
atmosphere

Article

Quantifying the Potential Contribution of Urban Forest to
PM2.5 Removal in the City of Shanghai, China

Biao Zhang 1,2 , Zixia Xie 3, Xinlu She 4 and Jixi Gao 5,*

����������
�������

Citation: Zhang, B.; Xie, Z.; She, X.;

Gao, J. Quantifying the Potential

Contribution of Urban Forest to PM2.5

Removal in the City of Shanghai,

China. Atmosphere 2021, 12, 1171.

https://doi.org/10.3390/atmos12091171

Academic Editors: Elisa Gatto and

Rohinton Emmanuel

Received: 9 August 2021

Accepted: 8 September 2021

Published: 12 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Geographical Sciences and Natural Resources Research, Chinese Academy of Sciences,
Beijing 100101, China; zhangbiao@igsnrr.ac.cn

2 College of Resources and Environment, University of the Chinese Academy of Sciences, Beijing 100049, China
3 Guangdong Provincial Academy of Environmental Sciences, Guangzhou 510045, China;

xiezx.18s@igsnrr.ac.cn
4 Ministry of Natural Resources of the People’s Republic of China, Beijing 100812, China; shexinlu@ruc.edu.cn
5 Ministry of Ecology and Environment Center for Satellite Application on Ecology and Environment,

Beijing 100094, China
* Correspondence: gjx@nies.org

Abstract: Climate change and air pollution pose multiple health threats to humans through complex
and interacting pathways, whereas urban vegetation can improve air quality by influencing pollutant
deposition and dispersion. This study estimated the amount of PM2.5 removal by the urban forest
in the city of Shanghai by using remote sensing data of vegetation and a model approach. We also
identified its potential contribution of urban forest presence in relation to human population and
particulate matter concentration. Results show that the urban forest in Shanghai reached 46,161 ha in
2017, and could capture 874 t of PM2.5 with an average of 18.94 kg/ha. There are significant spatial
heterogeneities in the role of different forest communities and administrative districts in removing
PM2.5. Although PM2.5 removal was relatively harmonized with the human population distribution
in terms of space, approximately 57.41% of the urban forest presented low coupling between removal
capacity and PM2.5 concentration. Therefore, we propose to plant more trees with high removal
capacity of PM2.5 in the western areas of Shanghai, and increase vertical planting in bridge pillars
and building walls to compensate the insufficient amount of urban forest in the center area.

Keywords: urban forest; particulate matter; PM2.5 removal; potential contribution

1. Introduction

The world’s urban population has rapidly increased from 751 million in 1950 to
4.2 billion in 2018 [1]. In recent years, climate change and air pollution have posed multiple
health threats to humans through complex and interacting pathways [2], and urban air
pollution has become a global environmental issue [3]. Particulate matter (PM) refers to the
solid and liquid particles in the atmosphere; it is usually a key air pollutant that increases
the occurrence probability of air pollution and haze events [4]. Air pollution adversely
causes an increase in respiratory and cardiovascular diseases [5,6], excess mortality, and a
decrease in life expectancy [7,8]. It is projected that climate change will continue to affect
air quality, including ozone and fine particles [2].

Urban vegetation has been highlighted to offer a mitigation potential against atmo-
spheric particulate pollution [9]. At the single tree scale, tree leaves can capture atmospheric
PM through interception on the leaf surface and the absorption of heavy metal pollutants
via leaf stomata [10]. The majority of studies reveal that complex leaf characteristics can
determine the extent of PM removal, such as hair, trichomes, wax, stomata, shape, and
others [11–14]. Other than the characteristics of a tree, meteorological factors (e.g., rainfall,
wind) and underlying types (e.g., street, wetland) influence the transport of atmospheric
particles at the stand scale, through pollutant deposition and dispersion [15]. A variety of PM
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dry deposition models on different vegetation underlying surfaces have been built [16–18],
but uncertainties exist with every model [10]. For example, the hypothesis of wind speed di-
rectly affecting friction velocity is in all models, but several studies did not find a significant
relationship between friction velocity and particle dry deposition velocity [16], because the
relationship between them is not obvious when wind velocity is slow. In addition, particle
dry deposition velocity is not only dependent on meteorological factors, but also on the
species, leaf area index, canopy height, and other vegetation characteristics [10]. The CITY
green model and the i-Tree model, which were developed by USDA Forest Service, can
integrate meteorological, atmospheric pollutant, and urban forest structure variables into
the simulation processes of dust removal, and have been used to estimate the total amount
of PM removal by urban forests in several cities in the USA, Canada, Italy, Australia, and
China [19–23]. The development of PM removal models allows for the quantification of
the contribution of trees concerning air quality improvement at a city scale. However,
forest presence and PM2.5 concentration are often heterogeneously distributed in an urban
environment [24]. Whether the existing urban forests in different districts is enough or not
to cope with the current concentration of PM2.5 is of great policy implications in regional
afforestation layout and air pollution control [25,26].

Shanghai is located in the eastern Yangtze River Delta region and has the highest
urbanization in China. The atmospheric particulate matter in Shanghai has continually
escalated in recent years because of the rapid increase in motor vehicles, the expansion of ur-
ban areas, and the illegal burning of biomass [27,28]. Shanghai has a relatively high annual
PM1 concentration, which accounts for 69% of PM2.5 [4]; thus, the city often suffers severe
air pollution (characterized as PM and ozone) and low-visibility events [29]. Unfortunately,
the economic cost of asthma patient visits that were attributed to ambient air pollutants
(e.g., SO2, CO, O3, PM10, NO2, and PM2.5) in Shanghai was approximately 197 million USD
in losses per year [30]. In recent years, the Shanghai government has exerted a considerable
effort to reduce air pollution, such as the key industries in the Yangtze River Delta region
(e.g., power plant, iron and steel, cement, and flat glass industries) being required to either
initiate control measures or retrofit existing desulfurization, denitration, and dust removal
facilities [31]. Although the PM2.5 concentration has presented a declining trend since
2013 [32], the role of urban forests for PM2.5 removal has still not been paid sufficient atten-
tion in urban planning and management, because urban trees are often selected for their
aesthetic values and adaptability to the urban environment. This study will identify the
spatial distribution of PM concentration, human population, and tree cover, and highlight
how air purification can be improved through more effective urban forest planning.

This work aims to quantify the potential contribution of urban forests to PM2.5 removal
in Shanghai, and estimate the spatial differences of PM2.5 removal role by urban forest
in relation to human population and PM concentration. In this study, we will utilize the
core calculation formula of the i-Tree model to quantify the contribution of trees to air
quality improvement. Additionally, we assume that the atmospheric pollutant should be
completely removed by urban forests, so the harmony analysis of supply and demand of the
PM removal role will be proposed to highlight how the highly urbanized areas can adjust
their tree cover to improve air quality. The remainder of this work is organized as follows.
Section 2 provides a background of the study area and the assessment methods. Section 3
presents the results. Sections 4 and 5 provide the discussion and conclusions, respectively.

2. Material and Methods
2.1. Study Area

Shanghai is located on the eastern edge of the Yangtze River Delta, with the East China
Sea to the east, the Hangzhou Bay to the south, the provinces of Jiangsu and Zhejiang to the
west, and the opening of the Yangtze River to the north [33]. The city has distinct seasons,
moderate subtropical climate, and abundant rainfall. Moreover, the city is characterized
by the northwest trade winds over Mainland China and the southwest summer monsoon
trade winds from the Western Pacific Ocean. In 2017, the administrative area of Shanghai
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was 6340.50 km2, and its total population reached 24.18 million. Shanghai has a total of
16 districts, including 214 streets/towns. Nearly all 15 districts form the principal space
for the Metropolitan region, except for Chongming District, which consists of Chongming,
Changxing, and Hengsha islands [34]. This metropolitan region exhibits high-density
urban population and an artificial ecological landscape. Thus, this region, which covers
5792 km2, has been adopted as the study area (Figure 1).
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The 2017 Air Quality Index (AQI) report manifested that the average PM2.5 concen-
tration in Shanghai reached 39 µg/m3 [32], exceeding by 4 µg/m3 that of the secondary
environmental air quality standards in China. The PM2.5 was the major pollutant for
23 days in the whole year. The monthly dust-fall amount, including regional and road dust
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in urban areas, reached 134 kg/ha in 2017. According to the statistical data from the Shang-
hai Environmental Protection Bureau [32], the monthly changes of PM2.5 concentration,
wind speed, and precipitation in Shanghai are showed in Figure 2.
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Figure 2. Monthly PM2.5 concentration, wind speed, and precipitation in Shanghai.

2.2. Urban Forest

The local vegetation in Shanghai is dominated by evergreen forests, which is mainly
composed of broad-leaved trees and mixed forests. However, rapid urbanization in recent
years has transformed the landscape patterns in the city of Shanghai, and the mostly native
forests have been replaced with more than 1000 tree species from other regions in China or
abroad [35]. The area of urban green spaces in Shanghai rapidly increased from 3570 ha
in 1990 to 136,327 ha in 2017, and the greening coverage rate of the urban built-up area
reached 39.1%.

In order to acquire the spatial distribution of urban forest in Shanghai, we produced
the digital forest map from 38 images with 2-m resolution in 2017 (Figure 3), which derived
from the Satellite Environment Centre, Ministry of Environmental Protection in China. The
supervised classification method with maximum likelihood clustering and digital elevation
model data is used as a hybrid method to classify images. Pure pixels are selected as
the training sample instead of mixed pixels. Mixed classes, such as forest and grass, are
separated by manual visual interpretation. The urban forest categories are determined as
broad-leaved, conifer, mixed, and shrubbery, in accordance with the Contents and Index of
Fundamental Geographical Conditions Monitoring (GQJC03-2017). The spatial mapping
of forest resources from the Shanghai Forestry Bureau has been performed to assist the
image classification and validate the final results [36]. The overall classification accuracy is
over 82%, and the simulation requirements are satisfied.

This study focuses on the urban forest located in the Metropolitan region, and the
forest communities in Chongming District are excluded. We concluded that the urban
forest areas in Shanghai reached 46,161 ha in 2017, and are approximately 83% covered
by the broad-leaved forest. The coniferous and mixed forests cover 3023 ha and 4911 ha,
respectively. The smallest area of urban forest is shrubbery, and it only occupies 26 ha.
Apparently, the urban forest in Shanghai concentrates on the suburban districts, and the
broad-leaved forest predominates in the central districts.
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2.3. PM2.5 Removal by Urban Forest

Urban forest can remove air pollutants by intercepting PM on plant surfaces and
absorbing gaseous pollutants through the leaf stomata [23]. The canopy area and structure
(i.e., tree species), concentration of particles in the airstream, particle size distribution, and
wind speed are important factors in determining particle uptake through vegetation [37].
Nowak et al. [19] constructed an empirical model to estimate the effect of PM2.5 removal
via urban trees in 10 U.S. cities.

In this work, we first estimate the total leaf area index (LAI) per unit of tree cover by
means of the LAI estimation model, which has been set up by Lin et al. [38] for Shanghai
urban forests. After geometric correction and radiometric calibration, the modified soil
adjust vegetation index (MSAVI) is calculated by using SPOT5 images (Equation (1)). Thus,
the monthly LAI of each pixel can be obtained from the urban forest LAI and MSAVI
model in Shanghai (Equation (2); m2/m2). The deposition velocities of PM2.5 to trees vary
with wind speed. Zhang et al. [39] measured the PM2.5 dry deposition velocities of 15
commonly planted greening trees in Shanghai, and concluded that the velocities ranged
from 0.01–0.12 cm/s in 2015. Thus, we assume the median deposition velocities (0.07 cm/s)
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to be the standard value for the average wind speed of 3 m/s [40]. According to the positive
correlation of dry deposition velocity of the total suspended particles with wind speed [41],
we can calculate the varied deposition velocities under different wind speeds (Equation (3);
cm/s), on the basis of the results of Nowak et al. [19]. The resuspension rates of PM2.5 from
trees also vary with wind speed. We adopt the average percent resuspension, which is
assumed and detailed in Nowak et al. [19]. A total of 11 local meteorological stations from
Shanghai Meteorological Service are used to obtain hourly wind speed and precipitation
data for calculating pollution removal [42]. The daily PM2.5 concentration has been obtained
from the Shanghai Environmental Protection Bureau and used to represent the hourly
concentration values throughout the day. Previous investigations have concluded that the
accumulated PM2.5 could be washed off to the ground surface when the magnitude of
precipitation event exceeded 15 mm during precipitation events [43], and the maximum
retention time of PM2.5 on a leaf during no-precipitation periods was 21 days [44–46].
Therefore, the amount of removed PM2.5 by urban forest can be estimated using the
following formula:

MSAVI =
(2 ∗ ρNIR + 1)−

√
(2 ∗ ρNIR + 1)2 − 8 ∗ (ρNIR − ρRED)

2
, (1)

LAI = 20.133 ∗ MSAVI − 0.0764, (2)

Vd = Vs ∗ (
0.07
V3

), (3)

RAper = Vd ∗ (1 − r) ∗ C ∗ T, (4)

RAT = RAper ∗ LAI ∗ A ∗ 10−8, (5)

where MASAVI is the modified soil adjust index, ρNIR and ρRED are the apparent reflectance
in the near-infrared band and red band, respectively; RAT represents the total amount
of PM2.5 removal by urban forest (t), RAper is the amount of removed PM2.5 per unit of
leaf area (µg/m2), Vd is the deposition velocity of PM2.5 by wind speed (cm/h), r is the
percent resuspension by wind speed per unit leaf area (%), C represents the daily PM2.5
concentration (µg/m3), LAI is the leaf area index per unit of vegetation cover (m2/m2),
and T represents the deposition time of PM2.5 between two adjacent rainfall events (h), and
A is the area of urban forest (ha).

2.4. Harmony Analysis on the Supply and Demand of PM2.5 Removal

Influenced by terrain, vegetation, and meteorological factors, the PM2.5 concentrations
over a continuous geographical space often show evident spatial differences. Ji et al. [24]
found that the northern and western mountainous areas in Beijing had an apparently
lower PM2.5 concentration than the eastern and southern areas. Thus, the vegetation with
powerful purification ability should be planted in the areas with high PM2.5 concentra-
tion. The cities are characterized by spatially heterogeneous population distribution and
movement [47]. The densely populated areas tend to need a high removal role of PM2.5 by
urban forests.

We adopt a coupling degree of air purification supply and demand in space to estimate
the space coordination of urban forests for PM2.5 removal in Shanghai. The supply space
can be determined by the PM2.5 removal ability of urban forests, and the demand space
depends on the environment concentration or human population density. We firstly
interpolate the spatial distribution of PM2.5 concentration by using the geographically
weighted regression-kriging model [48] and the daily PM2.5 concentration from nine air
quality stations in Shanghai. Then, the spatial maps of the PM2.5 concentration and removal
capacity of urban forest are graded according to the Table 1 and overlaid by means of the
spatial analysis tool in ArcGIS 10.0. We also interpolate the population in each block based
on the sixth population census data of Shanghai to produce the spatial map of human
population [49]. The population density can be reclassified into five grades according to
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the rules in Table 1, and the spatial maps of the human population and removal capacity
of urban forests are also overlaid. Finally, we compare the grade values between removal
capacity and PM2.5 concentration or human population to determine the coupling degree
(HL) of each grid cell (10 m × 10 m). The calculation formula can be expressed as follows:

HL = (Si − Di) =


low when HL = −4,−3, 3, 4

common when HL = −2,−1, 1, 2
high when HL = 0

,

where HL is the coupling degree between the removal capacity and environment concen-
tration or human population, Si represents the score of removal capacity by urban forest,
Di represents the scores of PM2.5 concentration or human population density, and i is the
raster of urban forests.

Table 1. Grades of human population density (PD), PM2.5 concentration (EC), and removal capacity
(RA) in Shanghai.

RA (kg/ha) EC (µg/m3) PD (Person/km2) Grade Score

RA ≤ 10 EC ≤ 20 PD ≤ 2000 1
10 < RA ≤ 20 20 < EC ≤ 22 2000 < PD ≤ 6000 2
20 < RA ≤ 30 22 < EC ≤ 25 6000 < PD ≤ 15,000 3
30 < RA ≤ 90 25 < EC ≤ 30 15,000 < PD ≤ 35,000 4

RA > 90 EC > 30 PD > 35,000 5

3. Results
3.1. Amount of PM2.5 Removal by Urban Forest

The PM2.5 concentration in Shanghai from 2012 to 2016 displayed a low value in the
summer and a high one in the winter, and presented a lowest value of 16–36 µg/m3 in
August [50]. According to the local city weather data, there were 125 rainy days with
greater than 15 mm in 2017, and the non-precipitation periods that exceeded the maximum
retention time threshold (21 days) were 28 days, so we concluded the effective dust retention
periods of urban forests reached 212 days. Our estimated results show that the daily amount
of PM2.5 removal ranged from 0 to 11.57 t, and urban forests performed a larger amount
of pollutant removal in summer and autumn (Figure 4). The urban forests can intercept
approximately 6.81 t/day of PM2.5 in summer. The average values of PM2.5 removed by
Shanghai’s forests in spring and autumn reached 2.92 and 2.77 t/day, respectively. The
removal capacity of urban forests decreased to 1.95 t/day in winter because of the fall of
leaves. We also observed that the removal amounts of PM2.5 possibly dropped to 0 because
of the precipitation wash-off effect on continuous rainy days from April to December and
the suspension of dust retention when vegetation reached its maximum retention capacity
from February to April. Thus, the urban forests in Shanghai can remove 874.09 t PM2.5,
and their average retention capacity reached 18.94 kg/ha.

The role of PM2.5 removal greatly varies among the urban forest communities in
Shanghai. The broad-leaved forest covered 38,200 ha and could remove approximately
728 t of PM2.5 in 2017. Specifically, such a forest provides approximately 83% of the
estimated removal of PM2.5 because of Shanghai’s forest. The amount of PM2.5 removed
annually by mixed and coniferous forests are 91 t and 55 t, respectively. The shrubbery
only reduces 0.18 t of PM2.5 (Figure 5). However, the differences of removal capacity of
PM2.5 among various forest communities are small except for the shrubbery, which can be
attributed to the similarity of LAI and coverage rate of trees in Shanghai. The broad-leaved
forest exhibited the strongest retention capacity of 19.06 kg/ha, followed by the mixed
and coniferous forests with 18.51 kg/ha and 18.20 kg/ha, respectively. Some studies have
confirmed that the high proportion of artificial evergreen broad-leaved forests in Shanghai
could prolong the duration time of PM on the tree leaves [51], and increase the average
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value of PM2.5 removal capacity for the broad-leaved forest. The lowest retention capacity
of 6.85 kg/ha is presented by the shrubbery in Shanghai.
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Figure 5. Amount of PM2.5 removed by the urban forests in the city of Shanghai.

3.2. Regional Difference of PM2.5 Removal

From the digital forest map, we can observe that the urban forest in Shanghai is
predominated by broad-leaved forest and is concentrated in the suburban districts. The
large areas of urban forest patches are distributed in Pudong New District, Qingpu District,
Fengxian District, and Songjiang District [36]; the mixed forest is distributed in the eastern
region of Shanghai (Figure 3). Accordingly, the role of PM2.5 removal across different dis-
tricts is greatly varied. The urban forest in Pudong New District can capture approximately
196 t of PM2.5 and contribute a large proportion of PM2.5 removal in Shanghai (23.98%).
The urban forests in the districts of Qingpu and Songjiang removed approximately 150 t
and 124 t PM2.5 in 2017. The amounts of PM2.5 removed by urban forests in the districts
of Fengxian, Jinshan, Jiading, Minhang, and Baoshan districts range from 46 t to 95 t. The
urban forests in central districts, including Huangpu, Hongkou, Jing’an, Xuhui, Putuo,
Yangpu, and Changning, only generate a small portion of PM2.5 removal. The combined
proportion of total amount of removed PM2.5 reaches 2.50%.

The urban forest in Qingpu District, however, shows the highest capacity in PM2.5
removal with 23.33 kg/ha, followed by the forests in the districts of Changning, Songjiang,
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Jinshan, and Jiading. The removal capacity of PM2.5 ranges from 18 kg/ha to 21 kg/ha. The
average amount of PM2.5 removal by urban forests in the districts of Huangpu, Hongkou,
Jing’an, Yangpu, and Xuhui is is lower than 15 kg/ha. The urban forest in Hongkou District
generates a low capacity of PM2.5 removal with 10.39 kg/ha (Figure 6). The urban forest
in Shanghai is widely distributed in suburban areas rather than core districts, and the air
has been more heavily polluted in western regions than that in eastern areas and coastal
areas [52], so the spatial heterogeneities of PM concentration and urban forest communities
has resulted in differences of PM2.5 removal capacity in various districts.
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Figure 6. Estimated amount of PM2.5 removal due to urban forests of 15 districts in Shanghai.

3.3. Coupling Degree between Removal Capacity and PM2.5 Concentration

The environment concentration of PM2.5 showed higher values in the western areas
than in the eastern areas in 2017 [32]. The results show that approximately 57.41% of the
urban forest presents low coupling with PM2.5 concentration and is mainly distributed in
the districts of Qingpu, Songjiang, and Jinshan. Only 22.37% of the urban forests, which
is mainly planted in the districts of Jiading, Minhang, and Fengxian, show high coupling
between the removal capacities and the PM2.5 concentration. The remaining 20.23% of
urban forests generate common coupling in PM2.5 removal capacity with environmental
concentration, and they concentrate in the districts of Pudong New District, Baoshan, and
the eastern part of Fengxian (Figure 7). The spatial distribution of atmospheric PM is
sensitive to geographic location and proximity to neighboring regions, and the average
values of observed PM2.5 in Shanghai indicated that the highest concentrations occurred in
western areas and the lowest concentrations were located in coastal areas [52]. However,
the capacity of PM2.5 removal by urban forests in the western areas are relatively lower
than in eastern areas and coastal areas of Shanghai, so the spatial harmony between the
PM2.5 removal role of urban forests and the environmental concentration is low, and the
spatial patterns of urban forests in Shanghai should be optimized according to the air
purification demand.
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3.4. Coupling Degree between PM2.5 Removal and Human Population

Shanghai is still a statistically monocentric city, and its human population presents a
high gradient from the northeast to the southwest. The results show that only 7.38% of the
urban forests in Shanghai present low coupling in PM2.5 removal with human population
distribution. These forests are concentrated in the central zones and the northwest of
Pudong New District and the north of Minhang District. Approximately 28.75% of the
urban forest highly couple with human population, and are mainly distributed in the
southern part of the districts of Jiading, Pudong New District, Fengxian, and Minhang. The
urban forests in the districts of Qingpu, Jinshan, Songjiang, and east of Pudong New District
show common coupling in PM2.5 removal capacity with human population distribution.
The total areas occupy approximately 63.87% of the urban forest in Shanghai (Figure 8).
In recent decades, a low or even negative human population growth has occurred in the
core districts (Huangpu, Jingan, and Hongkou). The urban fringe (Xuhui, Yangpu, Putuo,
and Changning) had a moderate rate of human population growth, and the suburban
areas (Jiading, Qingpu, Songjiang, Fengxian, Jinshan, and Chongming) presented the
fastest growth in human population [53], so the demand on air quality improvement has
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sharply increased in the southwest suburban areas. Although the PM2.5 removal role by
urban forests relatively harmonizes in space with the human population distribution in
Shanghai, the inconsistency between demand and supply of PM2.5 removal should be paid
more attention.
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4. Discussion

Vegetation can serve as an effective measure to mitigate urban air quality problems,
and this paper conducted a quantification of the potential contribution of urban forests to
PM2.5 removal in Shanghai through dry deposition model. The results indicated that the
urban forests in Shanghai could have removed approximately 874 tons of PM2.5 in 2017,
and the capacities of PM2.5 removal significantly varied with forest communities, districts,
and seasons. Xiao et al. [54] concluded that the amount of PM2.5 removal by Beijing’s
forest land ranged from 22.71 kg/ha to 33.36 kg/ha. By contrast, this work modeled the
PM2.5 removal capability by forests at an average of 18.94 kg/ha, mainly because the
PM2.5 concentration (89.5 µg/m3) in Beijing was significantly higher than that in Shanghai
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(39 µg/m3). Liu and Yu [55] estimated the PM2.5 detention capacity of green spaces in the
Haidian District of Beijing to be 11 kg/ha, which is less than our estimated result. The
main reason is that the green space in Haidian is composed of forest land, grassland and
farmland, which averages the capacity of PM2.5 removal by urban forests. In addition,
the capacity of PM2.5 removal in Chinese cities often presents higher value than that in
other districts, such as the removal capacity of urban trees on PM2.5 in US cities ranging
from 1.30 kg/ha to 1.60 kg/ha [19], and Selmi et al. [56] concluded that the public trees of
Strasbourg approximately reduced 2.30 kg/ha for PM2.5. This phenomenon was due to the
concentration difference of the atmospheric PM. For example, the daily PM2.5 concentration
in Shanghai varied from 49 µg/m3 to 55 µg/m3 during 2012–2016 [50], whereas the highest
value of PM2.5 concentration among the 10 U.S. cities only reached 12.6 µg/m3 [19]. Other
than the differences of atmospheric, meteorological, and forest structure variables, we
added leaf-wash threshold and saturation time to identify the effective dust retention
periods in the methodology used in this study, which differed from that implemented by
Nowak et al. [19].

The urbanization level in Shanghai dramatically increased to 90% in 2015, and the
population density gradually decreased from the central city to the suburbs [33]. In
the meantime, the distribution of PM2.5 concentration in Shanghai is more sensitive to
geographic location and proximity to neighboring regions [52,57]. This work built a
space coupling model to investigate the potential contribution of urban forest presence to
PM2.5 removal in relation to human population and particulate matter concentration. The
results indicate that approximately 63.87% of the urban forest could meet the air quality
improvement demand of human population in the space, whereas only 22.37% were in
agreement with the spatial distribution of PM2.5 concentration, so the PM2.5 removal
role of urban forests harmonizes more with the human population than its environment
concentration in Shanghai. However, the coupling degree between the PM2.5 removal role
of urban forest and environment concentration in the western areas is low, and the rapid
increase of resident population in southwest areas further aggravates the demand of air
quality improvement. Although vegetation can be used as an ecosystem service for air
quality improvements [9,58], the design and choice of urban vegetation is crucial [15,25].
An investigation on particulates deposited on plant leaves of typical tree species in two
industrial regions in Shanghai revealed that Sabina chinensis and Platanus acerifolia presented
exclusive adsorption characteristics to some specific chemical compositions [59]. The
PM2.5 concentrations in western areas of Shanghai often are influenced by the centralized
distribution of industrial areas, so more cypress should be planted in the surrounding
areas of metal smelting industry and more platanus in the chemical industry area. In
addition, the urban forests in central districts present a low capacity for PM2.5 removal,
and only contribute a small portion of PM2.5 removal due to the severe shortage of urban
green spaces. Although abundant viaducts and buildings are distributed in the central
districts of Shanghai, the climbing plants on bridge pillars, especially Ficus pumila Linn,
Hedera nepalensis var. Sinensis (Tobl.) Rehd, Parthenocissus quinquefoliai (L.) Planch, and
Parthenocissus tricuspidata, have obvious capture ability for atmospheric PM [60], so a large
increase in three-dimensional greening will improve the PM2.5 removal role in the centre
area of Shanghai. We also noticed that some tree species can produce particles (e.g., pollen)
to limit pollutant dispersion and increase the local pollutant concentrations [61,62], so
planting more trees is not the only way to remove atmospheric PM. The selection of tree
species, the arrangement of forest communities, and the design of landscape patterns are
also crucial for the improvement of air quality. Additionally, this study is focused on PM
removal by urban forests; other ecosystem services performed by trees must be considered
in future planning.

Nevertheless, several limitations of this research should be stated. First, this study
only estimated the PM2.5 removal role of urban forests; however, farmland, grassland,
and wetland in the urban environment also capture the atmospheric fine particles [63].
Second, we greatly focused on the PM with a diameter <2.5 µm. The particulate air
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pollutants are considerably sophisticated for different components and size classes. Zhou
et al. [4] identified that the annual mean PM1 concentration over Shanghai accounted
for 69% of fine particles of PM2.5, and varied with the scales of days, weeks, months,
and years. In addition to PM2.5, trees also remove other air pollutants, such as ozone,
sulfur dioxide, and nitrogen dioxide [64]. The deposition velocity of PM2.5 and percent
resuspension are easily influenced by various environmental factors, such as wind speed,
air humidity, and leaf characteristics. We neglected the capacity difference of PM2.5 removal
because of tree species [65]; however, the different tree species in reality had an exclusive
character of adsorption to some specific chemical compositions [53]. Although we revised
some parameters by means of observation results in Shanghai from Zhang et al. [39]
and Zhao [66], some errors may be observed in the estimated amount of PM2.5 removal.
Therefore, further work is still needed to confirm the PM2.5 removal role by using a larger
sample size and in-depth studies.

5. Conclusions

Our results estimate that urban forests in Shanghai reached 46,161 ha in 2017 and
removed 874 t of PM2.5 with an average of 18.94 kg/ha. Such values varied with season,
forest communities, and districts. The broad-leaved forest provides approximately 83%
of the PM2.5 removal role and possesses a strong retention capacity of 19.06 kg/ha. The
urban forest in Pudong New District contributes a large proportion of the PM2.5 removal.
By contrast, the urban forest in Qingpu District shows a high capacity in PM2.5 removal
with 23.33 kg/ha. Although the PM2.5 removal role of urban forests relatively harmonizes
in space with the human population distribution, the spatial coordination of the removal
role by urban forests and PM2.5 concentration is poor. Approximately 57.41% of the urban
forests cannot meet the demand of PM2.5 removal. Thus, the pattern optimization of urban
forests in Shanghai should be implemented. More trees with high absorption capacity for
PM2.5 should be planted in the western areas of Shanghai, and vertical planting in bridge
pillars and building walls will be encouraged to increase in the central district. This study
can provide scientific reference for the control of air pollution and urban forest design
in Shanghai.
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