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Abstract: Urban forests affect the filtration and absorption of airborne particulate matter, which
can minimize the harmful effects to human health caused by airborne particulate pollution.
Evergreen plants in urban forests play a major role in absorbing dust and purifying the air, especially
in winter. Studying the spatial distribution of leaf dust and exploring the dust retention effect of
evergreen shrubs are important for scientifically guiding urban forest construction and improving the
living environment of cities in winter. The purpose of this study was to establish a dust inversion
model by correlation analysis of spectral reflectance and the amount of dust absorption (ADA) of
vegetation, using Sentinel-2 satellite remote-sensing images to obtain the dust distribution of the
evergreen vegetation (mainly Euonymus japonicus Thunb.) in the Beijing urban area, and to determine
the effect of the spatial pattern of E. japonicus woodland on ADA intensity. The result showed that the
red band and near-infrared band are most sensitive to dust. The normalized difference phenology
index (NDPI) is more suitable for building an inversion model, where the determination coefficient
(R2) of the inversion model constructed by the ratio of the NDPI (RNDPI) was 0.879. The inversion
results show that the mean ADA in the enclosed area is smaller than that in semi-enclosed and open
areas, and the regional distribution of high ADA in the urban area of Beijing was higher in the south
with a tendency of the ADA to decrease from city center to the surrounding area. The size, shape,
and percentage of landscape (PLAND) of E. japonicus woodland have a significant effect on ADA
intensity. We found that, in the study area, when the PLAND of E. japonicus woodland is higher
than 40%, its ADA intensity remains basically unchanged. When the vegetation coverage is fixed,
the landscape shape index is negatively correlated with ADA intensity, and reduction of the overall
shape complexity of forestland can enhance its dust retention effect and improve the air environment
of the surrounding areas. The results of this study can be used as a reference for urban planners and
landscape architects when building urban forests, providing a scientific basis for controlling and
reducing air particulate pollution in Beijing’s winter and improving the living environment.
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1. Introduction

With the rapid development of urbanization, the increase in dust emissions from construction
sites, roads, and vehicles is a cause of serious air particulate pollution [1]. Air particulate pollution is a
primary environmental problem in many regions [2]. Generally, particulate matter with diameter less
than 10 µm (PM10), which is called falling dust, settles to the ground under gravity [3]. Heavy metals
in falling dust, especially those with high levels of toxicity that are easily deposited in plants, soil,
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and water, cause tremendous damage to the ecological environment and human health through
transmission and accumulation in the food chain [4]. According to statistics, the increase in the
concentration of airborne particulates matter can lead to an increase in the number of patients with
upper respiratory tract infections, pneumonia, and bronchitis. A study in Boston showed that the
daily average concentration of particulate matter with diameter less than 2.5 µm (PM2.5) increased
by 17.1 µg/m3, and the hospital admission rate for pneumonia increased by 6.5% [5]. A study in the
city of Sorocaba, Brazil showed that the daily average concentration of PM10 increased by 10 µg/m3,
and the rate of children entering the hospital due to pneumonia increased by 9% [6]. There is a strong
correlation between the number of people suffering from respiratory diseases and the concentration of
airborne particulate matter [7]. Living in such an environment for a long time poses a considerable
threat to human health [8].

Urban forests were proven to play an important role in beautifying the environment, purifying air,
absorbing dust, regulating microclimate, and promoting human physical and mental health [9]. Among
these roles, dust absorption is one of the important functions of urban forests in improving the urban
environment [10]. Urban forests promote the settlement of air particulate due to the dusty airflow
being blocked by the canopy. Since the surface of plant leaves (such as pubescence and waxy epidermis)
can block and absorb fine particles, plant leaves exposed to the air can cause airborne particles to
be adsorbed and retained on the surface of plant leaves, called the foliar detaining of dust [11].
Compared with urban forests, non-biological materials, such as building surfaces, are characterized by
a large surface area but low roughness, and are, therefore, far less capable of retaining dust [12]. With a
special canopy and foliar structure, urban forests provide a large space for retarding and absorbing
air particulates, becoming an essential filter for curtailing urban atmospheric pollution, which would
generate huge dust retention benefits [13]. Qiu et al. found that the annual amount of dust absorption
(ADA) of vegetation in the built-up area of Huizhou was 4430.7 t [14]. Tallis et al. discovered urban
vegetation in London could reduce the PM10 content in the air by 0.7% to 2.6% [15]. The ADA of
plants is positively correlated with the concentration of air particulates; the greater the concentration
is, the higher the ADA is. For example, Prusty et al. found a positive correlation between ADA of
shelter forests alongside the road and vehicle flow [16]. Many studies demonstrated some correlation
between dust absorption of plants and concentration of PM10 in the air [17].

Many studies on urban forest dust retention, which mainly focused on the comparison of dust
retention capacity on the surface of plant leaves [18], mechanism of plant dust retention [19,20],
and analysis of the dust-detaining component [21], yielded abundant results. Studies showed that,
by increasing the greening coverage, it is possible to improve the microclimate environment and
enhance the ability of woodland to retain dust [9]. However, scientific data are lacking regarding
how woodland plays a role in improving dust environment, how to reasonably green a city, and
how to better organize the green space to reduce the concentration of fine particles. The mechanism
through which urban forest vegetation spatial pattern influences ADA intensity is not fully understood.
Only sporadic recommendations can be used to guide urban forest and land-use planning to improve
urban habitats [22]. Most of the existing studies focused on the distribution of dust retention on a small
scale, with few on the regional scale, and even fewer on the distribution and effect of dust retention of
urban evergreen vegetation in winter.

In autumn and winter, the climate is dry and less rainy, the leaves that can absorb dust are falling
off, and it is impossible for these leaves to continue to play the role of adsorbing dust to improve the
air. In winter, the evergreen plants in urban forests can absorb dust and purify air. The dust-retaining
ability of coniferous plants is higher than that of broad-leaved species [23]. In Beijing, there are fewer
evergreen coniferous plants, such as Oriental arborvitae, Chinese pine, and so on, which are planted
in a relatively concentrated manner in individual areas. According to statistics, the greening use of
shrubs in Beijing is 3.23 times that of trees, whereas the use of Euonymus japonicus Thunb. accounts for
78.03% of the total use of evergreen shrubs [24]. Therefore, we selected E. japonicus as representative of
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evergreen plants in Beijing in winter to retrieve the dust retention distribution of leaves and analyze
the dust retention effect.

In this study, spectral band sensitivities to dust were screened by correlation analysis between
the spectral reflectance of plant leaves and dust retention of plant leaves. The spectral response
function was used to transform narrow-band spectral reflectance data collected from the ground into
broad-band spectral reflectance data from the Sentinel-2 satellite for inversion of vegetation dust
retention distribution in the Beijing urban area. By studying the influence of the spatial pattern of
E. japonicus on dust intensity, the relationship between size, landscape shape index, percentage of
landscape, and ADA intensity was revealed. The goals of this study were (1) to find a quick and
comprehensive method for estimating ADA in winter evergreen plants, (2) to study the main patch
characteristics that affect the ADA intensity of winter evergreen plants, and (3) to explore the vegetation
proportions of winter evergreen plants to effectively improve regional dust environments.

2. Methods and Materials

2.1. Study Area

Beijing, the capital of China, is located on the northern edge of the North China Plain. From west to
east, it transitions from mountains to plains, and its altitude gradually decreases. It is dry and rainless
in winter. Beijing has a temperate continental monsoon climate with a mean annual temperature of
12 ◦C and a mean annual precipitation of 626 mm. The resident population of Beijing in 2018 was
about 21.54 million and motor vehicle population was 6.08 million. As of 2018, the forest coverage of
the whole city was 43.5%, and the green area of the parks was 16.3 m2 per person. The location of the
study area is shown in Figure 1a.
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Figure 1. Location of (a) the study area and (b) sampling point distribution.

There were several reasons for choosing this area as the study area. Firstly, the center area of Beijing
(areas within the fourth ring road of the city) is highly urbanized with intensive and concentrated urban
human activities. The various human activities have many ecological and environmental impacts,
such as urban heat islands and airborne particulate pollution. Therefore, it is crucial and urgent to
formulate strategies to alleviate urban ecological environment problems, especially dust pollution in
winter. Secondly, the landscape pattern of the central urban area is highly heterogeneous, and the
vegetation areas are distributed in some areas or scattered in other areas, which is conducive to the
study of the impact of different spatial patterns of vegetation areas on the dust retention effect.

2.2. Experimental Design

Euonymus japonicus, a common evergreen plant species in Beijing, was selected as an experimental
plant. It is characterized by great shade tolerance and cold resistance, dense branch leaves, and high
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survival rate, and it has enormous capacity for absorbing harmful substances in the environment.
Its use accounts for 78.03% of the total use of evergreen shrubs in Beijing. Therefore, we assumed
that the dust retention distribution of vegetation leaves obtained by Sentinel-2 inversion was the
dust retention distribution of leaves of E. japonicus. The spatial distribution of the sampling points
is shown in Figure 1b. There are three types of space in the sampling area: A represents open space
(such as blocks, roads), B represents enclosed space (such as parks), and C represents semi-enclosed
space (such as schools). The sampling points were arranged at different locations in the urban area,
whose spatial distribution follows the principles of extensiveness, uniformity, and regularity. The same
number of leaves was collected at each sampling point, ensuring that an identical number of plant
leaves were obtained from each environment. The ratio of the surface reflectance data of the vegetation
cover area on 22 November 2018 to that of the vegetation cover area on 14 January 2019 represents
the ratio of the spectral reflectance of the leaves before and after cleaning. Based on the correlation
between ADA and spectral reflectance of ground acquisition, an inversion model of dust retention
was established. The spatial distribution of the dust-retaining content in the vegetation coverage area
was obtained using satellite remote-sensing data from two periods, and then the landscape factors
affecting the effect of vegetation dust retention were studied. The main process of this study is shown
in Figure 2.
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2.3. Data Processing

2.3.1. Processing of Remote-Sensing Data

The Sentinel-2 images have 13 spectral bands, including four bands with a spatial resolution of 10 m,
six bands with a spatial resolution of 20 m, and three bands with a spatial resolution of 60 m. This satellite
can be used to monitor land environment and provide information on terrestrial vegetation growth,
soil cover, inland rivers, and coastal environments, which is important for agroforestry improvement,
food production forecast, and food security, and for the monitoring of natural disasters such as floods,
volcanic eruptions, and landslides, thus assisting with humanitarian relief. Sentinel-2 data are the only
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data with three bands in the red-edge range, which are extremely effective for monitoring vegetation
health. The Sentinel-2 satellites data band parameters are shown in Table 1.

It was a cold winter in Beijing from 22 November 2018 to 14 January 2019. The leaves of deciduous
plants in urban forests fell off, but the evergreen plants did not change much. Only evergreen plants
can purify the air and absorb dust during this season. It is generally thought that, when the rainfall
reaches 15 mm or the wind speed reaches 17 m/s, the dust accumulated on the leaves of the plants
can be completely washed away [25]. However, the temperature is low, precipitation is low, and
wind speed is high in winter in Beijing. According to the meteorological monitoring data from the
Beijing Meteorological Observatory, on 14 January 2019, the wind speed was 8.0–10.7 m/s, and the
gales reached wind speeds of 17.2–20.7 m/s for a period of time. Therefore, the Sentinel-2 image on
15 January 2019 was selected as the dust-free image of the vegetation leaf surface, and the Sentinel-2
image on 22 November 2018 was selected as the image of vegetation with dust.

Table 1. Sentinel-2 satellites data band parameters.

Band Name Band Width (nm) Central Wavelength (nm) Resolution (m)

B01 Coastal aerosol 430–457 443.9 60
B02 Blue 440–538 496.6 10
B03 Green 537–582 560 10
B04 Red 646–684 664.5 10
B05 Vegetation red edge1 694–713 703.9 20
B06 Vegetation red edge 2 731–749 740.2 20
B07 Vegetation red edge 3 769–797 782.5 20
B08 Near-infrared (NIR) 769–908 835.1 10

B08A Vegetation red edge 848–881 864.8 20
B09 Water vapor 932–958 945.0 60
B10 Short-wave infrared (SWIR)-Cirrus 1337–1412 1373.5 60
B11 SWIR 1 1539–1682 1610 20
B12 SWIR 2 2078–2320 1290 20

As the image information is acquired, it is affected by factors such as moisture and aerosol in
the atmosphere, which cause noise in the band to increase and the information to blur. Therefore,
the images were subjected to radiometric calibration, atmospheric correction, and geometric correction
to eliminate the noise and reduce the radiation interference between adjacent pixels. It is also possible
to adjust the smoothing of the spectrum caused by artificial suppression, and finally obtain an image
that is similar to the real reflectance of the surface.

2.3.2. Spectrum Collection and Dust Measurement on Leaf Surface

Figure 3a shows the main steps of spectrum collection and dust measurement on leaf surface.
The ASD FieldSpec 3 multifunctional spectral radiometer (Malvern Panalytical, Malvern, Worcestershire,
UK) was used for spectral determination, with a band value of 350 to 2500 nm, a spectral fraction of
3 nm, and a spectral sampling interval of 1.4 nm. While collecting the leaves’ hyperspectral curves, the
acquisition of hyperspectral experiment data was subject to some interference due to dark current,
light-source fluctuations, and other environment factors. To eliminate the error caused by these factors,
spectral correction was performed every 15 min when collecting the leaves’ hyperspectral curves.
The correction formula is as follows:

I =
I0 −D
R −D

, (1)

where I, I0, D, and R represent the corrected image, sampling image, full blackboard image, and full
whiteboard image, respectively.

During measurement, the leaf was placed on a black cotton cloth 5 cm from the vertically
downward probe. Three sampling points were taken from each leaf and the average value was taken
as the spectral reflectance of the leaf. Then, the measured spectral data were subjected to first-order
differential processing. Figure 3b shows the schematic diagram of spectral reflectance.
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To obtain a wide range of ADA distributions from satellite remote-sensing images, the spectral
response function (SRF) was used to convert the spectral reflectance of the leaves collected by ASD into
the broad-band reflectance of the Sentinel-2 satellite. The following is the specific calculation formula:

RSAT(λ) =

∫ λmax

λmin
Rlea f (λ) f (λ)dλ∫ λmax

λmin
f (λ)dλ

, (2)

where RSAT(λ) represents the satellite band reflectance, Rlea f represents leaf reflectance, f (λ) represents
the spectral response function of satellite, λmax and λmin represent the minimum and maximum
wavelengths for each band of satellite, respectively, and λ represents the intermediate band in
each band.

The collected leaves were placed in the numbered envelopes and brought to the laboratory.
The petiole-cut leaves were weighed using an electronic analytical balance one by one with the weight
denoted by W1i. Then, the dust of the leaf was washed with a soft brush, rinsed with distilled water,
and wiped with a clean cotton swab. We then weighed the leaf a second time, designated W2i. The leaf
area was measured by a plant leaf analyzer and recorded as Si. The formula for calculating ADA on
the leaf surface (g·m−2) is

ADA
(
g·m−2

)
= (W1i − W2i) ÷ Si × 10, 000. (3)

2.3.3. Vegetation Index

Previous studies showed that the normalized difference vegetation index (NDVI) [26],
the normalized difference phenology index (NDPI), the environmental vegetation index (EVI) [27],
and the soil-regulated vegetation index (SAVI) [28] can characterize the vegetation status. Therefore,
we used these four indices for research.

NDVI is frequently used to detect vegetation growth state and vegetation coverage.

NDVI =
RNIR − RRED

RNIR + RRED
, (4)

where RNIR and RRED are the reflectance of the near-infrared band and red band, respectively.
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NDPI, a new index, performs better in detecting vegetation growth state and water-bearing state
and responds more quickly to moisture compared with NDVI, SAVI, EVI, and other indices [29].
The index is less affected by the impact of dust and can reflect vegetation status distinctly and precisely.

NDPI =
RNIR − (αRRED + βRSWIR)

RNIR + (αRRED + βRSWIR)
, (5)

where RNIR, RRED, and RSWIR respectively represent the reflectance of the near-infrared band, red band,
and short-wave infrared band. Generally, α is 0.74 and β is 0.26.

EVI =
RNIR

RRED
, (6)

where RNIR and RRED are the reflectance of near-infrared band and red band, respectively.

SAVI =
(RNIR −RRED)(1 + α)

RNIR −RRED + α
, (7)

where RNIR and RRED are the reflectance of the near-infrared band and red band, respectively, and α
represents the coefficient of soil regulation.

2.3.4. Urban Landscape Pattern Indices

Three landscape indices (Table 2), including patch area (PA), the landscape shape index (LSI), and
percentage of landscape (PLAND), were selected to quantify the spatial pattern of urban vegetation
regions and to analyze the relationship between these patterns and in corresponding ADA reductions.

Table 2. Landscape metrics used to describe urban forest patterns.

Landscape Metric Formula Description Unit

Patch index A The area of the patch Hectare

Landscape shape index E
2
√
πA

The most straightforward measure of
overall shape complexity -

Percentage of landscape
∑n

j=i ai j

A (100)

The proportion of total area occupied by
a particular patch type; a measure of

landscape composition and dominance
of patch types

Percent

2.3.5. Calculation of ADA Intensity

In this study, the mean ADA dm (g/m2) of Euonymus japonicus in study area was treated as the
reference amount of the dust absorption of vegetation. Hence, we defined the ADA intensity of woodland
of E. japonicus at the patch level as ∆di = di − dm, where di denotes the mean ADA of a E. japonicus
woodland patch. The ADA intensity of vegetated areas to the surrounding urban area was calculated
as ∆d = d j − dm, where d j denotes the mean ADA in a certain area. Pearson correlation analysis was
conducted to examine the relationship between PLAND and ADA reduction. Sample analyses were
conducted to investigate the impact of LSI on the ADA intensity. Linear regression analysis was used
to further reveal the effects of LSI and PLAND on ADA intensity.
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3. Results

3.1. Effect of Absorbed Dust on Leaf Spectrum

3.1.1. Effect of Absorbed Dust on Leaf Spectral Reflectance

Figure 4a–c show the change in the mean spectral reflectance curves of the leaves of Euonymus
japonicus before and after cleaning in different areas. The morphologies of the curves appear similar
before and after cleaning, but significant changes occur in some areas. For example, the mean spectral
reflectance of the leaves before dust removal was smaller than that of clean leaves in the range of 510
to 700 nm and 758 to 1480 nm. The changes in reflectivity in other bands seem to be less obvious,
especially for 700–724 nm, 1375–1418 nm, and 1863–1889 nm. Changes in the mean spectral reflectance
before and after cleaning in the closed areas were smaller than that in the semi-closed areas, whereas
changes in the open area were the greatest mainly because, in the open area, there are many cars and
the dust retention ability of the road is weak. The vehicles cause the dust to be lifted up and suspended
in the air, and the dust is adsorbed by the vegetation or re-settles on the road surface due to gravity.

Forests 2019, 10, x FOR PEER REVIEW 8 of 18 

 

before and after cleaning, but significant changes occur in some areas. For example, the mean spectral 
reflectance of the leaves before dust removal was smaller than that of clean leaves in the range of 510 
to 700 nm and 758 to 1480 nm. The changes in reflectivity in other bands seem to be less obvious, 
especially for 700–724 nm, 1375–1418 nm, and 1863–1889 nm. Changes in the mean spectral 
reflectance before and after cleaning in the closed areas were smaller than that in the semi-closed 
areas, whereas changes in the open area were the greatest mainly because, in the open area, there are 
many cars and the dust retention ability of the road is weak. The vehicles cause the dust to be lifted 
up and suspended in the air, and the dust is adsorbed by the vegetation or re-settles on the road 
surface due to gravity. 

   
(a) (b) (c) 

Figure 4. Changes in leaf spectral curves before and after cleaning: (a) closed area, (b) semi-closed 
area, and (c) open area. 

The red edge, yellow edge, and blue edge are feature points and regions of the vegetation 
spectral curve, and trilateral parameters were obtained by calculating the first derivative of the 
reflectance spectra. The first derivative processing of spectral data is able to eliminate some 
background noise [30]. For the red edge, the maximum of the first derivative of the reflectance in the 
range of 680 to 750 nm was extracted as the slope of the red edge, and the wavelength corresponding 
to the maximum value represents the red edge position. The definitions of the blue edge (490–530 
nm) and yellow edge (550–580 nm) are similar to those of the red edge. 

Figure 5a–c show the change in the mean spectral reflectance curves of the leaves through the 
first derivative treatment before and after cleaning in different areas. As can be seen from the graphs, 
the positions of the red, yellow, and blue edges of the leaves did not move significantly before and 
after cleaning, with the red edge at 702 nm, blue edge at 525 nm, and yellow edge at 550 nm, 
indicating foliar dust was insensitive to the interference of the three parameters. However, the areas 
of the blue edge and red edge decreased from closed areas to open areas, whereas the areas of yellow 
edge increased from closed areas to open areas. 

   
(a) (b) (c) 

Figure 5. Spectral curves of leaves before and after cleaning by first derivative treatment: (a) closed 
area, (b) semi-closed area, and (c) open area. 

Figure 4. Changes in leaf spectral curves before and after cleaning: (a) closed area, (b) semi-closed
area, and (c) open area.

The red edge, yellow edge, and blue edge are feature points and regions of the vegetation spectral
curve, and trilateral parameters were obtained by calculating the first derivative of the reflectance
spectra. The first derivative processing of spectral data is able to eliminate some background noise [30].
For the red edge, the maximum of the first derivative of the reflectance in the range of 680 to 750
nm was extracted as the slope of the red edge, and the wavelength corresponding to the maximum
value represents the red edge position. The definitions of the blue edge (490–530 nm) and yellow edge
(550–580 nm) are similar to those of the red edge.

Figure 5a–c show the change in the mean spectral reflectance curves of the leaves through the first
derivative treatment before and after cleaning in different areas. As can be seen from the graphs, the
positions of the red, yellow, and blue edges of the leaves did not move significantly before and after
cleaning, with the red edge at 702 nm, blue edge at 525 nm, and yellow edge at 550 nm, indicating foliar
dust was insensitive to the interference of the three parameters. However, the areas of the blue edge
and red edge decreased from closed areas to open areas, whereas the areas of yellow edge increased
from closed areas to open areas.
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3.1.2. Correlation between Amount of Foliar Dust and Spectral Data

Figure 6 displays a correlation curve between the spectral reflectance ratio (dusty and clean) and
the amount of dust per unit area of the leaves before and after cleaning. Figure 6 shows that the
correlation curve can be divided into two parts. One lies in the range of 350 to 722 nm, exhibiting a
positive correlation. The correlation within 350–706 nm was significant, and the correlation reached a
maximum of 0.786 at 672 nm. The curve appears to be obviously concave at 510–580 nm, which is
located in the green wave range, indicating that the green band is less sensitive to dust than the other
bands. The other part shows a negative correlation at 720–1050 nm, in which the negative correlation
decreases rapidly within 720–801 nm and the negative correlation reaches the minimum of −0.35 at
802 nm. In the range of 801 to 1050 nm, the negative correlation slowly varies. According to the
analysis of the correlation curve, the red band and near-infrared band have a higher sensitivity to dust.
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3.2. Response of Vegetation Indices to ADA

The results of correlation analysis showed that red and near-infrared bands are sensitive to dust.
Therefore, these two bands were chosen to construct the vegetation indices (NDVI, NDPI, EVI, and
SAVI). Taking the ratio of vegetation index before and after cleaning (RNDVI, RNDPI, REVI, and RSAVI)
as the independent variable and the ADA of leaves as the dependent variable, the regression model of
foliar absorbed dust inversion was constructed. The effect of the model was investigated by fitting
precision (R2

c ), prediction precision (R2
p), predicted root-mean-square error (RMSEp), and the ratio of

sample standard deviation and RMSEp (RPD). The results are shown in Table 3.

Table 3. Correlation between amount of dust absorption and vegetation indices. R2
c —fitting precision;

R2
p—predicted precision; RMSEp—predicted root-mean-square error; RPD—ratio of sample standard

deviation and RMSEp; NDVI—normalized difference vegetation index; NDPI—normalized difference
phenology index; EVI—environmental vegetation index; SAVI—soil-regulated vegetation index;
R—ratio of vegetation index before and after cleaning.

Vegetation Index Closed Area Semi-closed Area Open Area

R2
c R2

p RMSEp RPD R2
c R2

p RMSEp RPD R2
c R2

p RMSEp RPD

RNDVI 0.87 ** 0.66 ** 9.57 2.42 0.89 ** 0.67 ** 9.32 2.31 0.90 ** 0.70 ** 9.06 2.27

RNDPI 0.92 ** 0.73 ** 6.46 2.20 0.93 ** 0.78 ** 6.13 2.11 0.93 ** 0.77 ** 5.89 2.18

REVI 0.64 0.50 12.46 1.31 0.67 0.56 11.87 1.28 0.70 0.56 11.45 1.25

RSAVI 0.75 0.53 11.58 1.36 0.77 0.57 10.69 1.34 0.79 0.58 10.33 1.29

Notes: ** correlation is significant at the 0.01 level (two-tailed); * correlation is significant at the 0.05 level (two-tailed).

The RPD of the regression models was established for each vegetation index; the RPDs of the
models established by REVI and RSAVI were less than 1.4, which indicates that the two models do
not have the ability to predict samples. The RPDs of the models established by RNDVI and RNDPI

vegetation index were more than 2, which indicates that the regression models established by RNDVI

and RNDPI may have predictive ability. The R2
c and R2

p models of the RNDVI and RNDPI in the three
regions were superior to those of the models established by the REVI and RSAVI, reaching extremely
significant levels. Among them, R2

c , R2
p, RMSEp, and RPD were the largest when modeling with RNDPI

in the three regions. The numerical approximation of R2
c and R2

p indicated that the regression model
established by RNDPI has better stability. Although the model constructed by RNDVI is less accurate
than RNDPI for all indicators, its R2

c and R2
p reached a very significant level. Therefore, RNDVI and RNDPI

were selected for the construction of the foliar ADA inversion model.

3.3. Construction and Verification of Foliar ADA Inversion Model

3.3.1. Establishment of Foliar ADA Inversion Model

From the above studies, it is known that the spectral changes in the red band and near-infrared
band are most sensitive to dust, and RNDVI and RNDPI have a high correlation with ADA. Therefore,
using the images of Sentinel-2 satellite, the NDVI and NDPI on 22 November 2018 and 14 January 2019
were obtained. The ratio of vegetation indexes (RNDVI and RNDPI) in the two periods was taken as the
independent variable, and the ADA of leaves was taken as the dependent variable. Table 4 shows the
foliar absorbed dust inversion model established by RNDVI and RNDPI, respectively. Then, the regression
model of foliar absorbed dust inversion was constructed, as shown in Figure 7a. A regression model of
RNDVI and ADA was established, as shown in Figure 7b.
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Table 4. Foliar absorbed dust inversion model.

Independent Variable Retrieval Model Coefficient of Determination (R2)

RNDVI x1 = 1.24325× y−0.15845 0.840
RNDPI x2 = 0.93969× y−0.14504 0.879

Note : x1 represents the ratio of NDVI, x2 represents the ratio of NDPI, and y represents the amount of dust
absorption (ADA) per unit area.
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Figure 7. Inversion models based on (a) normalized difference phenology index (NDPI) and (b)
normalized difference vegetation index (NDVI).

The determination coefficients of the regression models established by RNDVI and RNDPI were
0.879 and 0.840, respectively, which indicates that the regression model of RNDPI was well fitted; thus,
RNDPI was more suitable for the construction of inversion model. The dust-reversed inversion model
constructed by NDPI vegetation index could accurately reflect the spatial distribution of vegetation
dust content in the Beijing urban area.

3.3.2. Inversion and Verification of Spatial Distribution of ADA

The NDPI dust-reversed inversion model was used to determine the leaf dust distribution in
the vegetation area in the Beijing urban area on 22 November 2018, as shown in Figure 8a. The dust
retention distribution of leaves in the vegetated urban area obtained by inversion was analyzed using
the nuclear density method, as shown in Figure 8b.
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Figure 8a shows that the closed area is still affected by dust when ADA in this area is less than
that of semi-closed and open areas. The strip-shaped woodland on both sides of the road is the area
with the most dust retention; the farther away it is from the road, the lower the ADA is. The larger the
closed area is, the less the impact of the dust is, i.e., the lower the ADA.

Figure 8b shows that, on 22 November 2018, the regional distribution of high ADA in the urban
area of Beijing was higher in the south with a tendency to decrease from city center to the surrounding
area. Specifically, the ADA in alleys inside the second ring of Beijing remained high because the area
is densely populated with many narrow roads. In comparison, Jingshan Park near the Forbidden
City and the Temple of Heaven Park have a low ADA due to the planting of a large area of evergreen
vegetation, Euonymus japonicus. The reason for the high ADA in the southwest corner of the third ring
is that the Beijingxi Railway Station is near the area.

In this study, we selected the inversion simulation values and measured data of 200 sets, and the
root-mean-square error (RMSE) was used to evaluate the model’s ADA inversion accuracy. The results
are shown in Figure 9a, which shows that the simulation of the dust inversion model constructed by
NDPI has a high fitting degree with the measured data. The RMSE was 5.93, indicating that the model
accurately reflects the spatial distribution of ADA of the vegetation in Beijing urban area.
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Ram et al. showed that the distribution of dust on the surface of leaves has a strong correlation
with the air pollution index [31]. The concentration of PM10 in the air also has a significant correlation
with dust retention of the leaves [18]. In this paper, The PM10 monitoring data provided by the
atmospheric monitoring stations (n = 27) set up by the Environmental Protection Department in the
main urban area of Beijing and the temporary monitoring stations (n = 4) of some universities were
used to verify the urban dust distribution results obtained in this study. The PM10 concentration
monitoring data ranged from 1 November to 11 December in 2018, and the air monitoring station
provides real-time monitoring values of PM10 concentration each day. We processed the real-time data
provided by the monitoring points as the daily mean of the PM10 concentration per day, and then
obtained the mean concentration of PM10 from 1 November to 11 December. The mean concentration
was acquired to avoid the abrupt drop in particulate concentration caused by short-term gales, which
in turn lead to data instability. The spatial distribution of PM10 concentration in the main urban area
of Beijing was obtained using co-Kriging interpolation with the PM10 concentration of monitoring
stations as the main interpolation variable and PM2.5, air pollution index (API), vegetation cover, and
digital elevation model (DEM) as the auxiliary interpolation variables. As shown in Figure 9b, the
distribution of PM10 concentration was characterized by a lower concentration in the north than in the
south and a higher concentration in the east than in the west. It tended to decrease from city center to
the surroundings. These findings are roughly consistent with the spatial distribution of ADA from
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the inversion. This indicates that the inversion of vegetation distribution in the urban area of Beijing
is reasonable.

3.4. Urban Forest Landscape Pattern and Dust Retention Effect

3.4.1. Influence of Urban Forest Landscape Percentage on Dust Intensity

The percentage of landscape (PLAND) of Euonymus japonicus woodland was calculated using
the moving window method, and then the influence of PLAND on the dust intensity was studied,
as shown in Figure 10. PLAND is significantly correlated with the ADA intensity (R2 = 0.89, p < 0.01).
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The results indicate that, within the study area, when the PLAND of E. japonicus in woodland is
less than 20%, there is no dust-blocking benefit, which means that the environment cannot be improved.
The results also indicate that there may be a maximum dust detention threshold for the ADA intensity
of E. japonicus woodland; the ADA intensity does not continue to increase with the increase in PLAND.
In this study, the ADA intensity of woodland remained stable when PLAND was greater than 40%,
and the dust-blocking benefit of E. japonicus exhibited no augmentation.

3.4.2. Influence of Urban Forest Patch Area and Shape on ADA Intensity

When the patch size is smaller than the pixel size (20 × 20 m) of the dust distribution map, the ADA
represents the number of mixed pixels. Thus, all patches with an area less than 0.04 ha were excluded
for analysis, and 1844 E. japonicus woodlands were selected as samples for analysis. The mean ADAs
of woodland patches are represented by eight PA categories, as shown in Figure 11: 0.04–0.15 ha
(n = 403), 0.15–0.39 ha (n = 355), 0.39–0.85 ha (n = 332), 0.85–1.69 ha (n = 286), 1.69–2.92 ha (n = 204),
2.92–6.84 ha (n = 146), 6.84–11.37 ha (n = 83), and 11.37–21.04 ha (n = 35). Then, Pearson correlation
analysis was conducted on the PA of the woodlands and their ADA intensities. The results showed that
PA is significantly correlated with ADA intensity (r = 0.73*, p < 0.05), indicating the PA of woodlands
can be regarded as an important factor affecting ADA intensity. When the PA of E. japonicus patch is
greater than 1.96 ha, the patch has dust retention benefits, which can significantly reduce the amount
of dust in the environment. The ADA intensity in patches with a larger area would be stronger and
more stable than in small patches. The maximum ADA intensity of E. japonicus patch was 38 g/m2.
The results also indicate that a maximum dust detention threshold may exist for woodland patches.
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To better understand the influence of patch shape on ADA intensity, we selected E. japonicus
patches with a PA of 3 ha (n = 78), 7 ha (n = 57), and 12 ha (n = 24) for further analysis. The results
showed that the effect of the shape index on ADA intensity was statistically significant when PA = 3 ha
(R2 = 0.76, p < 0.01), PA = 7 ha (R2 = 0.79, p < 0.01), and PA = 12 ha (R2 = 0.80, p < 0.01), and all showed
an obvious linear relationships, as shown in Figure 12. In this study, the landscape shape index of
E. japonicus woodland was negatively correlated with ADA intensity.
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4. Discussion

Dust significantly affects the spectral reflectance of leaves, and the spectral reflectance of a dusty
leaf is significantly lower than that of a clean leaf. In this paper, the spectral reflectance of the leaves of
the main evergreen plant (E. japonicus) in Beijing was measured. The results showed that the spectral
reflectance is positively correlated with the amount of dust within 350–722 nm, with a maximum
correlation at 672 nm. The range of green band from 510 to 580 nm appears concave, which indicates
that the sensitivity of the green band to dust is weaker than that of the other bands. A negative
correlation was observed for 722–1050 nm, where the negative correlation at 722–801 nm decreases
rapidly, and the negative correlation reaches a minimum at 802 nm. Studies showed that red and
near-infrared bands are sensitive to dust, and dust inversion studies can be performed using these two
bands. Similar to previous studies, Yan et al. found a significant change in the near-infrared band
before and after cleaning of the leaves, and used the band to estimate the distribution of foliar dust [32].
Luo et al. found that the spectral reflectance of clean leaves of E. japonicus was much higher than that
of dust retention leaves at 780–1300 nm [33].

A variety of vegetation indices were used by many scholars to study dust inversion. Yan et al.
used the near-infrared band to estimate the distribution of foliar dust, which showed relatively
high precision [32]. After comparing the correlation between the band of Landsat8, SPOT 6, HJ-1B,
moderate-resolution imaging spectroradiometer (MODIS), and ZY-3, and the amount of dust (ADA),
Wang et al. discovered that, in theory, Landsat8, SPOT 6, MODIS, and ZY-3 are all suitable for inversion.
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Among them, the green band of Landsat8 and NDVI were more correlated with the amount of dust
(ADA) [34]. Peng et al. constructed indices, such as foliar dustfall content difference index (FDCDI),
foliar dustfall content ratio index (FDCRI) and foliar dustfall content normalization index (FDCNI), to
invert the dust retention of the leaf. He found that FDCNI was the best index amongst the three indices
for inversion of dust retention [35]. However, the constructed indices were all based on hyperspectral
data, having little significance for the inversion of vegetation dust distribution at the regional scale.
We compared the correlation between the ADA and RNDVI, RNDPI, REVI, and RSAVI, and found the R2

c
and R2

p of the model constructed by RNDVI and RNDPI were better than those constructed by REVI and
RSAVI, and reached a very significant level. R2

c , R2
p, RMSEp, and RPD of NDPI modeling all reached the

highest values.
Similar to previous studies, the mean ADA in enclosed areas was less than that of semi-closed and

open areas. The ADA intensity near the loop and at road junctions is higher because these areas are
dominated by impervious surfaces with less vegetation or nearby train stations and subway stations.
Based on spectral reflectance, Wang et al. studied the dust retention distribution of vegetation in urban
areas from September to October [34]. Despite determining the spatial distribution of vegetation dust
retention in the Beijing urban area, the dust retention during the inversion period was not validated,
and the method used was insufficient to validate the rationality of the results. In this study, the NDPI
inversion model was established by correlation analysis between spectral reflectance and ADA of
vegetation leaves. The Sentinel-2 satellite remote-sensing data were used to obtain the distribution of
the foliar dust of the evergreen vegetation (mainly from E. japonicus) in the Beijing urban area in winter.
The PM10 concentration data were provided by the air monitoring stations set up by the Environmental
Protection Department in the main urban area of Beijing and the temporary air monitoring stations
of some universities, as well as the measured data of leaf dust detention. These data were used to
verify the results of plant dust detention distribution obtained in this study. The results obtained in
this study are closer to the true values.

In the past, most research on urban forest dust detention focused on the comparison of dust
retention capacity of different types of woodlands or plant leaves, the mechanism of plant dust
retention, dust composition analysis, and distribution law. The use of satellite remote-sensing images
to monitor the distribution of dust in urban forest vegetation in winter is relatively rare, with few
studies on the ecological effects of the spatial pattern of vegetation to improve the dust environment
of cities. With the continuous increase in urbanization, a large amount of land was transformed into
artificial buildings, such as roads and buildings. Urban forest areas are being continually squeezed,
and the ability of urban forests to improve the environment was gradually reduced, which led to urban
problems such as air pollution and the heat island effect. However, it is impractical to stop building
and to dismantle these artificial buildings.

The research findings in this paper could provide some theoretical and scientific basis for urban
managers and planners in urban construction and planning. In urban construction and planning,
small woodlands should be protected and used. Yang, Bacci, and Train et al. all reported that small-scale
forest land had little effect on improving the regional environment [9,36,37]. However, the results
of this study indicate that small forests effectively improve the dust environment. For example, in
this study, woodlands of E. japonicus larger than 1.69–2.92 ha could have dust retention effects on the
surrounding environment; however, for woodland with areas less than 1.69 ha, its area is too small
to improve the surrounding environment. We recommend building green spaces with more regular
and compact shapes. When the vegetation coverage is fixed, woodlands of E. japonicus with a small
shape index could have large dust retention ability. That is, relatively regularly shaped and compact
woodland performs better in terms of dust retention strength than irregular, slender woodland in the
process of improving the urban dust environment. We also found that, when the PLAND of E. japonicus
was higher than 40%, the ADA intensity of E. japonicus woodland would be saturated. The urban forest
area should be expanded as much as possible, and the ADA intensity of larger woodland patches can
be stronger and more stable than that of smaller patches, which is the same as the conclusion reported
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by Freersmith et al. [20]. In addition to absorbing dust, woodland has other ecological benefits, such as
maintaining biodiversity [38,39], purifying the air [40], and mitigating urban heat island effects [41,42].

The results of this study provide urban planners and natural resource managers with some
theoretical and practical information on how urban forest vegetation should be planned and managed
to better contradict the airborne particulate pollution. Previous studies found that the various ecological
service functions of green areas are scale-dependent, and the dust retention benefits of green areas
are also related to scale. However, this study is a preliminary study on dust retention benefits of
evergreen vegetation in winter and only one plant was studied; the uncertainty of data caused by
downscaling and upscaling remains to be studied. The effects of planting structure, composition, and
spatial configuration of vegetation on the dust retention effect will be further researched to explore the
best pattern of dust retention vegetation in highly urbanized areas, and the dust retention benefits of
vegetation will be studied from multiple scales and different seasons.

5. Conclusions

Based on the leaf spectrum and ADA of Euonymus japonicus, the main evergreen vegetation in
winter in Beijing, we transformed narrow-band spectral data collected on the ground into satellite
broad-band data, established a dust inversion model, and used satellite images to determine the dust
distribution of the evergreen vegetation in an urban area in winter. The relationship between the
spatial pattern of Euonymus japonicus woodland and ADA intensity was studied through correlation
analysis and a regression model. The results are as follows:

(1) The results show a positive correlation between spectral reflectance and the amount of dust at
350–722 nm with a maximum correlation at 672 nm. The range in the green band from 510 to
580 nm is concave, which indicates that the sensitivity of the green band to dust is weaker than
that of the other bands. A negative correlation was observed within 722–1050 nm, where the
negative correlation from 722 to 801 nm decreases rapidly and the negative correlation reaches a
minimum of −0.35 at 802 nm. Then, the negative correlation slowly changes from 801 to 1050 nm.
Therefore, the red band and infrared band can be used to construct a dust inversion model.
The decision coefficient R2 of the model constructed by NDPI reached a maximum of 0.879.

(2) Using the Sentinel-2 satellite remote-sensing images on 22 November 2018 and 15 January 2019,
we determined the distribution of dust on the leaves of the evergreen vegetation in Beijing in
the winter (mainly from Euonymus Japonicus). The inversion results were verified by PM10 and
measured data, and were proven to be reasonable. The results of the inversion show that the
mean ADA in the enclosed area was lower than that in semi-closed and open areas. The regional
distribution of high ADA in the urban area of Beijing was higher in the south, and ADA in the
core area in the second ring of Beijing was less than in other loops with a tendency of the ADA to
decrease from city center to the surrounding area.

(3) Euonymus japonicus woodland has a positive effect on the urban dust environment. The size, LSI,
and PLAND of patches of Euonymus japonicus significantly affect the ADA intensity. The dust
retention ability is affected by the vegetation coverage rate, and generally, the higher the vegetation
coverage rate is, the larger the ADA intensity is; however, this is not a linear positive correlation.
Within the study area, when the PLAND of Euonymus japonicus woodland is higher than 40%,
its ADA intensity remains basically unchanged. LSI affects the ADA intensity. LSI is negatively
correlated with ADA intensity, and the reduction in the overall shape complexity of forestland
can enhance the dust retention effect of the surrounding urban areas.
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