfaces and
the atmosphere (Artı´ñano et al., 2004; Tai et al., 2010; Amato
et al., 2014; He et al., 2017).
Although the relationships between airborne PM concentration and meteorological parameters have been investigated
(Gui et al., 2019), so far, no methodological approaches have
been established to create an in-depth understanding of PM resuspension and deposition, namely, the exchange of PM between
the atmosphere and road surfaces. Further, the impacts of influential factors on the transfer of PM is not clearly known. Therefore, there is a knowledge gap in relation to the transfer of PM
between the atmosphere and road surfaces as well as the role
played by the various influential factors.
Accordingly, the primary aim of this study was to understand
the exchange of PM between the atmosphere and road surfaces.
Accordingly, two statistical models were developed to explore
the deposition and re-suspension of PM. The impacts of anthropogenic factors (traffic and road sweeping activity), road surface
condition (road texture depth), as well as meteorological factors
(wind speed, atmospheric temperature and relative humidity) on
the transfer of PM were also investigated. The outcomes of this
study present new insights for understanding PM transfer between the atmosphere and road surfaces, and the role played by
a range of influential factors on the transfer of PM. Consequently,
it will contribute to the formulation of more effective stormwater and air pollution mitigation strategies.

1.

Materials and methods

1.1.

Study sites and data collection

1.1.1.

Study sites

The location of study sites is provided in Fig. S1 in the Supplementary Information. The sampling sites are located in Hebi City,
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Henan Province, China. Hebi City hosts 1.6 million people and
has a sub-humid climate with wet summers and dry winters
with 350-970 mm annual rainfall and an average annual atmospheric temperature of about 14°C. Two roads, R1 and R4 were
selected as sampling sites. The traffic volume at R4 (36,000 vehicles per day) site is about 20 times the traffic volume at R1 site
(1,800 vehicles per day). The road surface texture depth of R1 and
R4 is 0.33 mm and 0.28 mm, respectively. The road sweeping frequency of R1 and R4 were twice a day and four times a day, respectively (Wei et al., 2019).

1.1.2.

Data collection

Current air quality standards for particulate matter uses the
mass concentration of PM2.5 (Particulate matter aerodynamic
diameter < 2.5 μm) and PM10 (Particulate matter aerodynamic
diameter between 2.5 and 10 μm) as metrics (Janssen et al., 2011),
which are supported by health studies, showing it is inhalable
(Cao et al., 2014) and are carriers of toxicants such as metals and
hydrocarbons (Pandey et al., 2013). Hence, in this study, PM2.5
and PM10 were chosen to investigate the re-suspension and the
deposition of PM.
In order to investigate the re-suspension and the deposition
of PM2.5 and PM10, data on PM build-up on road surfaces and
data on airborne PM in the atmosphere were needed. Accordingly, PM build-up samples were collected from small plots of
2-20 m2 , 0.5 m from the road edge at each road site for antecedent dry periods of 1, 2, 3, 4, 5, 7, 9, 11 and 13 days. Samples were initially collected using a domestic wet and dry vacuum cleaner (Deerma DX132F), which was found to have a removal efficiency of 95% for 0.3 μm particles (confirmed by the
supplier). Details on data collection on PM build-up can be found
in Wei et al. (2019). The smallest size class of 0-22μm PM was selected to investigate the PM exchange between road surfaces and
atmosphere. Data on sweeping frequency at the two road sites
were obtained from the road cleaning agency. The road surface
texture depth was measured using the Sand Patch Test method
(Kim et al., 2013). Data on airborne PM2.5 and PM10 for the 9
antecedent dry periods were obtained from the website of the
Ministry of Ecology and Environment of the People’s Republic
of China (http://www.mee.gov.cn/, date: 2017.10.14-2017.10.31).
The hourly PM2.5 and PM10 data are published online, and the
mean daily data were collected for this study.
Data on wind speed, atmospheric temperature and relative
humidity were obtained from the Yinbingguan air quality monitoring station which is managed by the Chinese National Meteorological Information Centre and is the closest to the two buildup sampling sites. In the study sites, wind speed ranges from 05.4 m/sec. Daily traffic at each sampling site was video-recorded
during peak and non-peak periods, while a 24-hour video was
also recorded to infer the daily traffic volume.

1.2.

Bayesian networks (BN) modelling

Bayesian networks (BN) are a graphical modelling approach
based on Bayesian statistical methods, which characterise systems/processes as a network of collaborations between variables
from prime cause to final consequence, with all the cause-effect
assumptions made explicitly (Voinov and Bousquet, 2010). It defines relationships between variables in terms of the conditional
probabilities included in the network (Borsuk, 2008). The directed
acyclic graphical (DAG) structure (i.e. a directed graph without
any loops) is a general way to present BN in which variables are
represented by the nodes and the dependencies between nodes
are represented by directed edges (Phan et al., 2016).
The movement of PM from the atmosphere to road surfaces
can be understood by considering how airborne PM influences
PM build-up. The transfer of PM from road surfaces to the atmosphere can also be explained by considering how PM build-up
influences airborne PM. In addition, the influence of traffic volume, land use, street sweeping frequency, road surface texture
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Fig. 1 – DAG structure for the BN model (1) to investigate PM transfer from the atmosphere to road surfaces.

depth, and wind speed on PM build-up as well as the role of atmospheric temperature, relative humidity, wind speed and traffic volume on airborne PM were also needed to be explained to
better understand the transfer of PM. Therefore, in order to identify the exchange of PM, the relationships between the variables
noted above were identified using BN.

2.

Results and discussion

2.1.

Development of BN models

2.1.1.

Model set up

As discussed in Section 2.2, the BN model (1), namely, the deposition model, was proposed to recognize the transfer of PM from
the atmosphere to road surfaces, as depicted in Fig. 1. In the BN
model (1), the PM build-up was taken as the primary receptor
which is directly influenced by airborne PM, as well as factors
such as traffic volume, sweeping frequency, texture depth, and
wind speed, and indirectly influenced by atmospheric temperature and relative humidity.
BN model (2), namely the re-suspension model, was proposed
to distinguish the PM transfer from road surfaces to the atmosphere, as depicted in Fig. 2. In BN model (2), the airborne PM was
taken as the main receptor which is directly influenced by PM
build-up, as well as factors such as traffic volume, wind speed,
atmospheric temperature and relative humidity and indirectly
influenced by sweeping frequency and texture depth. Land use
was not included in both, BN model (1) and BN model (2) as it
was similar for both sampling sites.

2.1.2.

but does not change obviously with sampling date. Hence, data
relating to traffic volume, sweeping frequency and road texture
depth were input into the BN model as qualitative data. Data on
PM build-up, airborne PM10 and PM2.5, wind speed, atmospheric
temperature and relative humidity were quantitative data. The
qualitative data were input as Yes/No. In order to present the
impact of traffic volume, sweeping frequency and road texture
depth more directly, “Yes” was considered as high-volume traffic conditions > 10,000 vehicles/day, high sweeping frequency >
3 times/day, and shallow texture depth < 0.3 mm, and “No” was
regarded as low-volume traffic condition (low traffic volume <
10,000 vehicles/day, low sweeping frequency < 3 times/day, and
deep texture depth > 0.3 mm).

2.2.

Case study: the transfer of PM

2.2.1.

Performance of the BN modelling

The data collected were input into the two BN models to explore the deposition of airborne PM2.5 and PM10 and the resuspension of the PM build-up. The results of the simulation of
the BN model (1) and BN model (2) are given in Fig. S2 and Fig. S3
in the Supplementary Information. From these figures, it is evident that model simulations are satisfactory for the PM build-up,
airborne PM2.5 and airborne PM10.
The conditional regression coefficients for the influential factors of the BN model (1) are shown in Table 1, which indicates
the deposition of airborne PM. The conditional regression coefficients of BN model (2) are shown in Table 2, which indicates the
re-suspension of build-up PM. As shown in Table 1 and Table 2,
the coefficients under high-volume traffic condition and lowvolume traffic conditions were obtained.

Model input

Before data input into the BN models, the distribution and corrlelation of the data were investigated using SPSS. It was found
that: (1) sweeping frequency and road texture depth are constant; (2) the daily traffic volume changes with the study sites,

2.2.2.

Analysis of the deposition of PM

The positive/negative coefficients in Table 1 relates to the positive/negative impact on airborne PM2.5, PM10 from influential
factors on PM build-up; the relative humidity, atmospheric tem-
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Fig. 2 – DAG structure for the BN model (2) to investigate PM transfer from road surfaces to the atmosphere.

Table 1 – Conditional regression coefficients for the influential factors of PM build-up (conditional Gaussian distribution,
standardized data) for BN model (1).
Conditional density: PM build-up | Airborne PM2.5: Airborne PM10: Wind speed
Coefficients (Contribution %)

Intercept

Airborne PM2.5

Airborne PM10

Wind speed

High-volume traffic condition
Low-volume traffic condition

-0.84
0.63

-0.42
-0.85

0.55
0.88

0.24
0.53

Note 1: Conditional density refers to the probability density function for the PM build-up, given Airborne PM2.5, Airborne PM10, and wind speed.
Note 2: Data on sweeping frequency, texture depth and traffic volume were fed as qualitative data and the impacts were integrated into high/low
-volume traffic conditions.

Table 2 – Conditional regression coefficients for airborne PM2.5 and PM10 (conditional Gaussian distribution, standardized
data) for BN model (2).
Conditional density: Airborne PM2.5 or PM10 | PM build-up: Relative humidity: Atmospheric temperature: Wind speed
Coefficients (Contribution %)

Intercept

PM build-up

Relative humidity

Atmospheric temperature

Wind speed

Airborne
PM2.5
Airborne
PM10

-0.32
-0.14
0.78
-0.27

-0.5
0.13
0.75
0.29

1.09
0.54
1.08
0.70

0.11
0.50
-0.14
0.12

0.19
0.03
-0.21
-0.19

High-volume traffic condition
Low-volume traffic condition
High-volume traffic condition
Low-volume traffic condition

Note 1: Conditional density refers to the probability density function of airborne PM2.5 or PM10, given PM build-up, relative humidity, atmospheric temperature, and wind speed.
Note 2: Data on sweeping frequency, texture depth and traffic volume were fed as qualitative data and the impacts were integrated into high/low
-volume traffic conditions.

perature as well as wind speed. These positive or negative impacts are presented in Table 3.
It is evident from Table 3, that in BN model (1), the impacts
of airborne PM10 on PM build-up are positive under both, highvolume and low-volume traffic condition. This suggests that
with the increase in airborne PM10, the amount of PM build-up

increases, which coincides with the deposition behaviour of airborne PM. This means that PM10 undergoes obvious deposition
under both, high-volume and low-volume traffic conditions. It
is also evident from Table 3 that under both, high-volume and
low-volume traffic conditions, the impact of airborne PM2.5 on
the PM build-up is negative. This indicates that the increased
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Table 3 – Impact on PM build-up from influential factors.
Relationships
PM build-up

High-volume traffic condition
Low-volume traffic condition

Airborne PM2.5

Airborne PM10

Wind speed

-

+
+

+
+

Table 4 – Impacts on airborne PM2.5 and PM10 from PM build-up as well as influential factors.
Relationships
Airborne
PM2.5
Airborne
PM10

High-volume traffic condition
Low-volume traffic condition
High-volume traffic condition
Low-volume traffic condition

PM build-up

Relative humidity

Atmospheric temperature

Wind speed

+
+
+

+
+
+
+

+
+
+

+
+
-

airborne PM2.5 do not cause an increase in the PM build-up. It
implies that the deposition of PM2.5 did not occur under both
high-volume and low-volume traffic conditions at the study site.
Table 1 shows that the conditional regression coefficient for
PM10 under low-volume traffic conditions (0.88) is 0.6 times
higher than it is under high-volume traffic conditions (0.55). This
implies that the deposition of PM10 is higher under low-volume
traffic conditions. This phenonmenon can be attributed to the
fact that high traffic volume would lead to greater re-suspension,
which further leads to relatively lower depostion process at the
study sites.

2.2.3.

Analysis of the re-suspension of PM

The positive/negative coefficients in Table 2 means the positive/negative impact on PM build-up from influential factors of
airborne PM2.5, PM10 as well as wind speed. These positive or
negative impacts are presented in Table 4.
As shown in Table 4, the impact of PM build-up on airborne
PM2.5 is negative under high-volume traffic condition, but is positive under low-traffic condition. This indicates the increased PM
build-up did not cause the increase in airborne PM2.5 at high
traffic volume condition, whereas it causes the increase in airborne PM2.5 at low traffic volume condition. It is also evident
from Table 4 that under both, low-volume and high-volume traffic conditions, PM build-up on road surfaces has positive impact on airborne PM10. This suggests the increased PM build-up
leading to the increase in airborne PM10 under both, high and
low-volume traffic conditions. Hence, the modelling results confirmed that PM10 exhibits re-suspension behaviour under both,
high-volume and low-volume traffic conditions at the study
sites, whilst PM2.5 exhibits re-suspension behaviour under lowvolume traffic conditions, but do not exhibit re-suspension behaviour under high-volume traffic conditions.
It can be inferred from above that PM10 are more easily resuspended from road surfaces compared to PM2.5. This phenomenon agrees with the concept proposed by Hinds (1999) that
due to the thin laminar airflow arising from traffic induced turbulence, only the particles that are larger than the thickness of
this airflow could be moved and resuspended.

2.2.4.

Impact of wind speed on PM build-up

As evident from Table 3, positive coefficients were obtained for
wind speed under both, high-volume and low-volume traffic
conditions. The positive coefficients suggest that PM build-up
increases with increased wind speed. This is attributed to the
fact that the increase in wind speed would contribute more fine
particles from roadside soil to the samplings sites.

2.2.5. Impacts of relative humidity, wind speed and atmospheric temperature on airborne PM 2.5 and PM10
Relative humidity, atmospheric temperature and wind speed
were the meteorological factors taken into consideration in the
analysis. As evident from Table 3, relative humidity has a positive
impact on airborne PM2.5 and PM10 under both, high-volume
and low-volume traffic conditions. This suggests that with the
increase in relative humidity, the amount of airborne PM2.5 and
PM10 increases. Similarly, Zhao et al. (2014) also found that PM10
and PM2.5 increases with increasing relative humidity.
As evident from Table 4, wind speed has a positive impact
on airborne PM2.5, but has a negative impact on airborne PM10.
This indicates that during the monitored days, the quantity of
PM2.5 grew with the increased wind speed ranging from 0-5.4
m/sec, and the amount of PM10 decreased with increasing wind
speed. The phenomenon that airborne PM10 decreases with increased wind speed has been confirmed by field observations undertaken by Akyuz and Cabuk, 2009.
As evident from Table 4, both positive and negative relationships between atmospheric temperature and airborne PM2.5
and PM10 were found in this study. The positive relationship
means that with the increase in atmospheric temperature, the
amount of airborne PM increases. The negative relationship indicates with the increasing atmospheric temperature, the amount
of airborne PM declines. The positive relationship between atmospheric temperature and airborne PM has been observed in
previous studies, such as the study by Vardoulakis and Kassomenos (2008) in Athens (Greece) and Birmingham(UK) and the
study by Zhao et al. (2014) in Beijing. It is worthy to note that
during the monitoring days, the atmospheric temperature at the
study sites only ranged from 17-24°C. Within this range, no clear
effect on airborne PM2.5 and PM10 were observed.

3.

Conclusions

This study investigated the re-suspension and deposition of
PM2.5 and PM10 by creating a deposition model and a resuspension model based on Bayes Network model. The study
outcomes confirmed PM10 displays deposition behaviour under both, high and low-volume traffic condition as well as resuspension. On the other hand, PM2.5 displays re-suspension of
under low-volume traffic condition. The study results also revealed that the deposition of PM2.5 under both, high and lowvolume traffic condition and the re-suspension of PM2.5 under
high-volume traffic conditions did not occur in the study area.
In addtion, the positive impact of wind speed on PM build-up,
the positive impact of relative humidity on airborne PM2.5 and
PM10, the positive impact of wind speed on airborne PM2.5, as
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well as the negative impact of wind speed on airborne PM10 were
noted. The study outcomes provide an in-depth understanding
of the re-suspension and deposition of PM, which will contribute
to the development of more reliable stormwater treatment and
air pollution mitigation strategies.
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