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Abstract:

 Particulate matter is a serious source of air pollution in urban areas, where it exerts adverse effects on human health. This article focuses on the study of subduction of shelterbelts for atmospheric particulates. The results suggest that (1) the PM mass concentration is higher in the morning or both morning and noon inside the shelterbelts and lower mass concentrations at other times; (2) the particle mass concentration inside shelterbelt is higher than outside; (3) the particle interception efficiency of the two forest belts over the three months in descending order was PM10 > PM1 > PM2.5; and (4) the two shelterbelts captured air pollutants at rates of 1496.285 and 909.075 kg/month and the major atmospheric pollutant in Beijing city is PM10. Future research directions are to study PM mass concentration variation of shelterbelt with different tree species and different configuration.
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1. Introduction

Since China’s reform and opening up, the Chinese economy has experienced rapid development for more than 30 years; however, rapid urbanization has led to increasingly complex environmental pollution problems. The government has taken intensive efforts to solve these problems by approaches such as the development of public transport, improvement in gasoline quality standards, vigorous promotion of clean production, and acceleration of the adjustment of energy structure. The use of vegetation for removing atmospheric pollutants has attracted increasing attention among scientists and urban planners [1,2,3,4,5,6,7,8,9]. Urban forests play an important role in reducing atmospheric pollution and improving the quality of the urban environment. Forest vegetation can capture aerosols, particulates, and other pollutants more efficiently and are characterized by higher dry deposition than other land surfaces [10,11,12].

Removing particles from the atmosphere to the surface of the earth is a combination of processes including five steps: (1) sedimentation; (2) diffusion; (3) turbulence; (4) washout; and (5) wet deposition [13]. The dry deposition of particles and gases is by the first three of the processes listed above. Dry deposition also described combined removal process of particulates from the atmosphere by gravity, Brownian motion, impaction, and direct interception [14]. Sedimentation occurs by agglomeration among fine particles, owing to their attractive and reactive properties. Brownian motion was the main way of moving gases and fine particulates and this movement is important for inducing fine particles to dissolve on the wet leaf surface [15]. Interception and impaction are important for medium and large particles (0.1 < Dp ≤ 10 μm; Dp: diameter of particle) [14]. Above all, turbulent air flows and associated impaction are the main mechanisms resulting in the greater deposition of particles on trees than on shorter vegetation. The inertia of particles traveling in an air stream as it curves around an object, such as a leaf or stem, forces them through the boundary layer and onto the object’s surface [16,17]. Knowing the mechanism of particle movement in the atmosphere is important for investigating the effect of trees on particles.

Trees are efficient scavengers of PM [10] and can serve as sinks for particulates, gases, and aerosols at the canopy level [15,18,19]. As a result of the large canopy area of leaves and the turbulent air movement created by their structure, trees effectively capture more particles than shorter vegetation [10,20]. Fowler et al. [6] found that woodlands in the West Midlands of England collect three times more PM10 than grasslands. Several factors determine particle capture by vegetation. These include canopy area, tree structure, particle concentration, particle size distribution, and wind speed. Tree structure disrupts the airflow inside the shelterbelt and increases impact and interception [13]. Owing to the specific aerodynamic properties of conifers, they have been shown to capture more particles than broad-leaved trees [7,15,21,22]

PM deposition on leaf surfaces (accounting for most of the PM capture) occurs by four depositing process: sedimentation caused by gravity; diffusion derived by Brownian motion; and impaction and interception resulting from turbulent flow [7,23]. Sedimentation principally affects the deposition of large PM (10–100 μm) [7], impaction and interception affect the deposition of particles larger than 0.5 μm [24], and Brownian motion leads to the deposition of ultrafine particles (<0.1 μm).

Many studies investigated how trees capture particles on the leaf surface [2,25,26,27] and leaf anatomy can be a significant factor affecting particle deposition [28]. Leaf surface can absorb ultrafine PM (0.1) into leaf tissues through their stomata when Brownian diffusion is the main deposition mechanism [24,29,30]. Räsänen et al. [31] compared the importance of leaf surface structure, physiology, and moderate soil drought on the particle capture efficiencies of trees in a wind tunnel using NaCl particles. The study showed that conifers capture more particles when characterized by a small leaf size. Broadleaves with low leaf wettability, low stomatal density, and leaf hairiness increased particle capture. Moderate soil drought tended to increase the particle capture efficiency of Norway spruce [32] and P. sylvestris [31]. The behavior of conifer and broadleaves represents differences in structural and chemical characteristics of cuticle wax rather than wax quality [33,34]. The existing analysis shows that the influence of thermophoresis on fine particle deposition to leaf surface cannot be ignored [24].

Near-road air quality has attracted increasing attention in developed countries. The reduction of near-road air pollution by roadside barriers, such as solid noise barriers and tree stands, has been studied. Tree stands, including street trees, have been identified as an effective means for reducing air pollutants and providing aesthetic improvement in urban landscapes [35,36]. Roadside tree canopies may adjust air quality through changing air dispersion as well as by capturing air pollutants. Recent studies have found that a street tree canopy has a positive or negative effect on air quality at the pedestrian level [37,38]. The positive effect is the obstacle posed by plants to air flow, reducing air exchange especially in the vertical direction and increasing air pollutant concentrations. The negative effect is that vegetation may emit biogenic volatile organic compounds (BVOCs) and contribute to the formation of secondary organic aerosol (SOA), which is an important chemical component of airborne particulate matter [39,40,41].

Windbreaks or tree rows are often seen along roads and have the effect of protecting downwind surfaces from the deposition of air particles. The effects of windbreaks on airflow and turbulence have been described in several reports [42,43,44]. Raupach et al. [42] found that the fraction of particles in the oncoming flow that pass through the windbreak, or transmittance of the windbreak to particles, is related to the optical porosity. The total deposition of particles has been determined by an exchange of the particle absorption and transmission, and maximum total deposition corresponds to an optimum porosity value. Wilson [43] extended the analytical theory of Raupach et al. [41] for the filtering of a particulate-loaded airstream through a laterally-uniform, porous windbreak and provided the basis for a straightforward extension of an earlier formula for particle interception by a thin windbreak. Numerical simulations were also used to illustrate the ambiguity inherent in applying to a thick windbreak the pre-existing theory of particle filtering by vegetation developed by Bouvet et al. [44].

The main aim of this paper was to present analyses of the temporal and spatial variations of PM1, PM2.5, and PM10 mass concentration from August to October 2013, based on three months of continuous measurements inside two different road shelterbelts. We also investigated whether concentrations inside the shelterbelts differed from those over the roads, evaluated the particulate removal efficiency of the road shelterbelts at each site, and quantified the capture levels by the road shelterbelts over the three months.



2. Materials and Methods


2.1. Study Area

The study area was located in the city of Beijing in the Olympic Forest Park (40°01′N, 116°38′E), covering an area of 6.8 km2 (Figure 1). The shelterbelts (Populus tomentosa and Fraxinus chinensis Roxb.) adjacent to the north 5th Ring Road in the northern part of the Beijing Olympic Forest Park were chosen as the main research area. The Populus trees were 6–10 years old and growing well. The shelterbelt was oriented from east to west. The belt plant spacing was 6 × 5 m, and the trees were arranged in rectangular crown planting. The average crown diameter was 4.5 m, average trunk diameter was 0.19 m, and average height was 23 m. Fraxinus chinensis Roxb. trees were 5–8 years old, and the belt had four strains causingmortality of trees, with the rest growing well. The shelterbelt orientation was largely east-west. The belt plant spacing was 7 × 8 m with a rectangular planting configuration. The average crown height was 10 m, average diameter at breast height was 17 m, and average crown width was 5.97 m. This city was selected because of its semi-humid continental monsoon climate and terrain, high summer temperatures, cold and dry winter with an average temperature of 12 °C, annual average rainfall of 640 mm, prevailing northwest winter winds, southeast winds in the summer, and average annual wind speed of 2.5 m·s−1. For the monthly and daily patterns of meteorological variables conditions in the shelterbelts during the monitoring period, see Table 1 and Table 2, and Figure 2 and Figure 3.

Figure 1. Map of Beijing and the sampling site. (A) Olympic forest park in Beijing. Source of map: www.map.baidu.com.
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Figure 2. Meteorological variables inside the Populus tomentosa shelterbelt.
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Figure 3. Meteorological variables inside the Fraxinus chinensis Roxb. shelterbelt.
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Table 1. Meteorological variables inside and outside the Populus tomentosa shelterbelt.



	
Time

	
Inside the Forest Belt

	
Outside the Forest Belt




	
Wind Speed (m·s−1)

	
Temperature (°C)

	
Relative Humidity (%)

	
Wind Speed (m·s−1)

	
Temperature (°C)

	
Relative Humidity (%)






	
August 2013

	
0.22

	
28.67

	
58.61

	
0.34

	
29.19

	
57.09




	
September 2013

	
0.23

	
22.34

	
63.21

	
0.36

	
25.57

	
50.23




	
October 2013

	
0.32

	
17.22

	
62.43

	
0.42

	
20.13

	
45.57










Table 2. Meteorological variables inside and outside the Fraxinus chinensis Roxb. shelterbelt.



	
Time

	
Inside the Forest Belt

	
Outside the Forest Belt




	
Wind Speed (m·s−1)

	
Temperature (°C)

	
Relative Humidity (%)

	
Wind Speed (m·s−1)

	
Temperature (°C)

	
Relative Humidity (%)






	
August 2013

	
0.23

	
29.31

	
56.28

	
0.34

	
29.19

	
57.09




	
September 2013

	
0.25

	
23.59

	
62.38

	
0.36

	
25.57

	
50.23




	
October 2013

	
0.342

	
18.45

	
61.80

	
0.42

	
20.13

	
45.57



















2.2. Collection and Measurement of Particles

Three small weather stations were installed 1.5 m above the ground inside and outside the north five ring road shelterbelts to record temperature, relative humidity, and wind speed and direction. DUSTMATE particle collector (Turnkey instruments, Northwich, UK) is a photometric sampler. It is an automatic instrument that can monitor the PM mass of PM1 (≤1 μm), PM2.5 (≤2.5 μm), PM10 (≤10 μm), and TSP. The instrument adopts the technology of scattered light to detect the concentration of dust and inhalable particles with diameter in the range of 0.4 to 20 μm. A built-in sampling pump draws in air with 10 mL/s (600 mL/min) flow, and continuous airflow containing particles passes through a laser beam in the test chamber. The light energy scattered by each particle is converted into pulses of electricity proportional to the size of the particle. The intensity of the light pulse can determine the size of particles, using computer technology to calculate the mass of the particle. Five handheld DUSTMATE particle collectors were set up inside and outside the shelterbelts adjacent to the north five ring road at distances of 2, 20, 30, 40, and 60 m from the road. The monitoring time was from August to October 2013. The experiment was conducted for five consecutive days per month as the mean of replicate measurements. The sampling time of the day was from 7:00 to 19:00. In Figure 4 the traffic flow was higher at 08:00 and there was a slight fluctuation from 9:00 to 17:00 during the daytime; after 18:00 traffic increased and the collection was performed during this period. The DUSTMATE monitoring instruments and meteorological instruments in the forest and their layout are shown in Figure 5.

Figure 4. Traffic density during monitoring time.
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Figure 5. Particulate monitoring and meteorological instruments in wooded and open areas. Note: ● represents DUSTMATE; Δ represents the meteorological instrument. 2 m, 20 m, 30 m, 40 m, and 60 m represent the distance of DUSTMATE from the north five ring road and position in the forest belt.
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The particle removal efficiency by the shelterbelts at each site was calculated by the following formula:



[image: there is no content]



(1)




where Ci denotes particle concentration at the roadside in μg·m−3 and CCK denotes particle concentration inside the road shelterbelts in μg·m−3.




2.3. Urban Forest Effects Model: Air Particulate Removed by Trees

Trees, with their large surface area of leaves and complex structure of twigs and branches, present a rough aerodynamic surface that collects particles more efficiently [13]. The important features of the study region were:


	(1)

	two different tree species of the road shelterbelts; and



	(2)

	shelterbelt area: the areas of the two species are the same with a length of 2000 m and a width of 60 m.





Forest removal of particulate air pollutants at a given location can be calculated from the following formula:
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(2)




where Q is the amount of a given air pollutant removed by trees in a given time (kg), F is the pollutant flux (μg·s−1·m−2), S is the total canopy cover in that area (m2), and T is the time period(s). The pollutant flux F is calculated according to Nowak (1994a) as
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(3)




where Vd is the dry deposition velocity of a given air pollutant (in m·s−1) and C is the concentration of an air pollutant (in μg·m−3). The dry deposition process can be mentioned according to Nowak [4] as
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(4)




where Vd is the dry deposition velocity, Ra is the aerodynamic resistance, Rb is the quasi-laminar boundary layer resistence, and Rc is the canopy resistance. Ra, Rb, and Rc were calculated according to Killus et al. [45] as
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(5)




where u(z) is the wind speed at height z (m·s−1) and u*, the frictional velocity (m·s−1), was calculated according to Nieuwstadt [46] as
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(6)




where k is von Karman’s constant (0.4), d is the displacement height (8 m), z0 is the roughness length (0.5 m), and L is the Monin–Obukhov stability length. L has two different classification methods. One was estimated by classifying local meteorological data into stability classes using Turner classes [47] and then estimating 1/L as a function of stability class and z0 [48]. The other method uses Pasquill’s [49] stability classification scheme to classify hourly local meteorological data into stability classes.
When L < 0 (unstable condition) [50]:
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(7)




where the dimensionless factor X is calculated according to Dyer and Bradley [51] as
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(8)




When L > 0 (stable condition) [50]
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(9)




Rb was calculated according to Pederson et al. [52] as
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(10)




where [image: there is no content] [45].
Hourly canopy resistance Rc values were derived from the yearly data:
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(11)




The tree canopy consistence (Rc) for the particles was derived from the literature. Nowak [4] classified canopy resistance into in-leaf season daytime, in-leaf season nighttime, and out-of-leaf season under a distribution of 90% deciduous and 10% coniferous leaf surface area. In-leaf daytime Rc was 0.78, in-leaf season nighttime Rc was 0.78, and out-of-leaf season Rc was 2.39.

Vg (m/s) is species-specific and calculated using known relationships between wind speed and Vg (using the data from Freer-Smith et al. [53]):


	Vg(populus) = 0.00125(0.5u) (number of observations = 9; p < 0.05: R2 = 0.87)


	Vg(F. chinensis Roxb.) = 0.00178(0.56u) (number of observations = 9; p < 0.05: R2 = 0.80),




where Vg(populus) is the deposition velocity for P. tomentosa, Vg(F. chinensis Roxb.) is the deposition velocity for F. chinensis Roxb., and u is wind speed.
Deposition velocities of PM2.5, PM1, and PM10 on trees were estimated from the literature and varied with wind speed [5,53,54,55,56]. Freer-Smith et al. [53] measured the relationship between relative deposition velocity and wind in wind tunnels. The studies showed that for Populus, when the wind speed is 3 m·s−1, Vd is 0.08 ± 0.01 cm·s−1; when the wind speed is 6 m·s−1, Vd is 0.2 ± 0.04 cm·s−1; and when the wind speed is 9 m·s−1, Vd is 0.36 ± 0.12 cm·s−1. For F. chinensis Roxb., when the wind speed is 3, 6, and 9 m·s−1, Vd is 0.25 ± 0.12 cm·s−1, 0.88 ± 0.13 cm·s−1, and 1.16 ± 0.42 m·s−1, respectively. Sun et al. [57] calculated a deposition velocity rate of PM2.5 in Beijing Olympic Forest Park with average day and night values of 0.9 ± 0.8 and 0.4 ± 0.5 cm·s−1. Due to this study taking place in the same experimental area as that of Sun et al. [57], we regard the deposition velocity of PM2.5 in this study as 0.9 ± 0.8 cm·s−1. It has been suggested that the Vg of particles of 1.0 μm diameter was between 0.4 cm·s−1 and 2.0 cm·s−1 [55,58]; here we also adopted this value. With an increase in the particle size range of 0.1–10 μm, aerosol deposition velocities are greater [58]. For PM10, the deposition velocity was assumed to be 0.64 cm·s−1 in the growing season and 0.14 cm·s−1 in the leafless season [59]; because our experiment was during the growing season, the deposition velocity of PM10 was given as 0.64 cm·s−1. The base Vd was adjusted according to the actual LAI and the in-leaf versus leafless season parameters. Vd changed as the LAI changed; Tallis et al. [15] set Vd at 0.0064 m·s−1 and assumed a single-sided LAI of 6 m2·m−2, 6% coniferous cover, and deposition to stems with a bark surface area of 1.7 m2·m−2 of land area giving a total plant area index of 7.7 m2·m−2. Here, we assigned a Vd of 0.9 cm·s−1 of to represent a change in LAI from 6 m2·m−2 between August and October, with a mean value of 4 m2·m−2. Vd includes an LAI parameter; the PM flux in Equation (2) is multiplied by the land area to give total flux (Q).




3. Results


3.1. Temporal Variation in Particulate Mass Concentration inside Shelterbelts

The daily variation in particle concentration measurement results inside the Populus tomentosa and F. chinensis Roxb. shelterbelts is presented in Figure 6 and Figure 7. In the 12 h daily monitoring period, the higher value of the three particle concentrations inside the poplar forest belt appeared in August and October, and the lower value appeared in September. Particle concentration changes in the F. chinensis Roxb. belt showed a similar pattern to those in the Populus shelterbelt. Differences in PM2.5 concentration at the three monitoring times were significant. A trend of average daily concentration variation could be seen in both the poplar forest and F. chinensis Roxb. shelterbelt from August to October, with the particle mass concentration reaching the highest value at 08:00, and at other times, showing small fluctuations after 18:00. PM concentration continued to increase. In addition, similar results were reported by Nguyen et al. [60] and Wu et al. [61] for six urban green spaces that showed variations in air PM concentration. They found that the PM concentrations were higher at dawn and dusk and lower at noon. Wu et al. [61] also reported that PM concentration was higher during the period from 19:00 to 21:00 than in the afternoon and evening. The cause of this phenomenon was rush hour traffic at approximately 08:00, and in this period of low temperature, low wind speed, and slow vertical turbulent exchange, particle diffusion was slow and PM concentration increased. After 18:00, vehicle flow increased, and a high flow of people to the Olympic Forest Park caused the PM mass concentration to rise again. In August, when the observation was interrupted by thunder showers and cloudy weather, the weather affected the particle mass concentration changes inside and outside the shelterbelts and the diurnal variation changed accordingly.

Figure 6. Daily variation in particulate mass concentration inside Populus tomentosa shelterbelt in different months.
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Figure 7. Daily variation in particulate mass concentration inside Fraxinus chinensis Roxb. shelterbelt in different months.
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The monthly average values range from 48 to 152 μg·m−3 for PM2.5, 13 to 49 μg·m−3 for PM1 and 143 to 325 μg·m−3 for PM10 at the Populus shelterbelt. At the Fraxinus chinensis Roxb. shelterbelt the monthly PM concentrations were somewhat lower with 32–102 μg·m−3 for PM2.5, 9–31 μg·m−3 for PM1 and 97–182 μg·m−3 for PM10. This may be due to the fact that Populus has a larger leaf surface and complex branch structure, which caused the mixture of turbulent atmospheric disturbances that can direct easy-intercept particulate matters in the air. The large tree canopy of Populus can also lower the air temperature through direct shading and evapotranspiration [59,62].

The average ratios between the PM fractions also split for three months are presented in Table 3. The ratios and their standard deviations are calculated from the daily means.


Table 3. Ratios (mean and standard deviation) between the various mass-fractions of PM on daily means for Populus tomentosa and Fraxinus chinensis Roxb. forest belts.



	
Shelterbelt/Month

	
PM2.5/TSP

	
PM1/TSP

	
PM10/TSP

	
PM1/PM10

	
PM2.5/PM10

	
PM1/PM2.5




	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
Populus tomentosa

	
August

	
0.44

	
0.04

	
0.15

	
0.09

	
0.75

	
0.11

	
0.19

	
0.13

	
0.59

	
0.14

	
0.33

	
0.04




	
September

	
0.27

	
0.01

	
0.07

	
0.13

	
0.82

	
0.11

	
0.09

	
0.09

	
0.55

	
0.04

	
0.27

	
0.01




	
October

	
0.36

	
0.11

	
0.12

	
0.11

	
0.77

	
0.07

	
0.15

	
0.12

	
0.47

	
0.11

	
0.32

	
0.02




	
Mean

	
0.36

	
0.05

	
0.11

	
0.11

	
0.78

	
0.10

	
0.14

	
0.11

	
0.54

	
0.10

	
0.31

	
0.02




	
Fraxinus chinensis Roxb.

	
August

	
0.49

	
0.12

	
0.14

	
0.01

	
0.84

	
0.08

	
0.17

	
0.07

	
0.58

	
0.05

	
0.29

	
0.03




	
September

	
0.19

	
0.05

	
0.05

	
0.04

	
0.57

	
0.05

	
0.08

	
0.02

	
0.55

	
0.04

	
0.25

	
0.01




	
October

	
0.25

	
0.07

	
0.07

	
0.02

	
0.94

	
0.13

	
0.08

	
0.02

	
0.39

	
0.03

	
0.30

	
0.04




	
Mean

	
0.31

	
0.08

	
0.09

	
0.02

	
0.78

	
0.09

	
0.11

	
0.04

	
0.51

	
0.04

	
0.28

	
0.03









At the Populus shelterbelt site PM1 accounted for 31% of PM2.5 and for 14% of PM10 in the monthly average; for the corresponding Fraxinus chinensis Roxb. site the proportion of PM1 with 28% of PM2.5 and 11% of PM10 was lower. The PM1/PM2.5 ratio was very constant over both months at two shelterbelt sites. At both sites the PM10 accounted for close to 80% of TSP. The ratios of PM2.5/PM10 were 54% at the Populus shelter and 51% at the Fraxinus chinensis Roxb. shelter, which might be related to more fine particulate mobile source combustion emissions at the North five ring road, as well as climatic and emission conditions.

For Taipei, Li and Lin [63] obtained PM1/PM2.5 mass ratios as high as 0.90 in the traffic station using trichotomous samplers for sampling of the three PM fractions. Gomišček et al. [64] found at the urban site PM1 accounted for 82% of PM2.5 and for 57% of PM10 as an annual average; for the corresponding rural site the portion of PM1 with 84% of PM2.5 and 60% of PM10 was even higher. This relatively small difference between PM1 and PM2.5 suggests that there are almost no emission sources in this range and that fine PM is rather influenced by air mass transport. Based on two years’ simultaneous one-week integrated sampling, in two downtown/residential sampling sites in Beijing, Yang et al. [65] reported that both PM2.5 to PM10 and PM2.5 to TSP ratios were highest in winter and lowest in spring, reflecting the fact that heating combustion sources contributed more to fine particles, while dusty weather produced more coarse particles.







3.2. Particulate Mass Concentration Variation in Different Locations outside and inside Shelterbelts

Figure 8 and Figure 9 shows the comparative results of PM mass concentration outside and inside two different shelterbelts. The PM mass concentration inside and outside shelterbelt change is significant, as the general trend of PM mass concentration inside the shelterbelt is higher than outside.

Figure 8. Comparison of PM mass concentration inside and outside the Populus forest belt from August to October.
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Figure 9. Comparison of PM mass concentration inside and outside the Fraxinus chinensis Roxb. forest belt from August to October.
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The reason for this kind of phenomenon is that the spatial structure of forest belt affecting the microclimate would change the PM mass concentration inside the shelterbelt. In general, airflow through the forest belt can be divided into two parts: when lower air flow encounters the shelterbelt, owing to a blocking effect by the shelterbelt, part of the airflow moves directly through the shelterbelt gap; the friction between the airflow and the tree consumes more energy of the flow and causes the kinetic energy of the airflow to drop, which leads to the wind speed reducing [66,67,68,69]. The reduction in wind in the shelterbelt, not conducive to the spread of PM, which is prone to settlement, eventually leads to an increase in PM mass concentration. Another part of the airflow is forced to rise above the shelterbelt.

The cause for this surprising result requires deep research. Absorption of particles by trees changed with the increasing distance from the road. Mori et al. [70] selected two tree species (Picea sitchensis Carrière and Pinus sylvestris L.) to test their capacity to accumulate particulate matter on the leaf surface. The study found that accumulation of PM10 decreased with distance from the road in both P. sylvestris and Picea sitchenisis, while the smaller fractions did not show any clear trends with respect to the distance from the road.

Correlation between PM mass concentration and meteorological elements inside the Populus and F. chinensis Roxb. shelterbelts are presented in Table 4 and Table 5. The mass concentrations of PM are significantly and negatively correlated with temperature and wind speed, but positively correlated with air pressure as well as relative humidity.

Table 4. Correlation coefficients between PM2.5 mass concentration and meteorological factors inside the Populus shelterbelt.


	Meteorological Elements
	Spearman Correlation Coefficients
	Two-Tailed Significance Level





	Wind speed
	−0.779 *
	0.020



	Temperature
	−0.755 **
	0.000



	Relative humidity
	0.804 **
	0.000



	Atmospheric pressure
	0.506 **
	0.000





Note: * Correlation is significant at the 0.05 level (two-tailed). Similarly hereafter; ** Correlation is significant at the 0.01 level (two-tailed).




Table 5. Correlation coefficients between PM2.5 mass concentration and meteorological factors inside the F. chinensis Roxb. shelterbelt.


	Meteorological Elements
	Spearman Correlation Coefficients
	Two-Tailed Significance Level





	Wind speed
	−0.226 **
	0.006



	Temperature
	−0.798 **
	0.000



	Relative humidity
	0.657 **
	0.000



	Atmospheric pressure
	0.090
	0.276














The spatial variation in particle mass concentration among different locations inside the two shelterbelts is shown in Figure 10, Figure 11 and Figure 12. It is clearly observed that the particle concentration reached its highest value of 40 m inside the Populus tomentosa shelterbelt from August to October. The optimal location for particle concentration always changes in the F. chinensis Roxb. shelterbelt in October. This observation leads to the question of why higher particle concentrations occur inside forest belts. The reason is probably that forest belts first intercept particles on their leaves and branches and then the particles reach the ground by dry and wet deposition.

Figure 10. Comparison of PM2.5 mass concentration inside and outside the forest belt with different distances.
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Figure 11. Comparison of PM1 mass concentration inside and outside the forest belt with different distances.
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Figure 12. Comparison of PM10 mass concentration inside and outside the forest belt with different distances.
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Owing to the small size of the sampling site, we used kriging interpolation to simulate the diurnal variation of PM2.5 concentration at different locations inside the two forest belts in August 2013 (Figure 13 and Figure 14). From the contour map, we can conclude that PM2.5 concentration at different distances reached a peak value in three time periods (morning, noon, and dusk). Therefore, a suitable forest belt width is important for particulate interception.

Figure 13. Diurnal variation in PM2.5 concentration at different distances inside the Populus tomentosa shelterbelt. Note: (a–c) are PM2.5 concentration contour plots inside Populus tomentosa shelterbelts in August, September, and October.
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Figure 14. Diurnal variation in PM2.5 concentration at different distances inside the Fraxinus chinensis Roxb. shelterbelt. Note: (a–c) are PM2.5 concentration contour plots inside the Fraxinus chinensis Roxb. shelterbelt in August, September, and October.
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3.3. Particulate Removal Efficiency

The particulate removal percentages inside the different shelterbelts in the Olympic Park are presented in Figure 15, Figure 16 and Figure 17. Positive values denote concentrations on roadsides higher than those in the shelterbelts, and negative values denote the opposite. The higher the negative value, the higher the particulate interception efficiency. These purification effects are especially prominent within 40 m of the roadside. The PM concentration interception efficiency of the two forest belts in the three months in descending order was PM10 > PM1 > PM2.5. In both Populus and F. chinensis Roxb. shelterbelts, because of leaf senescence in October, the PM concentration declined, resulting in an increased frequency of positive values of interception efficiency.

Figure 15. PM2.5 interception efficiency of the Populus belt (left) and Fraxinus chinensis Roxb. belt (right) at different locations (mean ± SD).
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Figure 16. PM1 interception efficiency of the Populus belt (left) and Fraxinus chinensis Roxb. belt (right) at different locations (mean ± SD).
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Figure 17. PM10 interception efficiency of the Populus belt (left) and Fraxinus chinensis Roxb. belt (right) at different locations (mean ± SD).
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Plants retain PM on leaves and trunks when the size of leaf stomata is bigger than the particle size [31]. When the absorption retention reaches a certain amount, larger particles readily saturate stomata, resulting in low fine particle adsorption efficiency. Trees are more effective in the uptake of particles than lower vegetation, owing to the large surface area of leaves, stems, and branches and atmospheric turbulence caused by their complex internal structure [71,72]. Ultrafine particle diffusion is accelerated by wind, so that the attenuation of fine particles is more rapid than that of large particles with distance from source [7]. Islam et al. [62] found the best positive correlation between TSP and crown density, negatively correlated with the shelterbelt porosity; shelterbelt porosity ranges of 20%–40% can be defined as the optimum for TSP removal. They also observed that the maximum TSP removal percentage was 65%, and the relative reduction effect was 0.4% in summer along the Khulna–Batiaghata road. This result was similar to that reported by McPherson et al. [73], who calculated the uptake of particulate matter by trees in Chicago. The findings of this study showed that better scavenging effects are achieved by planting appropriate vegetation as well as certain type and characteristics of trees. However, too dense configuration of the vegetation may not achieve a beneficial effect, so the construction of urban greenspace must pay attention to the structure of the greenbelt that has optimal canopy density and porosity, in addition to selecting the trees with higher capability of retaining dust.





3.4. Air-Pollutant Removal

We adopted the Urban Forest Effects Model (UFORE) [4], using hourly meteorological and pollution concentration data. The results of particle interception modeling are shown in Figure 18 and Figure 19. The total air-particulate uptake by the two tree types was 1496 and 909 kg over the three months. From the monthly average concentrations and the pollutant capture, we can conclude that the main air pollutant in Beijing in 2013 was PM10. Considering PM10 as an example, for the Populus shelterbelt, the total PM10 uptake by the trees was 303.25 kg during August and accounted for 52.2% of total air pollutants in the three months. Tiwary et al. [8], in a 10 × 10 km study area containing 75% grassland, 20% sycamore maple (Acer pseudoplatanus L.), and 5% Douglas fir [Pseudotsuga menziesii (Mirb.) Franco], calculated that PM10 removal was 90.41 t·year−1, equating to 0.009 t·ha−1·year−1 over the whole study area. This result is greater than that found in Chicago by Nowak [4], who calculated that trees within the city could reduce PM10 concentrations by 0.004 t·ha−1·year−1. Yang et al. [59], also using the UFORE model, found that trees in Beijing removed the most PM10, with the reduction amounting to 720 t, equating to 0.025 t·ha−1·year−1 and accounting for 61% of total air pollutants. This greater value can probably be explained by the differences in climate and tree cover (16.4%) and by the higher PM10 concentrations in Beijing than in Chicago. Nowak et al. [9], using the UFORE model, found that the total amount of PM2.5 annually removed by trees varied from 4.7 t in Syracuse to 64.5 t in Atlanta, but in Atlanta trees removed 423 t of PM10 [74], indicating that the removal of PM10 by trees is substantially higher than that of PM2.5. Particles deposited on the leaf surface remain there in part, with the other part resuspended in the atmosphere by wind or washed off by precipitation.

Figure 18. Monthly air-pollutant removal by the Populus belt.
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Figure 19. Monthly air-pollutant removal by the Fraxinus chinensis Roxb. belt.
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This study assumed a canopy height of 15 m, a value likely to represent Populus tomentosa and F. chinensis Roxb. trees of 8–10 and 10–12 years of age, respectively. The ability of trees to intercept air pollutants changes with climate and growth. Leaves with large surface area or hairy, scaly, or resinous surfaces capture more particles than small or smooth leaves [4,5,13,14].

The UFORE model makes several assumptions; the results of this method are only according to the site- or regional-specific data [8]. Some data and parameters of the UFORE model for specific species and different wind speeds are lacking, but a general method is to assign generic deposition to trees. The shortcoming of this method is that it is unlikely to represent the variation in canopy structure and microclimates within a specific site and may imprecisely estimate particle flux.

The UFORE model has many limitations and disadvantages. It takes into account only dry deposition and does not consider wet deposition, thereby likely underestimating total deposition [75]. Particles deposited on leaves, twigs, and branch surfaces of trees under gravity and impaction are not subjected to resuspension, unless variation in airflow or other disturbances occur. Ould-Dada and Baghini [76] performed a wind tunnel simulation experiment to study the resuspension of 1.85 μm MMAD silica particles in detail and found that the resuspension rate is only approximately 1%. For this reason, resuspension was not considered in this paper.




4. Discussion

Dust particle concentration reduction of road open sources has drawn increasing research attention. Measures for reduction of road particulate matter are divided into two kinds. One is source control, consisting of reducing particulate matter emissions by technology, cleaning the road, and improving the road surface to reduce particulate matter sources. The other is control to the leeward side, consisting of intercepting particulate matter in porous clapboards or windbreaks and shelterbelts. Lin et al. [30] and Tiwary et al. [77] found that a hawthorn hedge of width 2.2 m and height 1.6 m efficiently reduced particulate mass concentrations. In the present study, the width of the shelterbelts was small and used a single type of plant, so future work will focus on the structure of vegetative barriers and different numbers of tree rows.

One of the most interesting findings in our study was that the PM mass concentration inside the shelterbelt is higher than outside. This challenges the common belief that leaves and other organs of trees can capture particulate and correspondingly reduce the PM mass concentration. The unexpected observations in the current study may need to be subjected to further field research in order to explain them with a complete aerodynamic theory.

Trees can effectively remove pollutants on the rough surfaces of their leaves, twigs, and branches and by their spatial configuration [10,13,78]. However, trees are also a source of particulates, emitting pollen and biogenic volatile organic compounds that can react with nitrogen oxides and eventually form ozone [79]. This article does not consider the influence of particles derived from secondary aerosols generated by active chemical reactions under high atmospheric temperatures, a topic that awaits further research.



5. Conclusions


	(1)

	The particle mass concentration inside the shelterbelts presented a single peak or bimodal distribution (peaks at 08:00 and 12:00) and lower mass concentrations at other times.



	(2)

	The particle mass concentration inside the shelterbelt is higher than outside.



	(3)

	The particle interception efficiency of the two forest belts over the three months in descending order was PM10 > PM1 > PM2.5.



	(4)

	The two shelterbelts captured air pollutants at rates of 1496.285 and 909.075 kg/month. Based on monthly average concentrations and pollutant capture quantities, the major atmospheric pollutant in Beijing city is PM10.





This paper describes tentative research on the eco-environmental benefit of urban shelterbelts and some valuable conclusions have been achieved. It is better to plant both shrubs and large trees and to plant the shrubs in the front in a logical configuration, which has optimal efficiency on particle purification from the shelterbelt. We should notice that if the configuration of the vegetation is too dense, the air could not be dispersed in greenbelts, therefore optimal crown density and shelterbelt porosity is needed. The current size structure of the shelterbelts is not optimal for air-pollutant removal. The areas of these two shelterbelts were too limited to provide a large amount of removal. Selection of appropriate species and better management practices can enhance forest ecosystem services. The recommended indicators on particle removal efficiency and amount of particle removal will provide a technical basis for careful species selection and better management practice of urban shelterbelts in the future.
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