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Abstract: In the process of urbanization in China, the problem of atmospheric suspended particulate
matter pollution is becoming increasingly serious. It has been impossible to completely rely on
pollution source control measures to solve this problem for a long time due to the diversity and
complexity of pollution sources. Therefore, there is an urgent need to explore alternate solutions
to significantly improve air quality through increasing the capacity of green space in cities as these
locations can provide multiple ecosystem services. In this study, a three-dimensional classification
system was created by utilizing Beijing’s urban forest as a study area. Considering the meteorological
factors, change of month and time and the characteristics of the forest itself, the significance and
difference of reducing the concentration of atmospheric suspended particulate matter by the forest
with different vegetation structures were tested. The results showed that meteorological factors such as
wind velocity, temperature, and relative humidity all had a very significant effect on the concentration
of atmospheric suspended particulate matter in the conditions of this study. The concentration was
highest in winter, followed by spring and autumn, and lowest in summer. The concentration in the
morning was the lowest of the day, increasing in the noon and afternoon with time. It was the lowest
in the closed single-layered mixed forest, and the highest in the open lawn green space. By comparing
the forest with gradient areas of 0.5 ha and 3.0 ha, it was found that with the increase in the area,
the green space did not necessarily show a better dust retention effect, and the vegetation structure
type of the green space often had more important influence. There was a very significant correlation
between vegetation structure and plant diversity (Shannon–Wiener Diversity Index and Simpson
Diversity Index). Biodiversity could significantly support and strengthen urban forest ecological
service functions that improve air quality. Increasing the plant species diversity could lead to lower
particulate matter concentration. The research conclusions could provide theoretical and practical
bases for how to select the combination of vegetation structure in the planning and design of urban
forest oriented to improve air quality.

Keywords: green space; biodiversity; area; meteorological factors

1. Introduction

With the acceleration of China’s urbanization process and the rapid development of industry,
the problem of atmospheric suspended particulate matter pollution is becoming more serious [1,2].
At present, the sources of atmospheric suspended particulate matter pollution in Chinese cities are
numerous and complex, because the sources and proportions of atmospheric suspended particulate
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matter are affected by many factors in different cities and regions [3–5]. Atmospheric suspended
particulate matter affected the climate by changing the optical properties of clouds and their distribution,
increasing the reflection of solar radiation [6], which was also a major factor in reducing urban
atmospheric visibility [7]. It also seriously threatened the health of urban residents, especially posing
threats to the human cardiovascular system and respiratory system [8,9]. The toxic and harmful
substances carried on the surface could also enter the human body, causing harm [10]. The World
Health Organization (WHO) showed that air pollution has become one of the leading causes of
premature deaths in the world, causing approximately 7 million deaths each year (WHO 2018).

Faced with such severe atmospheric suspended particulate matter pollution problems, cities across
the country had adopted a series of related measures designed to combat the increase in the concentration
of atmospheric suspended particulate matter, such as vehicle restriction, coal-fired control, enterprise
shutdown, and governance of key polluting enterprises for rectification [11,12]. The results showed that
the above measures had the best effect in alleviating the problem of atmospheric suspended particulate
matter pollution during the control period. During the two-day meeting of the 2016 Hangzhou G20
Summit, air quality was extremely improved because all the polluting factories were not allowed
open [13]. According to the “China Ecological Environment Bulletin” issued by the Ministry of Ecology
and Environment, more than 64% of the 338 cities at the prefecture level and above had exceeded the
standard of ambient air quality from 2016 to 2018, and the number of days with PM2.5 as the primary
pollutant accounted for more than 60% of the days with severe pollution and above, and for PM10 it
exceeded 20%, resulting in an overall less than optimistic situation. Thus, it could be concluded that
it was unreliable to completely rely on pollution source control measures for solving the problem of
atmospheric suspended particulate matter pollution for an extended period of time in the process of
urbanization and industrialization in China.

According to China’s “Standard for classification of urban green space (CJJ/T 85-2017)”, urban land
with natural or artificial vegetation as the main form was called urban green space, which was
an important part of the urban ecosystem and plays an important role in regulating and optimizing the
urban ecological environment, especially urban forest. The multiple ecosystem services provided by
urban forest were often effectively supported and strengthened through biodiversity, such as mitigating
climate change, significantly affecting carbon storage or sequestration [14], and positively affecting
human health and well-being such as human physical, psychological, and cognitive functions [15].
Improving air quality was one of the most important ecosystem service functions of urban forest [16],
and it was inseparable from the healthy life of urban residents, which was also affected by biodiversity.
Few studies had quantified the ability of urban forest to improve air quality from the perspective of
biodiversity, which was of great significance for the study of forest ecosystem service functions.

The study of green space and atmospheric suspended particulate matter was divided into different
environmental levels: tree level, site level, and city level. From the tree level, the leaf morphological
structure of individual plants such as rough leaf surface, thicker waxy layer and leaf hair were
more conducive to capturing atmospheric suspended particulate matter [17]. From the site level,
studies explored which collocations of arbor and shrubs in a small area of urban green space could
effectively reduce the concentration of atmospheric suspended particulate matter. Some scholars
believed that the ability of green space to reduce atmospheric suspended particulate matter mainly
depended on leaves and trunks, and was positively correlated with canopy density, forest diameter
at breast height (DBH), and weakly correlated with herb coverage [18]. Studies on different types
of vegetation had found that mixed forest had higher rate of reduction of atmospheric suspended
particulate matter than broadleaved forest and coniferous forest, with higher concentration in shrubs
and lawns [19]. Others found that broadleaved forest alone was more effective in purifying atmospheric
suspended particulate matter [20]. It had also been found that concentration was lower in lawns [21].
From the city level, the ability to remove air pollutants throughout the city or region was assessed
by using urban tree coverage data, meteorological data, and air pollution data modeling [22,23].
Different land-use types had different effects on the reduction of atmospheric suspended particulate
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matter, which was related to the tree coverage [24]. Higher green coverage in the region helped to
reduce the concentration of particulate matter in the air and was usually negatively correlated [25].
Studies at different levels had confirmed that green space did improve air quality, but no constructive
plan had been proposed for landscape level green space planning and design. There was no uniform
standard for dividing the urban forest vegetation structure, and the conclusions obtained cannot
be compared horizontally. The forest with different vegetation structures contain rich biodiversity
information [26,27], which was also an important missing point in such studies.

In addition, the green area and meteorological environmental factors of the plot would also act
together to change the concentration of particulate matter. Large-area green patches and high green
coverage areas had advantages in removing air pollution [24,28]. In the case of severe urban forest
fragmentation and the current situation of urban land use [29], solutions of how to make limited
urban forest resources maximize the ability to reduce atmospheric suspended particulate matter
through scientific landscape planning and design is very urgent. Meteorological factors such as wind
velocity, temperature, and relative humidity could affect the diffusion and settlement of particulate
matter [30,31]. Furthermore, the effect on different particle sizes differed [32]. At present, few studies
on the dust-retaining effect of urban forest included meteorological factors in the model analysis,
and most of them had been studied separately.

Therefore, this study screened the spatial structure and species component that had a certain basis
and could visually represent the urban forest attributes as the vegetation structure factor. The urban
forest was divided with the field situation, and a set of urban forest classification systems with
unified standards was formed. Based on the consideration of meteorological factors, the effectiveness
and differences of urban forest characteristics such as different combinations of vegetation structure,
changes in biodiversity information, and differences in green area to reduce the concentration of
atmospheric suspended particulate matter were explored. This provided a theoretical basis and
practical methods for the design of urban forest and vegetation planting oriented to reduce atmospheric
suspended particulate matter concentration.

2. Materials and Methods

2.1. Study Area

Beijing is located in the northern part of the North China Plain in China between 115.7◦–117.4◦ E
and 39.4◦–41.6◦ N. The climate is typical of warm temperate semi-humid continental monsoon climate
with four distinct seasons, the longest being cold and dry in winter, followed by high temperatures
and rain in summer, and finally a short spring and autumn. The precipitation season is very uneven,
with 3/4 of the annual precipitation concentrated in the summer.

The Olympic Forest Park, selected as a study area, is located along Lincui Road, in the Chaoyang
District of Beijing. The park covers an area of 680 ha, with a green coverage rate of 95.61%. With the
Fifth Ring Road as the boundary, the park is divided into two parts, the South and the North. It is
a near-natural forest system composed of various vascular plants according to the design ideas of
biodiversity (Figure 1).

2.2. Classification of Urban Forest Green Space

Through Google satellite image interpretation and field research, combined with the characteristics
of urban forest in Beijing, a three-dimensional urban forest classification system based on vegetation
structures was constructed (Table 1) [26]. The classification began with a dimension based on the
horizontal structure, where the canopy cover ratio of trees and shrubs was included. The second
dimension was developed including the type of grassland and woodland. According to the species
composition, grasslands were divided into two groups—lawn and grass flower, woodlands were
divided into three groups—coniferous, broadleaved and mixed. The last dimension emphasized
the vertical structure of woodlands, divided into single-layered and multi-layered. In this study,
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we considered that single-layered only contains the arbor layer; multi-layered could be any combination
of shrub layer and arbor layer.
Forests 2020, 11, x FOR PEER REVIEW 4 of 19 

 

 
Figure 1. Study area. “A–E” represent forests of five different vegetation structure types. “G” 
represents gray space. “1” represents forests of 0.4–0.5 ha. “2” represents forests of 2.7–3.0 ha. 

2.2. Classification of Urban Forest Green Space 

Through Google satellite image interpretation and field research, combined with the 
characteristics of urban forest in Beijing, a three-dimensional urban forest classification system based 
on vegetation structures was constructed (Table 1) [26]. The classification began with a dimension 
based on the horizontal structure, where the canopy cover ratio of trees and shrubs was included. 
The second dimension was developed including the type of grassland and woodland. According to 
the species composition, grasslands were divided into two groups—lawn and grass flower, 
woodlands were divided into three groups—coniferous, broadleaved and mixed. The last dimension 
emphasized the vertical structure of woodlands, divided into single-layered and multi-layered. In 
this study, we considered that single-layered only contains the arbor layer; multi-layered could be 
any combination of shrub layer and arbor layer. 

Table 1. Classification with three dimensions of urban forest in Beijing. 

First Dimension Second 
Dimension Third Dimension 

Open green space (<10% canopy cover of trees/shrubs) Lawn 
Grass flower 

-- 
Semi-open green space (10%–30% canopy cover of trees/shrubs) 

Semi-closed green space (30%–70% canopy cover of trees/shrubs) Coniferous 
Broadleaved 

Mixed 

Single-layered 
Multi-layered Closed green space (>70% canopy cover of trees/shrubs) 

2.3. Plot Determination and Information Recording 

Through the classification and field investigation of the characteristics and on-site environmental 
of forests in the Beijing Olympic Forest Park, five common types were selected as research sites, 
including open lawn green space (A), semi-open lawn green space (B), semi-closed single-layered 
broadleaved forest (C), closed single-layered broadleaved forest (D), and closed single-layered mixed 
forest (E). The distance between the plot and the park boundary was similar, and the central area of 
the park had not been selected, which also considered that the existence of terrain changes such as 
mountains may have an impact and ensured the similar effect of road pollution sources. The area of 
different types of green spaces in the park was evaluated, and two sizes of area gradients were 
selected for comparison (0.4–0.5 ha; 2.7–3.0 ha), and each type was repeated twice. In addition, two 
gray spaces (G) were selected as the control group including the entrance plaza in the south part of 
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Table 1. Classification with three dimensions of urban forest in Beijing.

First Dimension Second Dimension Third Dimension

Open green space (<10% canopy cover of trees/shrubs) Lawn
Grass flower

–
Semi-open green space (10%–30% canopy cover of

trees/shrubs)

Semi-closed green space (30%–70% canopy cover of
trees/shrubs)

Coniferous
Broadleaved

Mixed

Single-layered
Multi-layered

Closed green space (>70% canopy cover of trees/shrubs)

2.3. Plot Determination and Information Recording

Through the classification and field investigation of the characteristics and on-site environmental
of forests in the Beijing Olympic Forest Park, five common types were selected as research sites,
including open lawn green space (A), semi-open lawn green space (B), semi-closed single-layered
broadleaved forest (C), closed single-layered broadleaved forest (D), and closed single-layered mixed
forest (E). The distance between the plot and the park boundary was similar, and the central area of
the park had not been selected, which also considered that the existence of terrain changes such as
mountains may have an impact and ensured the similar effect of road pollution sources. The area of
different types of green spaces in the park was evaluated, and two sizes of area gradients were selected
for comparison (0.4–0.5 ha; 2.7–3.0 ha), and each type was repeated twice. In addition, two gray spaces
(G) were selected as the control group including the entrance plaza in the south part of the forest and
the parking lot in the east gate of the north part. They were close to the road and could be compared
with green space as road pollution data (Figures 1 and 2).

The biological and ecological information of the selected plots were investigated and recorded
including plot area, vegetation coverage, plant species list and frequency, etc. The general range of the
selected plot was drawn in the Google satellite map, and then a hand-held GPS receiver (Garmin GPS
map 629sc) was used to obtain the latitude and longitude around the plots and to calculate the
area accurately.
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The collection of plant diversity information in the plots used the sample strip measurement
method. Three 60 m long and graduated sample strips were set evenly and in parallel in each plot,
with each strip covering as many plants as possible (for 0.4–0.5 ha plots, remove the 5 m edge distance
to place the sample strip, and for 2.7–3.0 ha plots, remove the 15 m edge distance to place the sample
strips). Plants that were exposed to the sample strip or that were perpendicularly projected to the
sample strip were recorded on a 2 m sample strip every 4 m. The plant species and frequency that
came into contact with the sample strips were recorded as well. Each time a plant touched a sample
strip, the frequency was recorded as “1”, with the total frequency equating to the sum of the frequency
of the plant species on the three sample strips. The plant species within the site but not touching the
sample strip were recorded as often as possible, and the frequency value of the plant species was
recorded as “1”.

2.4. Field Monitoring

During the experiment, the wind direction in Beijing was dominated by southwesterly winds,
with slight changes in spring and autumn, alternating with northwest, northeast or southwesterly
winds. In order to weaken the influence of meteorological factors on the experimental results and
highlight the effect of forest characteristics, this study chose fine weather with sunny, breeze or windless
conditions and no precipitation occurring in the 3 days before the monitoring to conduct the experiment,
while monitoring the changes of meteorological factors (wind velocity, temperature, relative humidity).
The meteorological factors were monitored through the use of a hand-held weather station (Kestrel
5500) and atmospheric suspended particulate matter concentration (TSP, PM10, PM2.5, PM1.0) was
monitored using a hand-held particle counter (Aerocet 831) in the selected plots. The accuracy of
both instruments was 0.1, and all instruments were zero-calibrated under the same conditions before
each experiment. The height of the monitoring was about 1.5 m, which was the average height at
which human breathing occurred. Four locations were uniformly selected as the sampling points
in a grid pattern in each plot to represent the typical vegetation structure type. Each sample point
lasted for one minute at a time. Data were collected during 3 time periods of a single day, namely:
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07:00–10:00, 11:00–14:00, 15:00–18:00, 2 days a month, for 12 months from October 2018 to September
2019 for continuous monitoring. During the same period of time, all sampling points and all plots
were monitored in the same sequence.

2.5. Statistical Analysis

Using Microsoft Office Excel 2007 for data collection, the Shannon–Wiener Diversity Index (SHDI)
and Simpson Diversity Index (SIDI) were used for calculating the plant diversity of each plot.

SHDI = −
m∑

i=1

(
Ai
A
)× ln(

Ai
A
) (1)

SIDI = 1−
m∑

i=1

(
Ai
A
)2 (2)

where Ai represents the frequency value of the plant species i; A represents the frequency values of the
total plant species in a certain sample plot; m is the total number of all plant species in a particular
sample plot; and higher value indicates higher degree of diversity.

The correlation between meteorological factors, month, time, vegetation structure, green area,
plant diversity index and atmospheric suspended particulate matter concentration and its significance
were tested using the general linear model and linear regression model with the mathematical statistical
software Minitab 17. Data were transformed into an optimal λ value to fit the model appropriately if
necessary. The Tukey method was used to perform multiple comparisons of means. The accepted
significance level was at p < 0.05. According to the results of statistical analysis, the value of urban
forest based on green space characteristics and meteorological factors in reducing the concentration of
suspended particulate matter was determined.

3. Results

3.1. Influence of Meteorological Factors

Although sunny and windless weather was chosen to minimize the influence of meteorological
factors in this experiment, it was still found that meteorological factors such as wind velocity,
temperature and relative humidity had an extremely significant effect on the concentration of
atmospheric suspended particulate matter through linear regression analysis (p < 0.01) (Table 2).
The range of wind velocity varied from 0 to 6.7 m/s, in which the concentration of particulate matter
decreased with increasing wind velocity. The temperature varied from −9.6 ◦C to 40.9 ◦C and the
concentration of particulate matter decreased with increasing temperature. The relative humidity
varied from 7.9 to 95.6%, and the concentration of particulate matter increased with the increase
in relative humidity (Figure 3).

Table 2. Linear regression analysis of meteorological factors and atmospheric suspended particulate
matter concentration.

PM Source DF Adj SS Adj MS F-Value p-Value S R-sq

TSP
Wind velocity 1 3.28 3.28 29.37 0.000

0.334 30.59%Temperature 1 13.54 13.54 121.44 0.000
Relative humidity 1 143.68 143.68 1288.48 0.000

PM10

Wind velocity 1 1.66 1.66 42.90 0.000
0.197 38.20%Temperature 1 5.61 5.61 144.47 0.000

Relative humidity 1 69.41 69.41 1788.98 0.000
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Table 2. Cont.

PM Source DF Adj SS Adj MS F-Value p-Value S R-sq

PM2.5

Wind velocity 1 0.03 0.03 59.37 0.000
0.021 57.34%Temperature 1 0.08 0.08 191.39 0.000

Relative humidity 1 1.68 1.68 3880.63 0.000

PM1.0

Wind velocity 1 0.08 0.08 56.17 0.000
0.037 56.28%Temperature 1 0.10 0.10 75.33 0.000

Relative humidity 1 4.80 4.80 3564.77 0.000
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matter concentration.

3.2. Influence of Month and Time

General linear models of the month, time and atmospheric suspended particulate matter
concentration were established, and meteorological factors were included in the analysis. The results
showed that month and time both had a very significant effect on particulate matter concentration
(p < 0.01) (Table 3).

The concentration of atmospheric suspended particulate matter was highest in winter, followed
by spring and autumn, with some fluctuations, and it was lowest and most stable in summer. For the
four kinds of particles, the trend in concentration change was consistent with the change of the month
(Figure 4).

The concentrations of TSP and PM10 with larger particle sizes showed a nearly linear upward trend
in one day. There was a significant difference in concentration in the three time periods, with the lowest
in the morning, the middle at noon, and the highest in the afternoon. However, the concentrations
of PM2.5 and PM1.0 with smaller particle sizes in the morning were significantly different from those
in the noon and afternoon, that is, the lowest concentrations were shown in the morning, and the
concentrations in the noon and afternoon were higher and similar (Figure 5).
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Table 3. General linear analysis of month, time and atmospheric suspended particulate
matter concentration.

Source PM DF Adj SS Adj MS F-Value p-Value S R-sq

Month

TSP 11 4.59 0.42 438.12 0.000 0.031 70.49%
PM10 11 878.56 79.87 442.62 0.000 0.425 73.63%
PM2.5 11 743.75 67.61 226.70 0.000 0.546 75.54%
PM1.0 11 6.18 0.56 183.27 0.000 0.055 72.73%

Time

TSP 2 3.43 1.71 15.15 0.000 0.336 31.20%
PM10 2 1.43 0.71 16.65 0.000 0.207 38.85%
PM2.5 2 68.57 34.29 69.52 0.000 0.702 59.45%
PM1.0 2 0.62 0.31 77.58 0.000 0.063 58.55%
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3.3. Influence of Vegetation Structure

A general linear model of the concentration of atmospheric suspended particulate matter in the
five vegetation structures selected in this study and the gray space was considered, taking into account
the effects of meteorological factors. The results showed that the forest containing different vegetation
structures had extremely significant effects in the reduction of four kinds of atmospheric suspended
particulate matter (p < 0.01) (Table 4). Grouping information for multiple comparisons of means
indicated that there was a significant difference in the concentration in the gray space, the open
lawn green space and the closed single-layered mixed forest. The closed single-layered mixed forest
had the best reduction effect, which was consistent for the four different particle sizes. In addition,
the concentration of PM2.5 also significantly differed in the gray space and closed single-layered
broadleaved forest. For PM1.0, its concentration was significantly reduced in semi-closed and closed
single-layered broadleaved forest (Figure 6). Overall, vegetation structure had varying effects on the
particles of different sizes. As the complexity of vegetation structure increased, the ability of reducing
particulate matter increased, with the reduction of particles with smaller particle size increasing as well.

Table 4. General linear analysis of vegetation structure and atmospheric suspended particulate
matter concentration.

PM DF Adj SS Adj MS F-Value p-Value S R-sq

TSP 5 1.83 0.37 3.27 0.006 0.335 30.92%
PM10 5 0.67 0.13 3.44 0.004 0.197 38.51%
PM2.5 5 0.01 0.00 5.94 0.000 0.021 57.68%
PM1.0 5 0.03 0.01 5.52 0.000 0.035 56.60%
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Figure 6. Differences of atmospheric suspended particulate matter concentration in green space with
different vegetation structures. “A” represents open lawn green space, “B” represents semi-open
lawn green space, “C” represents semi-closed single-layered broadleaved forest, “D” represents closed
single-layered broadleaved forest, “E” represents closed single-layered mixed forest, “G” represents
gray space. The lower-case letters in the figure represent the grouping information obtained by multiple
comparisons of means using the Tukey method.
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3.4. Influence of Green Area

In this study, two area gradients were selected to classify each vegetation structure green space
and the influence of meteorological factors was also considered. It was found through the general
linear model analysis that these gradients had an extremely significant effect (p < 0.01) (Table 5). For the
open lawn green space, semi-open lawn green space and semi-closed single-layered broadleaved forest,
the concentration of atmospheric suspended particulate matter in the 2.7–3.0 ha gradient was higher,
especially for open lawn green space. However, for closed single-layered broadleaved and mixed
forest, the concentration of atmospheric suspended particulate matter in the 2.7–3.0 ha gradient was
lower. Especially for closed single-layered mixed forest, as such the vegetation structure type of forests
had a strong ability to reduce the concentration of atmospheric suspended particulate matter even
in two kinds of area gradients in this study (Figure 7).

Table 5. General linear analysis of area and atmospheric suspended particulate matter concentration.

PM DF Adj SS Adj MS F-Value p-Value S R-sq

TSP 9 6.02 0.67 3.64 0.000 0.429 33.69%
PM10 9 1.85 0.21 3.17 0.001 0.255 41.02%
PM2.5 9 0.01 0.00 3.51 0.000 0.020 59.19%
PM1.0 9 0.04 0.00 3.10 0.001 0.038 57.89%
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Figure 7. Differences of atmospheric suspended particulate matter concentration under different
area gradients. “A” represents open lawn green space, “B” represents semi-open lawn green space,
“C” represents semi-closed single-layered broadleaved forest, “D” represents closed single-layered
broadleaved forest, “E” represents closed single-layered mixed forest. The lower-case letters in the
figure represent the grouping information obtained by multiple comparisons of means using the
Tukey method.

3.5. Influence of Plant Diversity

The main plant species appearing in each research plot were recorded and the relative plant
diversity index was also calculated (Table 6).
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Table 6. Plant species information for each plot.

Plot Number Total Number of
all Plant Species

Frequency Values of the
Total Plant Species Main Plants Identified

A1 13 126 Poa annua, Lolium perenne, Setaria glauca,
Digitaria sanguinalis

A2 25 118 Chloris virgata, Digitaria sanguinalis, Potentilla chinensis,
Vicia sepium

B1 33 135 Chloris virgata, Viola philippica, Digitaria sanguinalis,
Potentilla chinensis

B2 24 119 Eleusine indica, Digitaria sanguinalis, Plantago depressa,
Lolium perenne

C1 36 207 Ginkgo biloba, Salix babylonica, Lagopsis supina,
Eleusine indica

C2 41 180 Ginkgo biloba, Lagopsis supina, Youngia japonica

D1 28 113 Populus tomentosa, Viola philippica, Oxalis corniculata

D2 30 86 Fraxinus chinensis, Centella asiatica

E1 32 111 Ailanthus altissima, Eucommia ulmoides, Juniperus
formosana, Centella asiatica, Youngia japonica

E2 33 85 Ginkgo biloba, Fraxinus chinensis, Pinus tabuliformis,
Viola philippica

The analysis of general linear models found that the SHDI and SIDI values had extremely
significant effects on the green spaces with different vegetation structures (p < 0.01) (Table 7), and its
change trend was consistent with the change of the vegetation structure of the green space. The values
of semi-closed single-layered broadleaved forest and closed single-layered mixed forest were the
highest, followed by semi-open lawn green space and open lawn green space, with the lowest being
the closed single-layered broadleaved forest (Figure 8).

Table 7. General linear analysis of vegetation structure and plant diversity index.

Plant Diversity Index DF Adj SS Adj MS F-Value p-Value S R-sq

SHDI 4 234.30 58.58 1860.57 0.000 0.177 72.13%
SIDI 4 4.14 1.03 2823.73 0.000 0.019 79.71%
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Figure 8. Differences of plant diversity index in green space with different vegetation structures.
“A” represents open lawn green space, “B” represents semi-open lawn green space, “C” represents
semi-closed single-layered broadleaved forest, “D” represents closed single-layered broadleaved forest,
“E” represents closed single-layered mixed forest. The lower-case letters in the figure represent the
grouping information obtained by multiple comparisons of means using the Tukey method.

Linear regression analysis was performed on the SHDI and SIDI values and the concentration
of atmospheric suspended particulate matter, with the influence of meteorological factors taken into
consideration. The SHDI values had extremely significant effects on TSP and PM10 concentrations
(p < 0.01) and significant effects on PM2.5 and PM1.0 concentrations (p < 0.05). The SIDI values only had
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an extremely significant effect on TSP and PM10 concentrations (p < 0.01) (Table 8). With the increase
in SHDI and SIDI values, the concentration of atmospheric suspended particulate matter showed
a linear downward trend (Figure 9).

Table 8. Linear regression analysis of plant diversity index and atmospheric suspended particulate
matter concentration.

Plant Diversity Index PM DF Adj SS Adj MS F-Value p-Value S R-sq

SHDI

TSP 1 2.32 2.32 12.68 0.000 0.427 33.22%
PM10 1 0.61 0.61 9.33 0.002 0.255 40.62%
PM2.5 1 0.00 0.00 5.32 0.021 0.020 58.82%
PM1.0 1 0.01 0.01 5.83 0.016 0.039 57.57%

SIDI

TSP 1 1.99 1.99 10.86 0.001 0.428 33.18%
PM10 1 0.44 0.44 6.81 0.009 0.255 40.57%
PM2.5 1 0.00 0.00 1.27 0.259 0.020 58.77%
PM1.0 1 0.00 0.00 1.23 0.268 0.040 57.51%
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4. Discussion

4.1. Effects of Meteorological and Time Factors on Atmospheric Suspended Particulate Matter Concentration

The concentration of atmospheric suspended particulate matter differed with varying
meteorological factors. There were differences in the effects of varying wind velocity on the
concentration of particulate matter. Existing research showed that wind velocity may increase
or decrease the concentration of particulate matter, which may be related to the value of wind velocity
and the surrounding pollution conditions, affecting the diffusion or deposition of particulate matter.
For the definition of the critical value of wind velocity change, existing research conclusions were
not completely consistent [30,33]. In addition, the suspension of particulate matter was also affected
by the characteristics of the leaf surface. When the wind velocity was low, the stomatal density and
leaf hair density had a significant effect on the suspension of particulate matter, which had a negative
correlation. When the wind velocity was high, the effect of the blade surface structure on the suspension
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of particulate matter became less critical [31]. This experiment was conducted in windless or breezy
weather. The vegetation could fully play the role of retention, and there may also be the diffusion of
particulate matter, which made the concentration of particulate matter lower. Moreover, there was
no obvious pollution source around; the influence of the particles from the source region could be
regarded as very small.

When the temperature was high, the convective atmosphere made the vertical turbulent movement
strong, which was conducive to the diffusion of particulate matter, thus accelerating the transport of
particulate matter and reducing the concentration of particulate matter in the forest. As the temperature
decreased, the low-level atmospheric convective motion and vertical turbulent motion were weak,
resulting in greater difficulties of transferring the particulate matter. Thus, the concentration of
particulate matter in the forest was highest when the temperature decreased, resulting in an inverse
relationship between temperature and particulate matter concentration [18].

Relative humidity was an important factor affecting the concentration of atmospheric suspended
particulate matter and it played an important role in the deposition and condensation of particulate
matter [34]. In a certain relative humidity range, particulate matter was more likely to agglomerate
as condensation nuclei and increase in concentration. When the relative humidity increased to
a certain extent, the amount of wet deposition increased, and the concentration of particulate matter
decreased [30]. However, during the relative humidity change in this study, only a positive correlation
between particulate matter concentration and relative humidity was shown. Since this study was
conducted in the urban forest, the increase in wettability and relative humidity would trigger some
emission mechanisms of biological particles, and may also increase the concentration of particulate
matter around plants to a certain extent [35].

Considering that the meteorological factors had a considerable impact on the concentration of
atmospheric suspended particulate matter, the meteorological factors were used as covariates when
analyzing the effects of other variables. The analytical model showed a high degree of fit and credibility.

Due to the influence of meteorological factors, physiological characteristics of vegetation,
and human activities, the concentration of atmospheric suspended particulate matter varied with
the month and time. Due to the negative correlation between wind velocity and particulate matter
concentration, the monsoon phenomenon in spring and autumn might cause the concentration to
fluctuate up and down. The temperature in winter was low and the concentration of particulate matter
was high. The high temperature in summer could accelerate the movement of particulate matter
and reduce its concentration. Beijing received a high amount of summer precipitation, which had
a significant effect on particulate removal [30]. Vegetation could control particulate matter in the
air most effectively at the stage of full leaf development, and had the weakest dust-holding effect
in the leafless period in winter [21]. In addition, coal-fired heating in the winter in the north also had
a certain promotion effect on the increase in atmospheric suspended particulate matter concentration [3].
During the day, the particulate matter concentration was the lowest in the morning, as the forest
condensed the water vapor at night resulting in increased humidity, which was conducive to the wet
sedimentation of the particulate matter. With frequent airflow exchanged at noon and in the afternoon,
the particulate matter diffuses and remains in the air, so its concentration increases [18]. The number
and density of small particles such as PM2.5 and PM1.0 adsorbed on the leaf surface were significantly
higher [17], while larger particles such as TSP and PM10 were more suspended in the atmosphere,
which might be an important reason for the different trends in the concentration of particles of different
sizes at noon and afternoon.

4.2. Difference of Atmospheric Suspended Particulate Matter Concentration in Urban Forest with Different
Vegetation Structures

The concentration of atmospheric suspended particulate matter was highest in the gray space,
with the concentration in the open lawn green space being slightly lower than that in the gray space,
but there was no significant difference between the two types. The effect of semi-open lawn green
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space, semi-closed and closed single-layered broadleaved forests on the reduction of atmospheric
suspended particulate matter was moderate, and the closed single-layered mixed forest had the
strongest reduction effect.

The open lawn had a low coverage of arbor, contained only herbs and ground cover plants,
and lacked trees and shrubs that could played a major role in dust retention. The microscopic structure
of the leaves of the trees and shrubs, such as the rough surface of the epidermis, the leaf hair, and the
waxy layer, made it capable of capturing and retaining particles of various sizes [17]. Coniferous trees
such as Pinus tabuliformis have higher stomata density, deeper wavy texture, and secrete more oil,
which make them able to hold more particles. The average retention of coniferous leaves was higher
than that of cypress, followed by broadleaved trees [36]. Other broadleaved trees such as Ginkgo biloba,
Populus tomentosa, Fraxinus chinensis, and Ailanthus altissima have rough leaf surfaces with protrusions
or groove-like structures, waxy, and polyglandular hairs which are also conducive to the retention
of particulate matter [37,38]. When the air stream carrying atmospheric suspended particles passed
through the green space of the multi-layer structure, the particles could be blocked and rubbed by
the branches and leaves of the trees and shrubs, thereby accelerating the sedimentation process.
Among them, the low shrubs were mainly interspersed with leaves, and the tall and leafy trees could
display their strong dust-holding ability by using their complex canopy and high leaf density [39].
Others found that the ability of forests to reduce particulate matter concentration was significantly
positively correlated with canopy density, leaf area index and DBH, but weakly correlated with
herb height and herb cover [18]. Therefore, the ability of forests to reduce particulate matter mainly
depended on leaves and trunks. The abundant vegetation in the closed forests and the high coverage
of the shrubs greatly assisted its reduction of particulate matter. Compared with broadleaved trees,
conifers had a clustered coniferous structure that was more resistant to airflow than broadleaved trees
and more prone to turbulence, thus accelerating the dry deposition of particulate matter and allowing
more particulate matter to settle onto the surface of the needle [40]. At the same time, the surface
roughness of the conifer leaves was higher than that of the broadleaved trees, and thus it was easier
to capture the particles in the air. The viscous substances secreted by the leaves were more likely to
stick to the air particles, making them less likely to fall off and return to the air [33]. As a result, mixed
forests had a better ability to reduce the concentration of atmospheric suspended particulate matter
compared with broadleaved forests.

The gray space contained almost no vegetation, and the various characteristics and structures of
vegetation could not be used to purify the air. As the gray space was located on the edges of the forest
park, traffic pollution and human activities may lead to higher concentrations of particulate matter to
a certain extent [41].

There were differences in the adsorption of plants on different particle sizes, and fine particles
were more easily adsorbed by plants such as leaf surface structures [17]. For the larger particle sizes,
TSP and PM10, the closed single-layered mixed forest possessed the best ability to reduce particle
concentration. With the reduction of particle sizes such as PM2.5 and PM1.0, the closed single-layered
broadleaved forest could also play a role, even the semi-closed single-layered broadleaved forest.

4.3. Difference of Atmospheric Suspended Particulate Matter Concentration in Urban Forest with
Different Areas

Varying areas of the urban forest impacted its ability to reduce the concentration of atmospheric
suspended particulate matter. At present, more research has found that increasing vegetation coverage
could significantly reduce the concentration of particulate matter [24]. However, this study found
that greater reduction of particulate matter concentration was affected by the vegetation structure.
Forest patches with dense canopies and larger areas were more capable of reducing the concentration
of suspended particulate matter, such as can be seen in the closed single-layered broadleaved and
mixed forests. Some studies have found that the area of forest patch had an autocorrelation relationship
with the total leaf area [42]. Combined with the effect of green space vegetation characteristics on the
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concentration of particulate matter, as the area increased from 0.5 ha to 3.0 ha in this study, the rich
vegetation could adsorb or retain more particulate matter, thus reducing its concentration. For open
lawn green space with weak dust retention effect, the vegetation structure containing only the ground
cover had a limited effect on reducing the concentration of particulate matter as the area increased,
so its concentration increased.

4.4. Difference of Atmospheric Suspended Particulate Matter Concentration in Urban Forest with Different
Plant Diversity

The change of plant diversity in urban forest with different vegetation structure was most likely
related to the horizontal structure, vertical structure, and forest type of the vegetation. These were also
the three dimensions utilized for dividing the type of vegetation structure in this study. The horizontal
structure of the vegetation included the canopy cover as it affected the light conditions of the
forest. Higher plant diversity was observed in semi-open/closed forests than in the closed forest,
as semi-open/closed forests support both light-adapted and shade-adapted species [43]. The forest
type indicated differences in species composition. Plant diversity was slightly higher in broadleaved
forests than in coniferous forests, and mixed forests had significantly higher plant diversity [44,45].
The vertical structure showed the complexity of the forest level, and the plant diversity was higher
in multi-layered forests than in single-layered forests [26]. The five most commonly used planting types
in the urban forest were selected in this study. Based on a combination of three parameters, forests
with semi-open/closed canopies had higher plant diversity. While forests with closed canopies could
also increase plant diversity, particularly if they were mixed broadleaved and coniferous. In contrast,
forests with open/closed canopies had lower plant diversity, especially for pure broadleaved.

Plant diversity was not only closely related to the vegetation structure of the forest, but also
supported the ecological service function of urban forests to improve air quality. The concentration of
atmospheric suspended particulate matter decreased with the increase in plant diversity. Particles of
different sizes showed the same trend in reduction. The ability of a forest with relatively rich plant
species to reduce particulate matter was stronger, even if it had the same vegetation structure [46].
Therefore, the richness of plants should be increased as much as possible to achieve a better dust
retention effect and improve air pollution while considering the vegetation structure in the urban
greening construction.

5. Conclusions

This study established a three-dimensional classification system of urban forest that incorporated
vegetation structural factors. Based on the coordinated consideration of meteorological factors and the
attributes of the green space itself such as area and plant diversity, the ability of urban forest to reduce
the concentration of atmospheric suspended particulate matter under different vegetation structure
factor combinations was quantified. This study aimed to provide an intuitive and easy-to-understand
vegetation planting model for future urban forest planning and design. The study found that closed
green space planted with mixed forest had strong dust retention capabilities, followed by closed
green space containing only broadleaved forest. At the same time, increasing the plant diversity
and expanding the area could increase the dust retention effect of the green space. On the contrary,
open lawn green space had the worst dust retention ability, followed by semi-open lawn green space,
and the concentration of particulate matter in larger green space could be even higher. Increasing
plant diversity could produce a certain degree of mitigation of particulate matter concentration.
The vegetation structure, area and plant diversity can be parametrically designed according to different
green space utilization attributes. While satisfying the beautification and use functions of urban green
space, it also improves the quality of green space ecological services. In the future, a quantitative
assessment of the dust removal ability of the vegetation itself can be carried out. Because it may also
cause pollen pollution and increase the concentration of particulate matter, how to distinguish pollen
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pollution from man-made pollution deserves further exploration. In addition, the role of meteorological
factors can be refined, such as increasing the study of the dispersion of particles by wind direction.
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