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RESUMEN

Las vías rápidas se están desarrollando con gran celeridad en China y junto con ellas la contaminación por 
tráfico, que es una de las mayores fuentes de contaminación urbana. En este estudio se eligió como área de 
muestreo el cinturón verde ubicado en la zona de amortiguamiento cercana a la estación de peaje Lin’an en la 
autopista Hang Rui. Se seleccionaron cinco puntos verticales a lo largo de la carretera Qianjin a distancias de 
0, 15, 30, 45 y 60 m para monitorear las concentraciones de PM2.5 y conocer tanto sus patrones de variaciones 
como los factores que influyen en ellos. Los resultados mostraron que durante la primavera (marzo, abril y 
mayo) las concentraciones promedio de PM2.5 en el cinturón verde fueron de 32.56 ± 22.51, 77.71 ± 32.11 
y 64.15 ± 29.00 μg m–3, respectivamente. La categorización de las concentraciones en diferentes puntos de 
monitoreo en el mismo periodo fue de 0 > 15 > 60 > 30 > 45 m. Las concentraciones promedio en invierno 
(noviembre y diciembre de 2017, y febrero de 2018) fueron de 33.56 ± 9.34, 60.78 ± 17.67 y 124.71 ± 43.19 
μg m–3, respectivamente. Sin embargo, la categorización de las concentraciones en diferentes puntos de mo-
nitoreo mostró algunas diferencias. Con excepción del punto de muestreo ubicado a 0 m, las concentraciones 
de PM2.5 en los otros cuatro puntos fueron superiores en invierno que en primavera. La tasa de reducción a 
una distancia de 45 m alcanzó su máximo tanto en primavera como en invierno. Las concentraciones de PM2.5 
tuvieron una correlación significativa con factores meteorológicos, la estructura de la comunidad vegetal y el 
flujo de tráfico; asimismo, tuvieron una correlación negativa con la temperatura, correlación positiva con la 
humedad relativa, y correlación no significativa con la velocidad del viento. Las correlaciones de PM2.5 con 
la densidad y el grado de porosidad de la cubierta vegetal difirieron de manera considerable como resultado 
de la estacionalidad, y las concentraciones se correlacionaron significativamente con la densidad del flujo 
de tráfico, especialmente en presencia de camiones pesados. 

ABSTRACT

Expressways in China are developing rapidly, as is traffic pollution, which is one of the major sources of urban 
pollution. In this study, we chose the greenbelt in the idle zone near the Lin’an toll station along the Hang Rui 
expressway as our sampling area. Five points in the sampling area along Qianjin road were marked vertically 
at distances of 0, 15, 30, 45 and 60 m to monitor concentrations of PM2.5 and learn the varying patterns of 
these concentrations and influencing factors. The results showed that in spring (March, April and May), the 
average PM2.5 concentrations in the greenbelt were 32.56 ± 22.51, 77.71 ± 32.11 and 64.15 ± 29.00 μg m–3, 
respectively. The ranking of concentrations at different monitoring points in the same period was 0 > 15 > 
60 > 30 > 45 m. The average concentrations in winter (November and December 2017, and February 2018) 
were 33.56 ± 9.34, 60.78 ± 17.67 and 124.71 ± 43.19 μg m–3, respectively. However, the ranking of con-
centrations at different monitoring points in the same period revealed some differences. Except at 0 m, the 
concentrations of PM2.5 in the other four positions were higher in winter than in spring. The reduction rate 
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at 45 m reached its maximum in both spring and winter. PM2.5 concentrations were significantly correlated 
with meteorological factors, the structure of the plant community and traffic flow. PM2.5 concentrations were 
negatively correlated with temperature, positively correlated with relative humidity and was not significantly 
correlated with wind speed. The correlations of PM2.5 concentrations with the canopy density and degree of 
porosity differed greatly due to different seasons, and concentrations were significantly correlated with the 
amount of traffic flow, especially when there were large trucks. 

Keywords: PM2.5, idle zone of an expressway toll station, greenbelt, meteorological factors, structure of 
plant community, traffic flow, correlation analysis.

1.	 Introduction
PM2.5 is a complex mixture composed of multicom-
ponent particles that can go directly into the alveoli 
of the lungs and can carry harmful substances, such 
as bacteria, viruses, polycyclic aromatic hydro-
carbons (PAHs) and heavy metals into the human 
respiratory system, resulting in respiratory diseases 
such as asthma and cardiovascular diseases (Ma et 
al., 2017; Zhou et al., 2018). If the concentration of 
PM2.5 increases by 10 μg m–3, the daily mortality 
rate will increase by 3.4% according to a report by 
the World Health Organization (WHO) (Laden et al., 
2000). Due to rapid economic development in China, 
there has been severe air pollution, with the annual 
average concentration of PM2.5 reaching 62.2 ± 21.5 
μg m–3. The heavily polluted areas are mainly the 
north China Plain, the middle and lower reaches of 
the Yangtze River, the Sichuan Basin and the Guan-
zhong Plain (Wang et al., 2015a; Timmermans et al., 
2017). Hangzhou, which is located in the economic 
area of the Yangtze River delta, is one of the most 
significant Chinese economic centers. However, the 
Yangtze River delta is one of the most contaminated 
regions by PM2.5 in China and the world (Li et al., 
2015a). Serious air contamination will greatly affect 
the sustainable development of urban ecosystems 
and improvements in the quality of the human living 
environment.

Vegetation can effectively repair urban ecological 
functions, regulate urban microclimate and reduce 
urban heat island effects; it also has the strong abil-
ity to retain atmospheric particles (Sun et al., 2004; 
Nguyen et al., 2015). Vegetation in cities can inhibit 
the diffusion of atmospheric particulate matter by 
reducing wind speed and by dry deposition, thereby 
decreasing atmospheric pollutants near pollution 
sources. Dry deposition allows atmospheric partic-
ulate pollutants to be transported to and adsorbed by 

plants. The ability of different plants to regulate the 
ecosystem varies with their vegetative form, spatial 
structure, canopy structure, types of airborne pollut-
ants, and local meteorology (Jim and Chen, 2008; 
Liu et al., 2015). Tiwary et al. (2009) found that an 
estimated 90.4 t of PM10 can be adsorbed annually in 
an area of 10 × 10 km, with 25% of it covered with 
vegetation; approximately 88 t of air pollutants were 
removed by plants in Strasbourg, France, from 2012 
to 2013 (Selmi et al., 2016); in 2010, 16 500 t of air 
pollutants were cleared away in 86 cities in Canada 
(Nowak et al., 2018). The annually removed SO2 
and NO2 and the total amount of suspended PM in 
Guangzhou, China, reached approximately 312.03 t 
(Jim and Chen, 2008). The man made Three Northern 
Regions Shelter Forest in north China effectively 
retained 28.5 million t of PM2.5 from 1999 to 2000 
(Zhang et al., 2017). All the above studies indicate 
the important role of vegetation in improving the 
ecological environment.

By the end of 2018, there were 140 000 km of 
expressways in China, and road traffic was one of the 
major sources of urban pollution. Affected by auto-
motive exhaust emissions, the concentration of PM 
within 150 m of the road can increase by five times 
(Kleeman et al., 2000). For instance, the concentrations 
of SO2, CO and PM over Marylebone Road in France 
and the stations around Paris are notably high due to 
large traffic flow. Exhaust from vehicles, such as trucks 
and taxis, contains large amounts of CO, NO2, black 
carbon, chlorobenzenes and heavy metals, which are 
carcinogenic and can cause severe damage to human 
health and the atmosphere (Dimitriou and Kassom-
enos, 2014; Maina et al., 2018). Traffic emissions over 
the expressway are a major source of atmospheric 
pollutants, and the roadside greenbelt can limit ex-
haust pollution. At present, studies on the function of 
roadside greenbelts focus on urban roads, while there 
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are fewer studies on expressway greenbelts (Shi et 
al., 2017). With the greenbelt in the idle zone near 
the Lin’an toll station of the Hang Rui expressway in 
Hangzhou as our research object, this paper analyzes 
the ability of the greenbelt to retain and remove PM2.5 
in air and the correlations between PM2.5 concentra-
tions and several factors such as meteorological, plant 
community structure and traffic flow (emission source) 
factors, with the goal of providing a scientific basis for 
the design and construction of a greenbelt in idle zones 
near the toll station on the expressway.

2.	 Samples and methodology
2.1 Sampling area
In this study, we chose the greenbelt (30º 22′ 82″ N, 
119º 75′ 79″ E) in the idle zone near the Lin’an toll 
station of the Hang Rui expressway as the sampling 
area. The closest linear distance from the boundary of 
the sampling area to the toll station is 50 m, and the 
sampling area is adjacent to Qianjin road in the west. 
The other three sides are surrounded by farmlands or 
forests without any water bodies. The total sampling 
area is approximately 15 000 m2, and it is composed 
of sparse forested grasslands (0-15 m) and multisto-
ried mixed forests (15-60 m), the latter of which are 
typically used for roadside greenbelts in east China. 

These greenbelts consist of a three-storied plant com-
munity structure of trees, bushes, and grasses (Fig. 1). 
There are various kinds of plants in the sampling area 
(24 in total), including 19 families and 21 genera. The 
areal ratio of trees, bushes and grasses is 1:3:4. The 
species ratio of evergreen trees and deciduous trees 
is 4:9. The species ratio of evergreen (half-evergreen) 
bushes and deciduous bushes is 9:1.

2.2 Data collection
2.2.1 Monitoring of PM2.5 concentrations and cal-
culation of the horizontal reduction rate
Five points, A, B, C, D and E, were marked vertically 
at distances of 0, 15, 30, 45 and 60 m in the sampling 
area and across Qianjin road, respectively, and a 
PM2.5 concentration monitor (Beijing Greenwood 
Innovative Digital Technology, Beijing, China) was 
set up at a height of 1.5 m (i.e., the breathing height 
for humans) at the five points The sampling frequency 
was 1 min–1, and the detection sensitivity (K) was set 
to 0.001. The monitoring times were March, April, 
May, November, and December in 2017, and Feb-
ruary in 2018, when there was no extreme weather, 
such as strong winds, rain or snow. The samples were 
taken for three days in each month, with continuous 
monitoring for 8.5 h (8:00-16:30 LT). A total of 
510 data points were obtained every day, and their 
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Fig. 1. Sampling point diagram.
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arithmetic mean value was taken as the concentration 
of PM2.5. The equipment was calibrated each time 
before monitoring.

The reduction in PM2.5 concentrations associated 
with greenbelts with different widths was calculat-
ed based on the dispersion-related method (DRM) 
(Morakinyo and Lam, 2016):

PRE, φVB = 1 – × 100% = (1 – τ) × 100%Cd
Cu( ) 	 (1)

where PRE is the reduction efficiency (reduction rate) 
of the selected position; Cd is the concentration of 
PM2.5 at 0 m, and Cu(u=1,2,3,4) refers to the concentra-
tions of PM2.5 at 15, 30, 45 and 60 m, respectively.  
τ = Cd/Cu is the penetration of particles of that size 
through media (i.e., a vegetation barrier).

2.2.2 Meteorological data collection
Five digital anemometers (Shenzhen Huayi Instru-
ment, Shenzhen, China) were installed 0.5 m away 
from the PM2.5 concentration monitors at a height of 
1.5 m, and they were connected to a laptop (Asustek 
Computer, Shanghai, China) to record temperature, 
relative humidity, wind speed and wind direction data 
at a frequency of 1 s –1. The arithmetic mean was tak-
en as the value of the corresponding meteorological 
factor, and the monitoring time was consistent with 
the PM2.5 concentration time.

Located in the subtropical monsoon region in the 
Northern Hemisphere, Hangzhou is characterized by 
four distinct seasons and abundant rainfall, with an 
annual average temperature of 17.8 ºC, an average 
relative humidity reaching 70.3%, an annual rainfall 

amount of 1454 mm, and annual sunshine as high as 
1765 h. Spring is warm, with high relative humidity, 
breezy weather, and frequent light rain that lasts for 
a long time, while winter is featured with low tem-
peratures and less rainfall. Table I shows the monthly 
meteorological data in the region of the sampling 
point during the research period.

2.2.3 Calculation of the indexes of plant community 
structure characteristics
The canopy density and the degree of porosity were 
chosen among the community characteristic indexes of 
greenbelts. The canopy density is a key index for stand 
structure and density, which can reflect the extent to 
which tree crowns cover the ground. In this research, 
the calculation of canopy density included calculating 
the shaded area of tree crowns. First, the trees were 
located. Then, the horizontal distance from the edge of 
the crowns to the trunks were measured from several 
directions, and the projections of the crowns were 
drawn on drawing sheets at a ratio of 1:200. Finally, 
the ratio of the total areas of the crown projections and 
the forest area was calculated. The degree of porosity 
refers to the area percentage with non-opaque holes 
in the vertical section of the forest belt compared with 
the total area. This degree is measured through digital 
image processing. In this research, because the width 
of greenbelts is relatively narrow, there are many 
estimation errors, especially due to the difficulty in 
distinguishing the leaf and leafless periods for decid-
uous plants. Therefore, this paper referred to other 
scholars’ methods of calculation (Keane et al., 2005; 
Ducey, 2009) for reducing errors.

Table I. Monthly meteorological data in Lin’an district, Hangzhou.

Month Meteorological factors

Temperature
(ºC)

Relative humidity
(%)

Wind speed
(m s-1)

Total rainfall
(mm)

March, 2017 7.6-15.2 45-85 2.2 178.4
April, 2017 14.2-25.6 50-80 2.5 126.8
May, 2017 16.2-27.8 48-82 2.3 116.6
November, 2017 7.5-15.9 50-89 3.8 99.4
December, 2017 3.6-9.6 45-83 3.2 44.9
February, 2018 4.2-10.8 30-80 1.9 22.3

Source: The weather bureau in Lin’an district, Hangzhou.
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2.2.4 Vehicle statistics
During the monitoring, the number of passing vehi-
cles on Qianjin road in both directions was recorded 
at a frequency of three times per hour and one minute 
for each pass. The record included the numbers of 
large (trucks and passenger cars) and small vehicles 
and the number and passing times of sprayer trucks.

3.	 Results and analysis
3.1 Changing patterns in the concentrations of 
PM2.5 in the greenbelts
3.1.1 Changes in PM2.5 concentration at different 
monitoring points
The concentrations of PM2.5 at different monitoring 
points in spring (March, April and May) basically 
showed the same variation trend: high in the morning 
and low in the afternoon (Fig. 2). When the exper-
iment started, the concentration of PM2.5 reached 
its peak, while it decreased dramatically during 
8:30-10:30 LT and then declined slowly, reaching its 
minimum value during 14:30-15:30 LT. After that, 
the concentration increased again, which was due to 
low temperatures, high relative humidity and dust that 
could not be cleared away in the greenbelts at night, 
causing the concentration to reach its maximum. With 
the rising temperature during the day and the decline 
in relative humidity, the air began to flow faster, and 
the concentration therefore decreased. After 15:30 
LT, the rush hour increased the number of cars and 
PM2.5 concentration. During March, April and May, 
the average PM2.5 concentrations in the greenbelts 
were 32.56 ± 22.51, 77.71 ± 32.11 and 64.15 ± 29.00 
μg m–3, respectively. The ranking of concentrations at 
different monitoring points in the same period was 0 
> 15 > 60 > 30 > 45 m. The concentrations from 0-45 
m showed a linear decrease. However, if the distance 
of the greenbelt was over 45 m, the concentration 
would increase; the reasons why are explained here. 
The position at 0 m was adjacent to the road without 
roadblocks and was thus most affected by automobile 
exhaust and dust, resulting in the highest PM2.5 con-
centration. The position at 15 m was an open lawn, 
which could, to some extent, retain PM2.5, though not 
much. The plant density from 30-60 m was higher, 
and the multistoried mixed forests could effectively 
adsorb PM2.5. The yellow line in Figure 2 represents 
the PM2.5 data from the national environmental 
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greenbelts during spring (March, April and May).
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monitoring point of that day in downtown Hangzhou. 
The average PM2.5 concentration at the sampling 
point was higher than that of the downtown point, 
and this point was more heavily polluted than the 
downtown, although the overall air quality still 
reached the National Ambient Air Quality Standard 
GB 3095-2012 (China EPM, 2012). 

Figure 3 represents the changes in PM2.5 concen-
trations in the greenbelts during winter (November 
and December 2017, and February 2018), which 
shows an apparent pattern of two peaks and one 
valley and is different from the variation trend in 
spring. PM2.5 concentrations were at a maximum 
when the experiment began and then declined to 
the minimum around 12:30-13:30 LT. After 14:30 
LT, concentrations rose again and then reached a 
peak during the day due to rush hour. The average 
concentrations during November, December and 
February were 33.56 ± 9.34, 60.78 ± 17.67 and 
124.71 ± 43.19 μg m–3, respectively. However, the 
ranking of concentrations at different monitoring 
points in the same period revealed some differences. 
The ranking in November was 60 > 30 > 0 > 45 > 
15 m, while in December and February it was 30 > 
0 > 15 > 60 > 45 m. The reasons can be illustrated 
as follows. In November, the leaves of deciduous 
plants in the greenbelts began to fall, which made 
it easier for air to flow and for vehicle exhaust and 
dust to accumulate in the greenbelts; therefore, the 
PM2.5 concentration at 60 m in the multistoried 
mixed forests was the highest. As the position at 0 
m was the source of pollution, the concentration was 
relatively high. In December and February, however, 
due to the highest plant density at 30 m and a large 
number of evergreens, PM2.5 from the road could be 
effectively adsorbed; therefore, the concentration at 
30 m ranked the highest. In February, because of the 
low temperature near the ground, low wind speed, 
and less rainfall, the weather tends to be hazy, with 
a higher overall concentration of PM2.5. Compared 
with the downtown area, the average PM2.5 concen-
tration at the sampling point was higher, which was 
consistent with the situation in spring.

3.1.2 Variation in PM2.5 concentrations in different 
seasons
Figure 4 shows a comparison chart of the PM2.5 
concentrations at the five monitoring points in the 
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greenbelts in spring and winter. Except at 0 m, the 
PM2.5 concentrations at the other four locations all 
followed the following pattern: winter > spring. This 
result was due to the position at 0 m was open, and 
wind exerted a larger influence on the variation in 
PM2.5 concentration than other factors. As wind speed 
in winter is faster than in spring and wind can rapidly 
lower the concentration of PM2.5, the pattern at this 
point was spring > winter. The position at 45 m is 
the center of the multistoried mixed forests, where 
the PM2.5 concentration was the lowest in the two 
seasons, which shows that this point is more effec-
tive in retaining PM2.5 than the other four positions. 
In spring, as the plants are in their growing period, 
their new leaves can spread out quickly to strengthen 
their ability to retain PM2.5, while in winter, they 
are in their resting period, so the evergreens’ ability 
to adsorb PM2.5 is weakened. This occurs for the 
deciduous plants, which only have their trunks left. 
As a result, the ability to retain PM2.5 in winter is 
the weakest of the year. In the meantime, the con-
centration of PM2.5 was the highest throughout the 
year, and the air quality was the poorest due to coal 
burning for heating, which is also proven by the data 
at the sampling points.

3.2 Reduction rate of PM2.5 concentration
From a dispersion perspective, it is generally known 
that vegetation acts as a windbreaker or momentum 

sink, thereby reducing mixing, dilution, and venti-
lation (Morakinyo and Lam, 2016). Vegetation can 
inhibit the diffusion of atmospheric particulates 
to improve air quality. To analyze the capacity of 
the greenbelts in retaining PM2.5 horizontally in a 
quantitative way, the roadside (0 m) was taken as the 
reference point to assess and compare the reduction 
rate of PM2.5 concentrations at different ranges in 
spring and winter.

3.2.1 Reduction rate of PM2.5 concentrations in di-
fferent seasons
Figure 5 indicates the reduction of PM2.5 in spring and 
winter. Greenbelts at different distances can decrease 
PM2.5 concentrations in spring, while in winter they 
increase. The reasons are the following. In spring, 
deciduous plants in Hangzhou begin to sprout, and 
their leaves start to grow and spread, thus, the surface 
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area of the leaves increases and the contact area with 
atmospheric particulates increases, thus PM2.5 can be 
more effectively retained. The reduction rate of PM2.5 
in spring follows the ranking May > April > March; 
in terms of distance, the rank is 45 > 30  > 60 ≥ 15 m. 
In winter, because of the influence of external factors 
(meteorological factors, structure of plant commu-
nity, etc.) on the reduction rate, the concentration 
of PM2.5 increases. The reduction rate at different 
distances varies greatly. In November, the rank is 45 
> 15 > 30 > 60 m, while in December and February, 
it is 60 > 45 > 15 > 30 m. The reduction rate at 60 
m differed greatly, which can be attributed to factors 
such as the canopy density of the plant community, 
planting density and degree of porosity. According 
to the theory of diffusion and deposition effects, the 
effectiveness of lowering the concentration of PM 
is related to the distance from the pollution source. 
Deposition is higher when a higher vegetation barrier 
volume is placed closer to the source region, while 
dispersion is stronger when the vegetation barrier 
is placed farther from the source region (after the 
distance to maximum concentration). Therefore, with 
the increase in thickness and height of the vegetation 
barrier, the efficiency of reducing pollutants can also 
be improved. After analyzing PM2.5 retained by the 
greenbelts at different ranges in spring and winter, 
the reduction rates at 45 m were found to be the 
highest in both seasons. In spring, the reduction rate 
increased with increasing distance from 0-45 m and 
then declined at 60 m; in winter, there existed some 
hysteresis, and the reduction rate at 60 m was positive 
(except in November). Bao et al. (2016) studied the 
ability of protection forests outside a city park to 
reduce PM2.5 and found that if broadleaved tree and 
grass forests were within the range of 15-45 m, the 
concentration of PM2.5 tended to decrease, and the 
concentration increased at 60-75 m.

3.2.2 Reduction rate of PM2.5 concentrations at di-
fferent time intervals
The reduction rate was calculated—with 12:30 LT as 
the reference time—after comparing and analyzing 
the reduction patterns of PM2.5 at 45 m at different 
time intervals. Figure 6 displays the variation in 
PM2.5 during spring and winter. The reduction rates in 
spring in the morning were all negative, especially in 
March, when the rate was the lowest before 9:30 LT, 

while they were positive in the afternoon. The main 
reason for this was the high relative humidity in the 
beginning of the experiment, which could inhibit 
the spread of PM2.5 and lead to the increase in PM2.5 
concentration. As temperature increased and rela-
tive humidity decreased, the concentration of PM2.5 
declined. In winter, the reduction rate was always 
negative, but the rate in the afternoon was obviously 
higher than in the morning. In conclusion, the ability 
of greenbelts to reduce PM2.5 is affected by external 
factors, especially meteorological factors.

3.3 Correlation analysis between influencing fac-
tors and PM2.5 concentrations in the greenbelts
3.3.1 Correlation analysis between PM2.5 concen-
trations and meteorological factors
An obvious negative correlation occurs between 
PM2.5 concentrations and temperature. Atmospheric 
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particulates exhibit continuous Brownian movement. 
As temperature increases, the movement intensifies 
and the PM2.5 concentration decreases. A notable 
positive correlation occurs between PM2.5 concen-
trations and relative humidity. As relative humidity 
increases, the particulates in the air tend to coagulate 
more easily, which leads to increases of PM concen-
tration. However, an obvious correlation was not 
observed between PM2.5 concentrations and wind 
speed (Table II).

Temperature. Studies have shown that PM2.5 
concentrations decrease as temperature increases 
and vice versa. A fitting analysis was conducted 
between PM2.5 concentration and temperature to 
better determine the correlation between them. 
An inverse proportional function can be obtained, 
i.e., y = 97.00547x–0.42139 (p < 0.0001) (Fig. 7). 
With increasing temperature, PM2.5 concentrations 
decrease drastically, especially when temperature 
is above 18 ºC. Scholars have suggested that with 
increases in temperature, the vertical convection 
current intensifies, which can accelerate the trans-
mission of particulates and facilitates sedimentation 
(Li et al., 2015b). However, other researchers have 
indicated that increases in temperature strengthen 
photosynthesis in plants, which increases the plants’ 
ability to retain and adsorb particulates, thereby 
decreasing PM concentrations in the air (Nowak 
et al., 2006).

Relative humidity. After several continuous sunny 
days, relative humidity was low, and at this time, the 

changes in PM2.5 concentrations and relative hu-
midity over time were consistent with each other. A 
proportional function, i.e., y = 1.2x + 8 (p < 0.0001), 
is obtained after the fitting analysis (Fig. 8). Relative 
humidity can influence the secondary generation of 
inorganic aerosols by affecting the liquid-phase het-
erogeneous reaction on the surface of particulates. An 
increase in relative humidity accelerates the accumu-
lation of secondary inorganic components (sulfate, 
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Table II. Spearman correlation index between PM2.5 
concentration and meteorological factors.

Month Meteorological factors

Temperature Relative
humidity

Wind
speed

March, 2017 –0.886* 0.948* 0.043
April, 2017 –0.190* 0.530* –0.217*

May, 2017 –0.084 0.420* –0.033
November, 2017 –0.651* 0.569* –0.117*

December, 2017 –0.725* 0.603* 0.012
February, 2018 –0.229* 0.823* 0.066

*At a confidence level of (two-sided) 0.01, the correlation 
is significant.
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nitrate and ammonium salt), which contributes to 
increasing the PM concentration (Quan et al., 2015). 
In addition, increases in relative humidity and leaf 
wetness can also trigger other bioparticle emission 
mechanisms, such as the active wet ejection of fun-
gal spores or hygroscopic swelling-induced pollen 
fragmentation (Huffman et al., 2013).

Wind. Wind speed and wind direction have con-
siderable impacts on air flow and pollutant disper-
sion. Wind speed determines the dilution effect of 
atmospheric dispersion and the distance over which 
pollutants can be transmitted, while wind direction 
influences the direction of the diffused contaminants 
at the horizontal level. Beckett et al. (2000) dis-
covered that the retention ability of leaves and the 
deposition speed of PM increased with increasing 
wind speed when it was lower than 8 m s–1, but a 
further rise in wind speed might lead to a decrease 
in the retention ability and deposition speed. Wang 
et al. (2015b) concluded that the concentration of 
atmospheric particulates first increased and then 
decreased as wind speed increased, and it reached a 
maximum at extreme wind speed (14 m s–1). These 
results illustrate that a breeze may not contribute to 
the diffusion of PM but rather might increase its con-
centration. Zhang et al. (2015) found that pollutant 
concentrations were much higher on the leeward side 
of street canyons than on the windward side. On the 
experiment days, the weather was fine to reduce the 
influence of drastic changes of wind. Wind speed 
during the experiment was less than 2 m s–1, which 
could not significantly affect PM2.5 concentrations 
in the greenbelts (Fig. 9). Changes in wind direc-
tion were complicated and random. In spring, wind 
mainly came from the north and northeast, whereas 
in winter, it mainly came from the north and west. 
Although the directions in the two seasons were dif-
ferent, they were basically perpendicular to or nearly 
perpendicular to the greenbelts. The greenbelts are 
in the downwind direction. Automobile exhaust from 
roads was the primary source of PM2.5 in greenbelts, 
which was transmitted to the greenbelts by wind.

3.3.2 Correlation analysis between PM2.5 concen-
trations and the plant community structure
To further analyze the relationship between the PM2.5 
concentration and the plant community structure 
of the greenbelts, the plant species, height, canopy 

density and degree of porosity were studied and cal-
culated. The data of deciduous plants were measured 
in three periods, sprouting period, spreading period 
and mature period. A region of Rhododendron pul-
chrum was observed at 15 m, being 8 m wide and 
0.7 m high; thus, the weighting method was applied 
as a compromise. The area from 0-15 m was a single 
structure (lawn); from 15-60 m there were multisto-
ried mixed forests, and at 30 m there were evergreen 
deciduous broadleaved forests. The location at 45 m 
was composed of deciduous coniferous broadleaved 
forests, and at 60 m, there were evergreen broad-
leaved forests. The canopy density and the degree of 
porosity of the community at 45 m differed greatly 
around the leafless period and the mature period. 
Spring was taken as the research period because the 
three stages of plants (sprout, spread and maturity 
stages) were distinct at this time and thus helped with 
the recording and observation. Table III shows the 
value of canopy density and the degree of porosity 
at the monitoring points.

Based on the Spearman’s correlation analysis 
between the PM2.5 concentration and the canopy 
density and porosity degree of the greenbelts, it can 
be concluded that PM2.5 concentrations are positively 
correlated with the canopy density and negatively 
correlated with the porosity degree, although neither 
of the correlations are strong (Table IV). According 
to the above analysis, the greenbelts at 45 m have the 
strongest ability to retain PM2.5; therefore, another 
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effectively, and this ability could reach its peak when 
leaves spread out fully.

3.3.3 Correlation analysis between PM2.5 concen-
trations and traffic flow
Maina et al. (2018) measured the heavy metal con-
tent in PM and the PM2.5 concentrations along the 
Thika expressway, Kenya, and found moderate to 
high levels of Cd, Pb and Zn pollution. Longley et 
al. (2015) monitored the concentrations of PM10, Pb, 
NOX and NO2 along a main highway in Auckland, 
New Zealand and set reference points 150 m east and 
250 m west of the highway. The average increments 
in concentrations near the road were 1.1 times, 1.6 
times and 1.6 times those at the reference point 
Figure 10 shows that when the traffic flow increases, 
the average concentration of PM2.5 in the greenbelts 
also increases, which is more obvious in spring than 
in winter, and trucks play a major role in the increase 
in PM2.5 concentration. The correlation between 
PM2.5 concentration and traffic flow is stronger in 
spring than winter.

correlation analysis comparing PM2.5 concentra-
tions with the canopy density and porosity degree 
from 0-45 m is presented in Table V. The results 
revealed that the PM2.5 concentration was strongly 
positively correlated with the canopy density and 
negatively correlated with the porosity degree when 
the leaves were completely mature. During the leaf-
less and spreading periods, there was no obvious 
correlation between the PM2.5 concentration and the 
canopy density and porosity degree, which shows 
that the structure is not a major factor influencing 
the variation in PM2.5 concentrations during these 
two periods. The fact that the PM2.5 concentration 
is not strongly correlated with the canopy density 
and porosity degree in the greenbelts between 0 and 
60 m in the mature period indicates that there is a 
threshold value that must be reached. Studies show 
that when the canopy density is between 0.75 and 
0.85 and the degree of porosity is within 0.3-0.4, the 
ability of plant communities to retain PM reaches its 
maximum (Yin et al., 2007; Bao et al., 2016). This 
conclusion is similar to our results. Liu et al. (2015) 
claimed that vegetation could reduce the PM2.5 in air 

Table III. Statistics of the community canopy density and the degree of porosity in the greenbelts.

Item
15 m 30 m 45 m 60 m

Leafless
period

Leaf
period

Leafless
period

Leaf
period

Leafless
period

Leaf
period

Leafless
period

Leaf
period

Canopy
density 0.20-0.28 0.25-0.32 0.55-0.60 0.63-0.70 0.49-0.58 0.75-0.85 0.85-0.90 0.89-0.95
Degree of
porosity 0.81-0.86 0.74-0.82 0.42-0.48 0.30-0.38 0.40-0.55 0.25-0.36 0.10-0.15 0.09-0.12

Table IV. Spearman correlation index of PM2.5 
concentration with the canopy density and porosity degree 
in the greenbelts (0-60 m).

Item Leafless period-initial
spreading stage

Final spreading
stage-mature period

Canopy
density 0.246 0.317
Porosity
degree –0.431 –0.230

Table V. Spearman correlation index of PM2.5 concentration 
with the canopy density and porosity degree in the 
greenbelts (0-45 m).

Item Leafless period-initial
spreading stage

Final spreading
stage-mature period

Canopy
density

0.620 0.930*

Porosity
degree

–0.400 –0.920*

*At a confidence level of (two-sided) 0.01, the correlation 
is significant.
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4.	 Conclusions and discussion
The average PM2.5 concentration in the greenbelts 
in the idle zone near the Lin’an toll station along the 
Hang Rui expressway in winter and spring was higher 
than that in downtown Hangzhou, and the sample 

area was more heavily polluted. After investigating 
the surrounding area within 5 km of the sample plot, 
there were no large polluting sources. The nearby re-
gion was mainly composed of farmlands and forests, 
and the expressway was close to the arterial roads of 
the city. Therefore, the major pollution sources were 
vehicle exhaust and the diffusion of pollutants in the 
district. However, because the PM2.5 concentration 
downtown was lower than that in the sample area, the 
major pollution source was considered to be vehicle 
exhaust, especially from large trucks, according to 
the diffusion principle.

Except at 0 m, the concentrations of PM2.5 at 
the other four positions were higher in winter than 
in spring. In spring, the PM2.5 concentration from 
0-45 m showed a linear decreasing trend, but when 
the distance was larger than 45 m, the concentration 
increased instead. In winter, PM2.5 accumulated at 30 
m and showed a high concentration because rainfall 
in spring was 2.5 times that in winter in Hangzhou. 
Relative humidity in the multistoried mixed forests 
in spring was higher, which enabled the deposition 
of particulates. In winter, however, temperature and 
air pressure decreased, and wind speed was higher 
than in spring. Since the sample area in this study was 
relatively small, the concentration of PM2.5 was not 

significantly correlated with wind speed. The PM2.5 
concentration at 30 m was the highest in the green-
belts because multistoried forests had the greatest 
density due to the large number of evergreens, which 
can effectively retain PM2.5 from the road.

The reduction rate of PM2.5 at 45 m was the largest 
and was positive in both seasons. The reduction rate 
in different winter months varied substantially, which 
showed that the structure of the plant community 
can also affect PM2.5 concentrations in addition to 
meteorological factors.

The canopy density and the degree of porosity at 
45 m in the greenbelts differed the most in the leaf and 
leafless periods, followed by measurements at 30 m, 
while the differences at 15 and 60 m were the smallest. 
Based on these studies, PM2.5 concentrations were 
found to be significantly correlated with the canopy 
density and the degree of porosity only in the mature 
period from 0-45 m. After analyzing the structure of the 
plant community at different ranges in the greenbelts, 
it was discovered that the rank of degree of porosity in 
the leaf period was 0 > 15 > 30 > 45 > 60 m, while in 
the leafless period, the rank was 0 > 15 > 45 > 30 > 60 
m. In winter, as wind can diffuse the particulates in air, 
these accumulate easily at 30 m due to the large canopy 
density and the degree of porosity there. The degree of 
porosity at 45 m in the leafless period was 1.5-2 times 
larger than in the leaf period, which was favorable for 
the diffusion of particulates and the decrease in PM2.5 
concentrations. Among the indices of community char-
acteristics, the influencing mechanisms of distance, 
canopy density and degree of porosity on the variation 
in PM concentrations still require further study. Since 
the retention effect of plant communities with multiple 
structures is stronger than that of lawns only, it is sug-
gested that multistoried mixed forests should comprise 
the majority of vegetation in the greenbelts. Since the 
reduction rate at 45 m was preferable in both winter 
and spring, it is proposed that the width of greenbelts 
should be longer than 45 m, and the canopy density 
and degree of porosity should be controlled within 
0.75-0.85 and 0.2-0.3, respectively, to reach the best 
retention of atmospheric particulates.

Acknowledgments
This work was supported by the Forestry Pub-
lic Welfare Project of the National Forestry and 

Fig. 10. Correlation between PM2.5 concentrations and 
traffic flow.

Spring Winter

500
Car
Truck

160

140

120

100

80

60

40

20

450

400

350

300

250

200

150

100

50

0

N
um

be
r o

f v
eh

ic
le

s

P
M

2.
5 c

on
ce

nt
ra

tio
n 

(µ
g•

m
–3

)



335PM2.5 concentrations in the greenbelt on the Hang Rui expressway

Grassland Administration (NFGA) (No. 201304301) 
and project No. 31270743 of the National Natural 
Science Foundation of China (NSFC).

References
Bao HG, Wang C, Qie GF, Du WG, Sun L. 2016. The effect 

of forest shelter belt on subduction of PM2.5 in urban 
parks. Ecology & Environmental Sciences 25, 987-993.
DOI: 10.16258/j.cnki.1674-5906.2016.06.011

Beckett KP, Freer-Smith PH, Taylor G. 2000. Particulate 
pollution capture by urban trees: Effect of species and 
windspeed. Global Change Biology 6, 995-1003.
DOI: 10.1046/j.1365-2486.2000.00376.x

China EPM. 2012. National Ambient Air Quality Standard 
GB 3095-2012.

Dimitriou K, Kassomenos P. 2014. Local and regional 
sources of fine and coarse particulate matter based 
on traffic and background monitoring. Theoretical & 
Applied Climatology 116, 413-433.
DOI: 10.1007/s00704-013-0961-6

Ducey MJ. 2009. Predicting crown size and shape from 
simple stand variables. Journal of Sustainable Forestry 
28, 5-21. DOI: 10.1080/10549810802320076

Huffman JA, Prenni AJ, Demott PJ, Pöhlker C, Mason RH, 
Robinson NH, Fröhlich-Nowoisky J, Tobo Y, Després 
VR, Garcia E, Gochis DJ, Harris E, Müller-Germann I, 
Ruzene C, Schmer B, Sinha B, Day DA, Andreae MO, 
Jimenez JL, Gallagher M, Kreidenweis SM, Bertram 
AK, Pöschl U. 2013. High concentrations of biological 
aerosol particles and ice nuclei during and after rain. 
Atmospheric Chemistry & Physics 13, 6151-6164.
DOI: 10.5194/acp-13-6151-2013

Jim CY, Chen WY. 2008. Assessing the ecosystem service 
of air pollutant removal by urban trees in Guangzhou 
(China). Journal of Environmental Management 88, 
665-676.
DOI: 10.1016/j.jenvman.2007.03.035

Keane RE, Reinhardt ED, Scott J, Gray K, Reardon J. 
2005. Estimating forest canopy bulk density using six 
indirect methods. Canadian Journal of Forest Research 
35, 724-739. DOI: 10.1139/X04-213

Kleeman MJ, Schauer JJ, Cass GR. 2000. Size and com-
position distribution of fine particulate matter emitted 
from motor vehicles. Environmental Science & Tech-
nology 34, 1132-1142. DOI: 10.1021/es981276y

Laden F, Neas LM, Dockery DW, Schwartz J. 2000. Asso-
ciation of fine particulate matter from different sources 

with daily mortality in six U.S. cities. Environmental 
Health Perspectives 108, 941-947.
DOI: 10.1289/ehp.00108941

Li B, Zhang J, Zhao Y, Yuan SY, Zhao QY, Shen GF, Wu 
HS. 2015a. Seasonal variation of urban carbonaceous 
aerosols in a typical city Nanjing in Yangtze River 
Delta, China. Atmospheric Environment 106, 223-231.
DOI: 10.1016/j.atmosenv.2015.01.064

Li Y, Chen QL, Zhao HJ, Wang L, Tao R. 2015b. Vari-
ations in PM10, PM2.5 and PM1.0 in an urban area of 
the Sichuan Basin and their relation to meteorological 
factors. Atmosphere 6, 150-163.
DOI: 10.3390/atmos6010150

Liu XH, Yu XX, Zhang ZM. 2015. PM2.5 concentration 
differences between various forest types and its correla-
tion with forest structure. Atmosphere 6, 1801-1815.
DOI: 10.3390/atmos6111801

Longley I, Somervell E, Gray S. 2015. Roadside incre-
ments in PM10, NOx and NO2 concentrations observed 
over 2 months at a major highway in New Zealand. Air 
Quality Atmosphere & Health 8, 591-602.
DOI: 10.1007/s11869-014-0305-4

Ma QY, Huang DY, Zhang HJ, Wang SH, Chen XF. 2017. 
Exposure to particulate matter 2.5 (PM2.5) induced 
macrophage-dependent inflammation, characterized by 
increased Th1/Th17 cytokine secretion and cytotoxic-
ity. International Immunopharmacology 50, 139-145.
DOI: 10.1016/j.intimp.2017.06.019

Maina EG, Gachanja AN, Gatari MJ, Price H. 2018. 
Demonstrating PM2.5 and road-side dust pollution by 
heavy metals along Thika superhighway in Kenya, 
sub-Saharan Africa. Environmental Monitoring & 
Assessment 190, 251-261.
DOI: 10.1007/s10661-018-6629-z

Morakinyo TE, Lam YF. 2016. Simulation study of dis-
persion and removal of particulate matter from traffic 
by road-side vegetation barrier. Environmental Science 
& Pollution Research 23, 6709-6722.
DOI: 10.1007/s11356-015-5839-y

Nguyen T, Yu XX, Zhang ZM, Liu MM, Liu XH. 2015. 
Relationship between types of urban forest and PM2.5 
capture at three growth stages of leaves. Journal of 
Environmental Sciences 27, 33-41.
DOI: 10.1016/j.jes.2014.04.019

Nowak DJ, Crane DE, Stevens JC. 2006. Air pollution 
removal by urban trees and shrubs in the United States. 
Urban Forestry & Urban Greening 4, 115-123.
DOI: 10.1016/j.ufug.2006.01.007



336 F. Shao et al.

Nowak DJ, Hirabayashi S, Doyle M, Mcgovern M, Pash-
er J. 2018. Air pollution removal by urban forests in 
Canada and its effect on air quality and human health. 
Urban Forestry & Urban Greening 29, 40-48.
DOI: 10.1016/j.ufug.2017.10.019

Quan JN, Liu Q, Li X, Gao Y, Jia XC, Sheng JJ, Liu YG. 
2015. Effect of heterogeneous aqueous reactions on 
the secondary formation of inorganic aerosols during 
haze events. Atmospheric Environment 122, 306-312.
DOI: 10.1016/j.atmosenv.2015.09.068

Selmi W, Weber C, Rivière E, Blond N, Mehdi L, Nowak 
D. 2016. Air pollution removal by trees in public green 
spaces in Strasbourg city, France. Urban Forestry & 
Urban Greening 17, 192-201.
DOI: 10.1016/j.ufug.2016.04.010

Shi HX, Wang SY, Zhao DT. 2017. Exploring urban resi-
dent’s vehicular PM2.5 reduction behavior intention: An 
application of the extended theory of planned behavior. 
Journal of Cleaner Production 147, 603-613.
DOI: 10.1016/j.jclepro.2017.01.108

Sun SP, Gu RZ, Zhang J. 2004. Inhalable particulate mat-
ter (PM10) related to different green cover percentage 
and greenbelt types in Beijing. Chinese Landscape 
Architecture 20, 77-79.

Timmermans R, Kranenburg R, Manders A, Hendriks C, 
Segers A, Dammers E, Zhang Q, Wang L, Liu Z, Zeng 
L, Denier van der GH, Schaap M. 2017. Source appor-
tionment of PM2.5 across China using LOTOS-EUROS. 
Atmospheric Environment 164, 370-386.
DOI: 10.1016/j.atmosenv.2017.06.003

Tiwary A, Sinnett D, Peachey C, Chalabi Z, Vardoulakis 
S, Fletcher T, Leonardi G, Grundy C, Azapagic A, 
Hutchings TR., 2009. An integrated tool to assess the 

role of new planting in PM10 capture and the human 
health benefits: A case study in London. Environmental 
Pollution 157, 2645-2653.
DOI: 10.1016/j.envpol.2009.05.005

Wang S, Li GG, Gong ZY, Du L, Zhou QT, Meng XY, 
Xie SY, Zhou L, 2015a. Spatial distribution, seasonal 
variation and regionalization of PM2.5 concentrations 
in China. Science China Chemistry 58, 1435-1443.
DOI: 10.1007/s11426-015-5468-9

Wang HX, Shi H, Wang YH. 2015b. Dynamics of the 
captured quantity of particulate matter by plant leaves 
under typical weather conditions. Acta Ecologica Sini-
ca 35, 1696-1705. DOI: 10.5846 /stxb201306051356

Yin S, Cai JP, Chen LP, Shen ZM, Zou XD, Wu D, Wang 
WH. 2007. Effects of vegetation status in urban green 
spaces on particles removal in a canyon street atmo-
sphere. Acta Ecologica Sinica 27, 4590-4595.

Zhang H, Xu TT, Zong YZ, Tang HJ, Liu XT, Wang YC. 
2015. Influence of meteorological conditions on pollut-
ant dispersion in street canyon. Procedia Engineering 
121, 899-905. DOI: 10.1016/j.proeng.2015.09.047

Zhang XD, Du J, Huang T, Zhang LM, Gao H, Zhao 
Y, Ma JM. 2017. Atmospheric removal of PM2.5 by 
man-made Three Northern Regions Shelter Forest 
in Northern China estimated using satellite retrieved 
PM2.5 concentration. Science of the Total Environment 
593-594, 713-721.
DOI: 10.1016/j.scitotenv.2017.03.206

Zhou ZX, Shao T, Qin MN, Miao XY, Chang Y, Sheng 
W, Wu FS, Yu YJ. 2018. The effects of autophagy on 
vascular endothelial cells induced by airborne PM2.5. 
Journal of Environmental Sciences 66, 182-187.
DOI: 10.1016/j.jes.2017.05.019


