
Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Understanding re-distribution of road deposited particle-bound pollutants
using a Bayesian Network (BN) approach

An Liua,b,c, Buddhi Wijesirib,d,⁎, Nian Honga,c, Panfeng Zhua,c, Prasanna Egodawattab,
Ashantha Goonetillekeb

a College of Chemistry and Environmental Engineering, Shenzhen University, Shenzhen 518060, China
b Science and Engineering Faculty, Queensland University of Technology (QUT), GPO Box 2434, Brisbane, Qld 4001, Australia
c Shenzhen Key Laboratory of Environmental Chemistry and Ecological Remediation, Shenzhen 518060, China
d School of Environment, Beijing Normal University, Beijing 100875, China

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
BTEX
Bayesian Networks
Stormwater quality
Stormwater pollutant processes
Pollutants re-distribution

A B S T R A C T

Road deposited pollutants (build-up) are continuously re-distributed by external factors such as traffic and wind
turbulence, influencing stormwater runoff quality. However, current stormwater quality modelling approaches
do not account for the re-distribution of pollutants. This undermines the accuracy of stormwater quality pre-
dictions, constraining the design of effective stormwater treatment measures. This study, using over 1000 data
points, developed a Bayesian Network modelling approach to investigate the re-distribution of pollutant build-up
on urban road surfaces. BTEX, which are a group of highly toxic pollutants, was the case study pollutants. Build-
up sampling was undertaken in Shenzhen, China, using a dry and wet vacuuming method. The research out-
comes confirmed that the vehicle type and particle size significantly influence the re-distribution of particle-
bound BTEX. Compared to heavy-duty traffic in commercial areas, light-duty traffic dominates the re-distribu-
tion of particles of all size ranges. In industrial areas, heavy-duty traffic re-distributes particles> 75 μm, and
light-duty traffic re-distributes particles< 75 μm. In residential areas, light-duty traffic re-distributes
particles> 300 μm and<75 μm and heavy-duty traffic re-distributes particles in the 300–150 μm range. The
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study results provide important insights to improve stormwater quality modelling and the interpretation of
modelling outcomes, contributing to safeguard the urban water environment.

1. Introduction

Pollutants deposited (build-up) on road surfaces are eventually
washed-off by stormwater runoff and transported to receiving waters,
deteriorating water quality. Consequently, these pollutants can pose
ecological and human health risks. In this context, an effective treat-
ment design for the removal of these pollutants from stormwater runoff
is essential to secure the safety of the urban water environment and to
mitigate the potential risks. The effectiveness of stormwater treatment
relies on an in-depth understanding of pollutant processes. Pollutant
build-up and re-distribution are among the most important processes in
relation to pollutant accumulation on urban surfaces during the dry
seasons [1,2].

It is commonly known that particles act as a mobile substrate and
play the most important role in the transport of other road deposited
pollutants to receiving waters during storm events [3,4]. Pollutant
build-up on road surfaces generally increases with antecedent dry days
and then approaches an almost constant value after around 7–9 days
[5]. However, the build-up process is continuously disturbed by ex-
ternal factors such as traffic, periodic street sweeping and wind tur-
bulence [6]. This results in pollutant re-distribution on road surfaces,
which significantly influences pollutant load allocation between the
ground phase and atmospheric phase, and thereby the pollutant con-
centrations in stormwater runoff. Additionally, the road surface con-
dition is found to influence the retaining of pollutants [7], and

consequently, affects pollutants re-distribution. However, current
stormwater quality modelling approaches describe pollutant build-up
as a continuously increasing trend that approaches a relatively constant
value after a certain number of dry days [8], and do not consider pol-
lutants re-distribution over the antecedent dry period. This could un-
dermine the accurate prediction of stormwater quality, and thereby
adversely affect the effectiveness of stormwater quality treatment
strategies.

Particle size is an important influential factor in pollutant re-dis-
tribution. Nicholson and Branson [9] found that particles larger than
10 μm are readily re-distributed compared to particles smaller than
10 μm. This phenomenon (i.e. relatively coarser particles are more
susceptible to re-distribution compared to finer particles) occurs when
the particles are subjected to traffic induced re-suspension [10,11]. As
explained by Hinds [12], this is caused by the thin laminar airflow that
exists at the surface caused by traffic induced turbulent airstreams.
Particles larger than the thickness of this laminar airflow are subjected
to turbulent eddies and then re-suspended, while particles smaller than
the thickness of the laminar airflow barely undergo re-suspension, and
are thus less likely to be re-distributed. However, when particles are
larger than a certain size, they are difficult to be disturbed due to their
weight, constraining re-distribution. Additionally, particle size also
significantly influences the adsorption of pollutants. Finer particles tend
to adsorb more pollutants due to the relatively larger specific surface
area [13].

Fig. 1. Locations of study sites (R – Residential; C – Commercial; I – Industrial).
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As pollutant re-distribution is strongly influenced by a range of
external factors as discussed above, exploring the relationship between
re-distribution and these influential factors is crucial. This can advance
the understanding of pollutant re-distribution, and thereby contribute
to improving stormwater quality modelling. In this context, it is ne-
cessary to create a robust approach for analysing the interdependencies
between pollutant re-distribution and their influential factors. Bayesian
Network (BN) modelling is an emerging probabilistic graphical mod-
elling approach which represents a set of variables and their conditional
dependencies through a directed acyclic graph (DAG). In conclusion,
the BN approach has the capability for effectively analysing complex
environmental systems and processes.

A BN modelling approach was developed to undertake research on
pollutant re-distribution using BTEX as the case study pollutant group
to demonstrate the practical application of the study outcomes. Among
road deposited pollutants, BTEX are a group of toxic pollutants which
primarily include benzene, toluene (or methylbenzene), ethylbenzene
and xylene (m-xylene, o-xylene and p-xylene). Especially styrene is also
considered as part of this group of pollutants [14]. In the urban en-
vironment, these pollutants are sourced from traffic activities such as
vehicle emissions and fuel and oil leakages [15], as well as industrial
activities, landfill sites, municipal solid waste stations and domestic
heating [16–18]. However, it has been reported that traffic related
activities are the primary source of BTEX with over 45% of BTEX
emissions in a typical urban environment originating from gas stations
and petrol and vehicle emissions [19,20]. The high BTEX emissions and
resulting high toxicity leads to potential human and ecosystem health
risks in the urban environment.

This paper presents an in-depth investigation on pollutant re-dis-
tribution and their influential factors. A range of influential factors
were accounted for in the study, including land use, traffic and road

surface condition. The research outcomes are expected to provide im-
portant insights for improving current practices in relation to storm-
water quality modelling, and thereby the formulation of effective
stormwater treatment strategies. This will contribute to safeguarding
the urban water environment and mitigating ecological and human
health risks posed by polluted stormwater runoff.

2. Materials and methods

2.1. Study sites

The study area was located in Shenzhen, China, which is recognised
as a typical metropolis in the Southern part of China. Shenzhen has a
population of approximately 12 million, and has about 3.14 million

Fig. 2. Structure of the Bayesian Network (BN) model. Note: Conditional density refers to the probability density function of the variables; traffic, solids build-up and
particle-bound pollutants build-up, given each of their parent variables.

Table 1
Conditional regression coefficients (intercept) for traffic volume (conditional
Gaussian distribution, log transformed data).

Commercial
(Com)

Industrial
(Ind)

Residential (Res)

Heavy-duty traffic
Intercept 2.30 2.23 0.763
Standard deviation of

residuals
0.428 0.273 4.40

Light-duty traffic
Intercept 3.18 2.97 3.12
Standard deviation of

residuals
0.312 0.378 0.557

Conditional density: Traffic| Com : Ind : Res

Note: Conditional density refers to the probability density function of ‘Traffic’,
given land use types (commercial, industrial and residential).

A. Liu et al. Journal of Hazardous Materials 355 (2018) 56–64

58



Ta
bl
e
2

C
on

di
ti
on

al
re
gr
es
si
on

co
effi

ci
en

ts
fo
r
bu

ild
-u
p
of

pa
rt
ic
ul
at
e
so
lid

s
(c
on

di
ti
on

al
G
au

ss
ia
n
di
st
ri
bu

ti
on

,
lo
g
tr
an

sf
or
m
ed

da
ta
).

C
om

m
er
ci
al

(C
om

)
In
du

st
ri
al

(I
nd

)
R
es
id
en

ti
al

(R
es
)

>
30

0
μm

30
0–

15
0
μm

15
0–

10
0
μm

10
0–

75
μm

<
75

μm
>

30
0
μm

30
0–

15
0
μm

15
0–

10
0
μm

10
0–

75
μm

<
75

μm
>

30
0
μm

30
0–

15
0
μm

15
0–

10
0
μm

10
0–

75
μm

<
75

μm

In
te
rc
ep

t
−

6.
66

−
5.
31

−
6.
89

−
7.
03

−
7.
17

−
6.
77

−
6.
88

−
7.
07

−
7.
17

−
10

.2
−
6.
50

−
11

.1
−
7.
21

−
7.
20

−
5.
72

H
T

0.
42

8
1.
08

0.
44

0
0.
36

3
0.
30

9
−

1.
25

−
1.
12

−
0.
98

5
−
0.
95

5
3.
21

0.
23

8
−

0.
38

1
−
0.
09

70
−
0.
09

30
0.
41

6
LT

−
0.
64

1
−
1.
57

−
0.
63

0
−
0.
54

6
−

0.
40

2
0.
64

2
0.
54

7
0.
48

5
0.
47

8
−
1.
71

−
0.
49

3
0.
94

8
−
0.
08

80
−
0.
10

6
−
0.
68

2
TD

−
0.
10

0
0.
07

40
0.
01

90
0.
13

0
−

0.
05

40
0.
12

3
−
0.
45

6
−

0.
75

1
−
0.
73

5
−
1.
24

0.
61

9
8.
10

0.
65

4
0.
71

3
−
9.
68

St
an

da
rd

de
vi
at
io
n
of

re
si
du

al
s

4.
95

4.
79

4.
64

4.
55

4.
92

4.
96

4.
76

4.
63

4.
50

4.
52

4.
94

3.
98

4.
95

4.
86

5.
02

C
on

di
ti
on

al
de

ns
it
y:

B|
H
T:

LT
:T

D
:C

om
:I
nd

:R
es

N
ot
e
1:

B
–
bu

ild
-u
p
of

si
ze

fr
ac
ti
on

at
ed

pa
rt
ic
le
s;

H
T
–
he

av
y-
du

ty
tr
affi

c;
LT

–
lig

ht
-d
ut
y
tr
affi

c;
TD

–t
ex
tu
re

de
pt
h.

N
ot
e
2:

C
on

di
ti
on

al
de

ns
it
y
re
fe
rs

to
th
e
pr
ob

ab
ili
ty

de
ns
it
y
fu
nc

ti
on

of
pa

rt
ic
ul
at
e
so
lid

s
bu

ild
-u
p,

gi
ve

n
tr
affi

c
vo

lu
m
e,

ro
ad

su
rf
ac
e
te
xt
ur
e
de

pt
h
an

d
la
nd

us
e
ty
pe

.

Ta
bl
e
3

PA
R
T
A
:R

el
at
io
ns
hi
ps

be
tw

ee
n
bu

ild
-u
p
of

si
ze
-f
ra
ct
io
na

te
d
pa

rt
ic
le
s
an

d
tr
affi

c
vo

lu
m
e,

ro
ad

su
rf
ac
e
co

nd
it
io
n
an

d
la
nd

us
e
ty
pe

;P
A
R
T
B:

R
el
at
io
ns
hi
ps

be
tw

ee
n
bu

ild
-u
p
of

pa
rt
ic
le
-b
ou

nd
po

llu
ta
nt
s
an

d
bu

ild
-u
p
of

pa
rt
ic
ul
at
e
so
lid

s,
tr
affi

c
vo

lu
m
e,

ro
ad

su
rf
ac
e
co

nd
it
io
n
an

d
la
nd

us
e
ty
pe

.

PA
R
T
A

Pa
rt
ic
le

Si
ze

R
an

ge
(μ
m
)

C
om

m
er
ci
al

In
du

st
ri
al

R
es
id
en

ti
al

H
T

LT
TD

H
T

LT
TD

H
T

LT
TD

>
30

0
+

–
–

–
+

+
+

–
+

30
0–

15
0

+
–

–
+

15
0–

10
0

–
–

10
0–

75
<

75
–

+
–

+
–

–

PA
R
T
B

Pa
rt
ic
le
-b
ou

nd
po

llu
ta
nt

(B
TE

X
)

C
om

m
er
ci
al

In
du

st
ri
al

R
es
id
en

ti
al

B
H
T

LT
TD

B
H
T

LT
TD

B
H
T

LT
TD

Be
nz

en
e

+
–

+
+

+
+

–
+

+
+

–
+

o-
X
yl
en

e
–

+
–

+
–

St
yr
en

e
+

–
–

–
–

N
ot
e:

B
–
bu

ild
-u
p
of

pa
rt
ic
ul
at
e
so
lid

s
in

di
ff
er
en

t
si
ze

ra
ng

es
;H

T
–
he

av
y-
du

ty
tr
affi

c;
LT

–
lig

ht
-d
ut
y
tr
affi

c;
TD

–t
ex
tu
re

de
pt
h.

A. Liu et al. Journal of Hazardous Materials 355 (2018) 56–64

59



vehicles. Seventeen roads encompassing different urban land uses were
selected as study sites. Among the surrounding land uses, there were six
residential areas, six industrial areas and five commercial areas. Light-
duty and heavy-duty vehicle volumes were measured at each road,
individually, because different vehicle types can emit different amounts
of pollutants such as BTEX [21]. All roads are paved with asphalt. The
road texture depth (representing road surface roughness) was measured
for each road. The method of measuring road texture depth is described
in the Supplementary Information. Fig. 1 shows the study sites, while
the locations and characteristics of the study sites (geo-coordinates,
traffic, land use and road surface roughness) are given in Table S1 in the
Supplementary Information.

2.2. Build-up sample collection and laboratory testing

Build-up samples were collected using a dry and wet vacuuming
method. A 2m×2m frame was used to demarcate a test plot. The
frame was placed between the kerb and the median strip of the road.
This was to collect representative samples, since the area close to the
kerb generally has a higher pollutant build-up load than the median
strip [22]. All build-up samples were collected after seven antecedent
dry days. This was due to the fact that pollutant build-up on road
surfaces asymptotes to an almost constant value after a 7–9 day ante-
cedent dry period [23]. There were no street cleaning activities during
the sampling periods. One sample was collected from each road site.
Accordingly, a total of 17 build-up samples were collected from the
selected road sites.

The collected samples were separated into sub-samples based on
five particle size ranges using wet sieving. Particle size ranges
were,> 300 μm, 300–150 μm, 150–100 μm, 100–75 μm and<75 μm.
The sub-samples were then analysed for BTEX (benzene, ethylbenzene,

methylbenzene, m-xylene, o-xylene, p-xylene and styrene). A headspace
system along with an Agilent 7890 gas chromatograph-5975 mass se-
lective detector (GC–MS) was used for sample extraction and analysis.
Calibration standards, internal standards, surrogate spikes and blanks
were used as part of the quality control and quality assurance proce-
dures. The recovery ranged from 72.9% to 109.4%, which is within the
acceptable range reported in the literature [11]. Additionally, particu-
late solids load for the five particle size ranges were determined using
Gravimetric Methods 2540C and 2540D [24]. This was to investigate
the re-distribution of different sized particles.

2.3. Bayesian network modelling: theory and model setup

BN modelling is based on Bayesian statistical methods. The struc-
ture of a BN primarily includes three components: (1) nodes except for
root nodes as a function of a myriad of other variables; (2) relationships
between node variables (edges); and (3) conditional probability tables
reflecting the influence of one node variable on another node variable
(Fig. S1 in the Supplementary Information) [25,26]. BN modelling uses
Structure Learning Algorithms to learn the modelling structure. Subse-
quently, given the data and the learned model structure, a predictive
analysis is conducted to estimate parameters of the model commonly
based on Maximum Likelihood Estimates [26–28].

In this study, a BN was proposed to analyse the relationships be-
tween traffic, land use, road surface roughness, particle size and re-
distribution of particle-bound BTEX (as a case study) on road surfaces.
Accordingly, the build-up of solids in different size ranges, vehicular
traffic volume (including light-duty and heavy-duty vehicle volumes),
road surface texture depth and the three land use types (industrial,
commercial and residential) were identified as the factors that influence
the accumulation and re-distribution of particle-bound pollutants (such

Fig. 3. Variation in predicted values against observed (measured) data for BTEX build-up.
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as BTEX) [21].
The input data for the BN model included observed (measured)

build-up of size fractionated particles, observed (measured) build-up of
the selected particle-bound BTEX in each particle size fraction, ob-
served volumes of light and heavy-duty vehicular traffic volumes, road
surface texture depth and land use type at each study site. All observed
data were input into the BN model as quantitative data, except for land
use type which was input as qualitative data (i.e. data were input using
‘Yes’ and ‘No’ scenarios, such that for example, the data for the variable
‘Industrial’, was input into the model as ‘Yes’ for predominantly in-
dustrial sites, while variables ‘Residential’ and ‘Commercial’ was input
as ‘No’ for the same site). In summary, the dataset used for undertaking
BN modelling consisted of more than 1000 data points within the data
matrix: 17 sites × 5 particle sizes × (7 BTEX species + total solids + 6
influential factors including traffic, land use and road surface condi-
tion).

To estimate the model parameters, the analysis was conducted by
fitting the probability density functions corresponding to the proposed
BN model with observed data, minimising the difference between ob-
served and predicted values. This was undertaken using the bnlearn R
statistical computing package [26,29,30]. The estimated parameters
provided information about the type and relative strength of relation-
ships between influential factors (traffic, land use, road surface condi-
tion and particle sizes) and the build-up of toxic pollutants associated
with particulate solids. Thus, the BN model facilitated the quantitative
evaluation of the influence of traffic in areas with different land uses on
the re-distribution of particle-bound pollutants during build-up. More-
over, it is important to note that the predictive analysis was conditional
on the structure of the proposed BN. The inherent flexibility of BNs
enables improvement to the model predictive performance by in-
corporating additional influential factors in relation to the build-up of
the pollutants of interest when new knowledge is created [27].

3. Results and discussion

3.1. Developing relationships between particle-bound pollutants build-up
and influential factors

Fig. 2 depicts the proposed BN that describes the interdependencies
between build-up of particle-bound pollutants and particulate solids
under the influence of vehicular traffic, different land uses and road
surface conditions. These relationships, which underpinned the devel-
opment of the BN structure, were identified based on the outcomes of
past research studies. These included: (1) build-up of particle-bound
pollutants depends primarily on the build-up of particulate solids
[31,32]; (2) vehicular traffic and land use type are major sources of
particle-bound pollutants [33–35]; (3) traffic volume varies with land
use [36–38]; and (4) road texture depth, which is a measure of surface
roughness, influences the amount of pollutants accumulated on road
surfaces [39].

3.2. Case study—understanding BTEX re-distribution

3.2.1. Influence of land use on vehicular traffic
As evident from the literature, the type of land use influences the

traffic characteristics in a particular area (as discussed in Section 3.3).
The current study accounted for both, light and heavy-duty traffic at all
sites. Hence, it was important to understand the relationships between
the three land uses and the corresponding traffic conditions. Table 1
shows conditional regression coefficients for the two types of traffic
conditions. It is evident that heavy-duty traffic volume is significantly
higher in commercial and industrial sites compared to residential sites.
This is attributed to the difference in typical anthropogenic activities
associated with each land use type (i.e. heavy-duty vehicles are com-
monly used for goods handling and transportation purposes in

Fig. 4. Variation in residuals against predicted values of BTEX build-up.
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commercial and industrial areas). Further, although light-duty traffic
volume is higher than heavy-duty traffic volume, the modelling out-
comes show relatively small difference in light-duty traffic volume
among the three land use types compared to the difference in heavy-
duty traffic volume. The difference was observed by comparing the
difference in conditional regression coefficients between different land
uses in Table 1.

3.2.2. Influence of traffic on build-up of particulate solids
The relationships between the build-up of particles of different size

ranges and traffic volume at the study sites with different road surface
conditions and land uses were identified based on the estimated con-
ditional regression coefficients given in Table 2 (standard errors for the
estimates are given in Table S2 in the Supplementary information).
PART A in Table 3 shows the types of relationships identified. It is
evident that particulate solids of different size ranges have different
relationships with heavy and light-duty traffic.

The inverse relationships (negative conditional regression coeffi-
cients) of different sized particles with heavy/light-duty traffic (PART A
in Table 3) mean that the amount of particulate solids build-up on road
surfaces decreases with the increase in traffic volume. This implies that
traffic causes the removal of particulate solids accumulated on the road
surface, which could potentially result in the re-distribution of particles

due to turbulent air streams created by vehicle movement. Further, it is
important to note that vehicle induced turbulence can be significantly
different between heavy and light-duty vehicles. This is due to heavy-
duty vehicles being typically larger in size compared to light-duty ve-
hicles, and light-duty vehicles are allowed higher speed limits than for
heavy-duty vehicles [40,41]. Therefore, the inherent aerodynamic
features of heavy and light-duty vehicles and their specific influences
on traffic can exert different impacts on particle re-distribution.

According to PART A in Table 3, it is likely that in commercial areas,
light-duty traffic has a significant influence on the re-distribution of
particles of all size ranges, compared to that of heavy-duty traffic. Si-
milarly, in industrial areas, heavy-duty traffic influences the re-dis-
tribution of particles> 75 μm, and light-duty traffic influences the re-
distribution of particles< 75 μm. Further, in residential areas, light-
duty traffic influences the re-distribution of particles> 300 μm and<
75 μm; heavy-duty traffic influences the re-distribution of particles in
the 300–150 μm range; both, heavy and light-duty traffic influence the
re-distribution of particles in 150–75 μm. It is evident that influence of
traffic on the re-distribution of road-deposited solids varies between
different particle-size ranges. As such, land use also influences particle
re-distribution as traffic conditions and particle size distributions vary
between different land uses.

Moreover, it is evident that the influence of road surface texture
depth is different between the build-up of fine and coarse particles,
particularly particles< 75 μm and>300 μm. As such, it can be ex-
pected that particles which show positive relationships with texture
depth are likely to be retained on road surfaces due to the potentially
reduced exposure (given higher texture depth) to traffic induced tur-
bulence. On the other hand, given that traffic is capable of producing
strong turbulent eddies (e.g. turbulent air streams created by heavy-
duty vehicles), particles that show inverse relationships (negative
conditional regression coefficients) with texture depth may be re-dis-
tributed even in areas where there is relatively higher texture depth.

Table 4
Conditional regression coefficients for build-up of particle-bound Benzene, o-
Xylene and Styrene (conditional Gaussian distribution, log transformed data).

Commercial
(Com)

Industrial
(Ind)

Residential (Res)

Conditional density: Benzene| B : HT: LT : TD : Com : Ind : Res
Intercept 44.3 24.1 10.4
> 300 μm 1.24 0.652 0.244
300–150 μm 1.27 0.630 0.226
150–100μm 1.28 0.688 0.308
100–75 μm 1.25 0.642 0.211
< 75 μm 1.34 0.703 0.358
HT −1.31 0.531 0.0640
LT 2.15 −0.257 −0.503
TD 0.726 1.31 1.36
Standard deviation of

residuals
0.468 0.248 0.412

Conditional density: o-Xylene| B : HT: LT : TD : Com : Ind : Res
Intercept 7.21 16.2 33.5
> 300 μm 0.289 0.446 0.877
300–150 μm 0.285 0.452 0.884
150–100μm 0.251 0.433 0.889
100–75 μm 0.226 0.416 0.887
< 75 μm 0.244 0.427 0.875
HT −1.30 −0.0240 −0.0170
LT 1.72 0.146 0.0950
TD 0.525 0.306 −0.340
Standard deviation of

residuals
0.255 0.236 0.313

Conditional density: Styrene| B : HT: LT : TD : Com : Ind : Res
Intercept 19.9 19.3 31.9
> 300 μm 0.399 0.494 0.878
300–150 μm 0.389 0.473 0.864
150–100μm 0.388 0.475 0.883
100–75 μm 0.374 0.472 0.899
< 75 μm 0.441 0.502 0.928
HT 2.80 −0.0160 −0.0280
LT −3.76 −0.487 0.578
TD −0.379 −2.76 −0.486
Standard deviation of

residuals
0.186 0.238 0.395

Note 1: B – build-up of size fractionated particles; HT – heavy-duty traffic; LT –
light-duty traffic; TD–texture depth.
Note 2: Conditional density refers to the probability density function of BTEX
build-up, given solids build-up, traffic volume, road surface texture depth and
land use type.

Fig. 5. Variability due to pollutants re-distribution during build-up: (a) theo-
retical pollutants build-up; (b) pollutants build-up under field conditions
(adapted from Sartor and Boyd [51] and Wijesiri et al. [8]).
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Therefore, it is important to note that traffic plays a major role in
particle re-distribution, and in turn the re-distribution of associated
pollutants during build-up compared to other influential factors.

3.2.3. Influence of traffic on build-up of BTEX
The results of the analysis of prediction performance of the BN

model are given in Figs. 3 and 4. From these figures, it is evident that
model predictions are satisfactory for benzene, o-xylene and styrene.
Accurate relationships between build-up of particle-bound pollutants
and the influential factors could be identified only for these three pol-
lutants based on the estimated conditional regression coefficients given
in Table 4 (standard errors for the estimates are given in Table S3 in the
Supplementary Information). This could be due to the fact that the
model was developed based on the current knowledge on pollutant
build-up which is predominantly focused on particulate solids rather
than particle-bound pollutants.

Past studies have consistently shown that stormwater pollutants
such as toxic hydrocarbons are found in association with particulate
solids in urban environments [14,31,42–44]. However, the inter-
dependencies between factors that influence pollutant adsorption (e.g.
organic matter) are not well understood [31,32,45]. Hence, current
approaches for designing stormwater pollution mitigation strategies
have commonly focused on the accumulated particulate solid loads and
subsequent wash-off from urban surfaces rather than the pollutant loads
attached to particulate solids. For example, commonly used modelling
tools such as MIKE URBAN and SWMM lack accurate mathematical
formulations to define pollutant attachment to particulates [46].

Therefore, the proposed model needs to be refined by including
additional variables in order to improve the prediction performance.
This observation implies that the characteristics of pollutant adsorption
to particles could vary between pollutant types. As Gunawardana et al.
[47] have pointed out, different pollutants have different chemically
reactive surface functional groups, which influence the capacity of
pollutant-particulate binding. As such, it is noteworthy that the pro-
posed BN modelling approach not only enables the investigation of the
influence of traffic on the re-distribution of pollutants, but also provides
the opportunity to identify specific modifications of the model structure
required to establish the interdependencies between variables of in-
terest.

PART B in Table 3 shows the identified relationships between land
use, traffic, road surface roughness and the re-distribution of benzene,
o-xylene and styrene. It is evident that all three pollutants show positive
relationships with all particle size ranges. However, when comparing
the conditional regression coefficients relating to the build-up of size
fractionated particles and associated pollutants (Table 4), most pollu-
tants can be found evenly concentrated in all particle size ranges. This
observation can also be made for BTEX in the majority of the particle
size ranges based on the distribution coefficients (ratio between build-
up of BTEX and build-up of different particle size fractions) as shown in
Table S4 in the Supplementary Information. This means that pollutants
do not show a typical pattern such as predominantly being concentrated
in finer particle fractions as reported in past research studies (e.g.
Goonetilleke et al. [21] and Gunawardana et al. [31]).

In general, the positive relationships between BTEX and traffic
mean that their loads increase with the increase in traffic volume. This
implies that moving vehicles rapidly release BTEX to the road surfaces
(namely as a source), such that BTEX will continue to accumulate de-
spite the role of vehicle turbulence on re-distribution. On the other
hand, BTEX that show inverse relationships with traffic are expected to
result in the decrease in the build-up with the increase in traffic volume.
This implies that the impact of traffic turbulence on re-distribution of
BTEX overshadows the rate at which vehicles release BTEX to the road
surface.

According to PART B in Table 3, given the inverse relationship
(negative conditional regression coefficients) with heavy-duty traffic,
the majority of BTEX found in commercial and residential areas are

likely to be re-distributed due to heavy-duty traffic movement. Al-
though heavy-duty traffic in residential areas is significantly lower
compared to commercial and industrial areas, BTEX re-distribution is
predominantly influenced by heavy-duty vehicle movement rather than
light-duty vehicles. In industrial areas, light-duty traffic is likely to in-
fluence the re-distribution of BTEX. However, the study results also
show that light-duty traffic volume is higher than heavy-duty traffic
volume corresponding to all land use types (as discussed in Section 3.2).
Therefore, it can be concluded that the influence of the type of vehicles
on pollutant re-distribution caused by turbulence generated [48] may
be more significant compared to the influence of traffic volume.

3.3. Practical implications of the research outcomes

According to the study outcomes, urban traffic was found to play an
important role in influencing the re-distribution of road deposited
particulates and associated BTEX. Vehicle type exerts different influ-
ences on the re-distribution process based on land use, and the re-dis-
tribution process varies with particle size, leading to variability in
pollutants build-up on urban road surfaces. Accordingly, build-up is not
a continuous process, and hence cannot be accurately replicated by
simple mathematical formulations (e.g. reciprocal format, logarithmic
format, exponential format and power format), which are currently
used in most stormwater quality modelling approaches [49,50]. This
could result in the lack of reliability in the modelling outcomes due to
uncertainty caused by the variability (re-distribution) of pollutants
build-up as illustrated in Fig. 5.

Therefore, when interpreting stormwater modelling outcomes, it is
necessary to consider the land use type and traffic characteristics (light-
duty and heavy-duty traffic volumes) in a given area in order to ade-
quately understand the modelling outcomes, which has associated un-
certainty. For example, the study outcomes show that light-duty traffic
volume has a significant influence on the re-distribution of particles,
particularly those smaller than 75 μm. This means that the interpreta-
tion of stormwater quality modelling results for an area with high light-
duty traffic volume should take into account the variability caused by
particle re-distribution (< 75 μm).

Further, the study outcomes identified the important role of particle
size in the re-distribution of particle-bound pollutants such as BTEX.
This means that stormwater quality modelling approaches should pre-
dict pollutant build-up based on different particle size ranges rather
than considering the total load. This will significantly improve the ac-
curacy of stormwater quality predictions.

Moreover, the study outcomes also highlighted the need to account
for the factors that influence the build-up of specific particle-bound
pollutants in order to enhance model prediction performance. This
suggests that accurate mathematical replications of pollutant affinity to
particles need to be incorporated when undertaking stormwater quality
modelling. Given the flexibility to change the model structure by ac-
commodating new factors (variables) as new knowledge is created
(discussed in Section 2.3), BNs can be considered as a versatile ap-
proach to accurately model stormwater pollutant processes.

4. Conclusions

This paper investigated the re-distribution of road deposited par-
ticle-bound pollutants and its relationships with urban traffic, land use
type and road surface condition using a Bayesian Network modelling
approach. It was noted that the influence of traffic on the re-distribution
of particulate solids and associated pollutants is different between ve-
hicle types, and also varies between different particle size ranges. This
could lead to uncertainty in the predictions of particle-pollutant build-
up, and thereby constrain the in-depth understanding of stormwater
quality modelling outcomes. Further, the BN modelling highlighted the
need to accurately incorporate the characteristics of pollutant adsorp-
tion to particulates in stormwater quality modelling. The research
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outcomes provide important insights to improve current stormwater
quality modelling approaches and appropriately interpret modelling
results, and thereby contribute to informed decision making in the
context of designing effective stormwater pollution mitigation strate-
gies.
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