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Urban forest is considered an effective strategy for mitigating urban air pollution via deposition, absorption and dispersion processes. However, previous studies had focused mainly on the deposition effect or removal capacity near the ground, while the net effect of the urban forest on air quality is rarely evaluated in the vertical dimension. In this study, PM2.5 (particulate matter with diameter less than 2.5), PM10 (particulate matter with diameter less than 10 μm), carbon monoxide (CO), sulfur dioxide (SO2), nitrogen dioxide (NO2), and ozone (O3) concentrations, air temperature, relative humidity, and atmospheric pressure at 0, 2.5, 5, 10, 15, 20, 30, 40, 60, 80, and 100 m in urban forest, street, and community areas were collected by unmanned aerial vehicles (UAVs) equipped with Sniffer4D V2 on overcast and sunny days. The PM, CO, NO2, and O3 concentrations increased with height below 20 m and then slightly decreased with height on an overcast day, whereas SO2 concentrations decreased with height within 20 m. The urban forest increased PM concentrations in the morning of an overcast day, whereas it decreased PM concentrations in the afternoon of the overcast day. The forest obstructed PM dispersion from the canopy when PM concentrations grew lower in the morning, but it hindered PM from deposition when PM concentrations grew higher in the afternoon.
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Introduction

The United Nations (UN) Sustainable Development Goals (SDGs) state that good health and wellbeing of people, sustainable cities, and communities are indispensable to achieving the SDGs (United Nations, 2015; Diao et al., 2021) for which they were formulated. The continuous urban expansion and industrial development have made air pollution a serious problem in urban areas (Llaguno-Munitxa et al., 2017; Ren et al., 2022; Xiong et al., 2022), thereby affecting the environment. The World Health Organization (WHO) reported that the air quality of almost 97% of cities in low- and middle-income countries failed to meet the WHO standard (World Health Organization, 2018). Air pollution caused by particulate matter (PM), nitrogen dioxide (NO2), ozone (O3) carbon monoxide (CO), and sulfur dioxide (SO2) is a serious environmental issue that threatens human health and hinders the realization of the SDGs in the urbanized areas (Tomson et al., 2021; Miao et al., 2022).

Urban forest has been highlighted to offer a mitigation potential to improve air quality (Pataki et al., 2021; Ren et al., 2021) and is the focus of current attention with regard to scaling down pollution. It regulates air pollutant concentrations through various processes such as dispersion, absorption, and deposition (Chen et al., 2019; Santiago and Rivas, 2021). It also removes air pollutants from the atmosphere through stomatal absorption, and the interception at tree canopies and surfaces (Abhijith et al., 2017). Deposition and absorption effects on air quality are always positive, whereas aerodynamic effects can be positive or negative (Jennings et al., 2021; Santiago and Rivas, 2021). For example, some studies have reported that the presence of trees reduced ventilation but increased air pollutant concentrations in the built environments (Vranckx et al., 2015; Buccolieri et al., 2018).

The net effect of an urban forest on air quality is balanced with deposition, absorption and dispersion processes, and its scale depends on the background air pollution, microclimatic factors, and forest structures such as leaf area index, height, barrier thickness, stand density and canopy area (Abhijith and Kumar, 2020; Jennings et al., 2021; Li et al., 2021). Diameter at breast height and the distance from the forest to pollution sources showed a more significant influence on the reduction in PM concentrations than the leaf area index, canopy area, or distance to forest edge (Zhu et al., 2019). The removal rate of air pollutants was defined as the relative concentration difference in air pollutants both inside and outside the forest (Hofman et al., 2016; Miao et al., 2021). The comparison of the PM removal rate of different forest types reported a higher value by coniferous forests than by evergreen forests, and a higher value by coniferous forests than by deciduous forests (Han et al., 2020). Sparse planting of trees could reduce PM concentrations, while high-density planting increased PM concentration (Wang et al., 2020).

The vertical pattern of air pollutants was mainly attributable to the combined effect of the diurnal variations of traffic emissions, meteorological conditions, photochemical reactions, and the dynamics of the low atmospheric boundary layer (ABL; Li et al., 2017; Lu et al., 2020). Given that the dispersion of air pollutants varies with height, research on the vertical distribution of air pollutants by the urban forest needs to be carried out to investigate the dispersion of air pollutants (Cavanagh et al., 2009; Wu et al., 2020). Although numerous studies have been conducted to investigate the net benefit of urban forest on air quality, these researches mainly assessed the deposition effect of the urban forest on air pollutants or compared the air pollutant reduction capacities of different plant species near the ground (Han et al., 2020; Viippola et al., 2020; Bonilla-Bedoya et al., 2021). A few works were even carried out to estimate the vertical airflow and air pollutants in the presence of trees in urban street canyon based on the numerical simulation (Ng and Chau, 2012; Buccolieri et al., 2018). They reported an 18% decrease of air pollutant concentration in the presence of trees paralleled with wind. Albeit with larger path areas than street trees, it remains unknown as to what extent an urban forest could affect the vertical profile of air pollutants, particularly from the field observation perspective. This knowledge gap limits the applicability of urban forest planning and management regarding air quality and public health improvement.

Unmanned aerial vehicles (UAVs) equipped with backpack monitoring equipment provide a feasible way to observe the vertical concentrations of air pollutants in urban environments. They ensure the acquisition of air pollutant concentrations with a high temporal and spatial resolution (Peng et al., 2015; Liu et al., 2020, 2021; Wu et al., 2021). Several previous studies based on UAVs' observations were conducted to characterize the horizontal and vertical distribution of air pollutants in rural and urban areas (Li et al., 2017, 2018, 2019; Zheng et al., 2021). However, previous studies were mainly focused on the spatial or temporal distribution of air pollutants, whereas the response of vertical air pollutant distributions to urban structures such as buildings, and green infrastructure was rarely considered.

Overall, it is necessary to estimate the vertical impact of urban forest on air pollutant concentrations to understand better the air purification ability of an urban forest. In this study, a four-rotor UAV equipped with a portable instrument was used to observe PM2.5 (particulate matter with diameter less than 2.5 μm), PM10 (particulate matter with diameter less than 10 μm), SO2, CO, NO2, O3 concentrations and air temperature, relative humidity vertically in an urban forest, a street, and a community area. The pollutant concentrations and their correlation with air temperature and relative humidity were compared among the three areas. The vertical purification effect of an urban forest was also presented and discussed. The results offer a new understanding of air pollutant behavior in relation to the urban forest and provide proper guidelines for forest management to improve the quality of outdoor air.



Methodology


UAV platform and Sniffer4D V2

A four-vector UAV (Dajiang M100) was used to carry portable instruments such as Sniffer4D V2 to observe the PM2.5, PM10, SO2, CO, NO2, and O3 concentrations, air temperature, relative humidity, and atmospheric pressure per second. The UAV weighs 2.355 kg and has a maximum carrying weight of 3.6 kg. The maximum climate and descent rates of the UAV are 5 m/s and 4 m/s, respectively. The vertical hovering accuracy is 0.5 m, and the horizontal accuracy is 2.5 m. Moreover, the size of Sniffer4D V2 is 158 × 103 × 87.5 mm. It is a portable mobile monitoring device with a weight of less than 500 g. It can be installed on the top of UAVs or cars traveling at a speed of less than 80 km/h to record air pollutant concentrations. The PM sensor in the Sniffer4D V2 is a miniaturized laser photometer, which estimates the PM concentrations based on the light scattering principle with a resolution of 1 μg/m3. The gaseous pollutant sensors for SO2, CO, NO2, and O3 are electrochemical sensors, which calculate the concentrations by reacting with the measured gas to generate an electrical signal proportional with a resolution of < 1 ppb (parts per billion; Li et al., 2020).



Field campaigns

The field campaigns were conducted in Shenyang (41°48′11.75″N, 123°25′31.18″E), the capital of Liaoning Province, China. This province has a temperate continental monsoon climate with four distinct seasons. It covers an area of 12,860 km2 and has a permanent resident population, which had reached 9 million by December 2020. The annual air temperature is 6.2–9.7°C, and the annual precipitation stands at 600–800 mm. In this study, the vertical concentrations of PM2.5, PM10, SO2, CO, NO2, O3, air temperature, relative humidity, and atmospheric pressure were collected by UAV equipped with Sniffer4D V2 at three sites including urban forest, street and community areas to estimate the air purification of the forest (Figure 1). The three areas were located in and beside the Shenyang Arboretum, the Institute of Applied Ecology. The Arboretum is located in the central area of Shenyang and covers an area of 5 hectares. Wanliutang street is oriented North–South (N–S) and consists of five traffic lanes in each direction. The community area is composed of six-floor buildings.
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FIGURE 1
 Location of the Arboretum in Shenyang and unmanned aerial vehicles' (UAVs') observation sites in the street canyon, forest, and community areas.


Different dispersion capacities of air pollutants under different weather conditions form different vertical distributions of air pollutants within the low troposphere (Li et al., 2018). In this study, UAV measurements were taken on overcast and sunny weekdays, with a similar traffic volume. The UAV flight was operated at 0–100 m to estimate the vertical influence of the urban forest on air quality in the urban surface. In total, 11 monitoring heights were selected: 0, 2.5, 5, 10, 15, 20, 30, 40, 60, 80, and 100. The UAV hovered at different monitoring heights for 50 s, because the air pollutant monitors need some buffer time to obtain reliable measurements (Zheng et al., 2021). The first 20 s at each height was considered as the buffer time and the data collected during this period were removed to ensure the accuracy of the data. The measurements were taken at 10:00, 14:00, and 18:00 local time on the overcast (3 September 2021) and sunny (17 September 2021) days, respectively. Sniffer 4D V2 observed air pollutant concentrations in the air pumped into the instrument, while the accuracy of the observation can be affected by the airflow around. To eliminate the effect of airflow generated by the UAV during the flight, Sniffer 4D V2 was placed on top of the UAV (Li et al., 2022).



Data analysis

Vertical line charts were plotted to compare the distribution of air pollutants in street canyons, forests, and community areas on overcast and sunny days. Then, pair plots were used to display a matrix of plots for viewing distributions of air pollutants and their correlation relationship with air temperature and relative humidity. The vertical line charts and pair plots were plotted via Hiplot at https://hiplot-academic.com/.




Results

Figure 2 shows the hourly vertical distribution of PM2.5 and PM10 concentrations on overcast and sunny days, respectively. Similar concentration trends were found between PM2.5 and PM10 at the three sites on overcast and sunny days. Both PM2.5 and PM10 concentrations increased with height below 20 m and then maintained a similar value or slightly decreased with height on overcast days, whereas no obvious changes in PM concentrations with height were observed on sunny days. The PM concentrations at 10:00 were significantly higher than those at 18:00 and higher than those at 14:00 on overcast and sunny days. The PM concentrations in the forest were significantly higher than those on the street at 10:00, whereas the situation was reversed at 14:00 and 18:00 on overcast days. The PM concentrations in the forest were significantly lower than those on the street, while no significant difference was found at 14:00 and 18:00 on sunny days. The PM concentrations in the community at 18:00 were significantly higher than those in the forest on overcast and sunny days.


[image: Figure 2]
FIGURE 2
 Hourly vertical distributions of PM2.5 (particulate matter with diameter less than 2.5 μm) and PM10 (particulate matter with diameter less than 10 μm) concentrations (mean ± SE) in the overcast and sunny days, respectively.


The CO concentrations at 10:00 were significantly higher than those at 18:00 and higher than those at 14:00 on overcast and sunny days (Figure 3). They increased with height below 15 m and then decreased with the increase of height at the street on overcast days. The CO concentrations first decreased, then increased, and then decreased with the increase of height in the forest on overcast days. The CO concentrations on the street were significantly higher than those in the forest below 20 m, whereas no significant difference in CO concentrations was found above 20 m at 14:00 and 18:00 on the overcast days. They were significantly higher on the street than those in the forest within 100 m at 10:00 on overcast and sunny days. No significant difference was found between CO concentrations on the street and in the forest at 14:00 and 18:00 on sunny days. The CO concentrations in the community were significantly higher than those in the forest and on the street at 18:00 on sunny days.
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FIGURE 3
 Hourly vertical distributions of carbon monoxide (CO), sulfur oxide (SO2), nitrogen dioxide (NO2), and ozone (O3) concentrations (mean ± SE) on overcast and sunny days, respectively.


The SO2 concentrations decreased with the increase of height within 20 m, whereas no significant difference in SO2 concentrations was found when the height increased from 20 m to 100 m on overcast and sunny days (Figure 3). The SO2 concentrations in the forest were lower than those at the street at 10:00 and 14:00, while the situation was reversed at 18:00 on overcast days. They were significantly lower in the forest than those on the street at 10:00 and 18:00 on sunny days. The SO2 concentrations in the forest decreased slower than those at the street when the concentration decreased.

The NO2 concentrations near the ground were higher than those at 2.5 m at 10:00, 14:00, and 18:00 on overcast and sunny days (Figure 3). They increased with the increase of height to 20 m from 2.5 m and then decreased with the height on the overcast day and sunny days. The NO2 concentrations were significantly lower in the forest than those on the street at 10:00, 14:00, and 18:00 on overcast days. Similar results were found at 10:00 and 18:00 on sunny days, whereas the situation was reversed at 14:00 on sunny days. The NO2 concentrations at 14:00 were significantly lower than those at 10:00 and 18:00 on sunny days. The O3 concentrations increased with the height increasing within 20 m at 10:00, 14:00, and 18:00 on overcast days, and at 14:00 on sunny days. The differences among O3 concentrations at the three sites on sunny days were larger on overcast days. The O3 concentrations in the forest were higher than those on the street at 14:00, while they were lower than those on the street at 18:00 on sunny days. The O3 concentrations in the community were significantly higher than those in the forest than those on the street at 14:00 on overcast and sunny days.

Easy pair plots were drawn to view the distribution of air pollutants, air temperature, relative humidity, and the correlation between the two of them (Figure 4). Double peaks were found in the distribution of PM2.5 and PM10 concentrations, whereas one peak was found in the distribution of chemical pollutant concentrations such as CO, SO2, NO2, and O3. For PM concentrations, a significantly positive correlation was found with relative humidity at the three sites, whereas only a significantly negative correlation with air temperature was found in the forest. The correlation coefficient between PM2.5 concentration and relative humidity (r = 0.86) in the forest was higher than that on the street (r = 0.85), than that in the community (r = 0.82). For CO concentrations, a significantly positive correlation (r = 0.82) was found with relative humidity, whereas no significant correlation was found with air temperature at the three sites. For SO2 concentrations, a significantly positive correlation (r = 0.29) was found with relative humidity at the three sites, whereas a significantly negative correlation was found with air temperature in the forest (r = −0.35) and at the street (r = −0.42). For NO2 concentrations, a significantly negative correlation was found with air temperature (r = −0.34), whereas a significantly positive correlation was found with relative humidity (r = 0.76) at the three sites. The correlations between NO2 concentration with air temperature and relative humidity in the forest were stronger than those in the street. For O3 concentrations, a significantly positive correlation was found with air temperature (r = 0.35) at the three sites, and a significantly positive correlation was found with relative humidity (r = 0.21) in the forest and the community.
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FIGURE 4
 Pair plots for viewing correlation and distributions of air pollutant concentrations, air temperature, and relative humidity. The numbers in the figure show Pearson's correlation coefficient between air pollutants and relative humidity and air temperature totally in the community, forest, and street, respectively.




Discussion


The vertical pattern of air pollutants

In this study, PM concentrations increased with height below 20 m and then slightly decreased with height on overcast days, whereas no obvious changes in PM concentrations with height were observed on sunny days (Figure 2). The different trends between overcast days and on sunny days are probably due to the different background concentrations and meteorological conditions. Two peaks appeared in the distribution maps of PM concentrations, and the vertical distribution of PM concentrations was different on the overcast and sunny days (Figure 4). The higher PM background concentrations and relative humidity, and weaker solar radiations on overcast days were probably the main reasons for the different vertical distributions of PM on sunny days (Li et al., 2017).

The concentrations of gaseous air pollutants, such as CO, NO2, and O3, increased with height within 20 m and then decreased with height on overcast days. Miao et al. (2023) also found a similar trend in NO2 and O3 concentrations in an urban street canyon. However, the SO2 concentrations decreased with the increase of height within 20 m, whereas no significant difference in SO2 concentrations was found when the height increased from 20 m to 100 m on overcast and sunny days (Figure 3). The different vertical trends of SO2 from the other gaseous air pollutants were observed probably due to the lower SO2 background concentration, which made it more sensitive to the impact of traffic emissions and human activities (Lu et al., 2020). The vehicle emissions led to a high SO2 concentration near the ground.

During the day, the PM, CO, and NO2 concentrations decreased from 10:00 to 14:00, and then increased to 18:00, whereas the O3 concentrations increased from 10:00 to 14:00. The increase of O3 is probably due to the high intensity of photochemical reactions that are enhanced by solar radiation during the day (Li et al., 2017; Liu et al., 2020). The higher concentration at 10:00 than at 14:00 was possibly associated with higher traffic emissions hour and lower vertical convection of air masses that hinder the air pollutant dispersion at 10:00 (Li et al., 2017; Lu et al., 2020; Zheng et al., 2021). The increased solar radiation led to rising turbulent effects and a deeper ABL from 10:00 to 14:00 within a day, which improved the vertical diffusion of traffic-emitted pollutants (Lu et al., 2020). The increase from 14:00 to 18:00 took place probably due to the deposition of air pollutants, cooking and traffic emissions, and a rapid shrinkage of ABL (Li et al., 2018). At 18:00, along with sunset, the land cooled rapidly and the thermal-inversion layer was gradually formed. This could trap traffic-emitted particles in the shallow ABL, leading to a rapid increase in PM concentrations (Lu et al., 2020).

On overcast days, PM2.5, PM10, CO, and NO2 concentrations in the community were lower than those on the street at 10:00. The difference between them decreased at 14:00, and the concentrations at the community became higher than at the street at 18:00. The decrease in PM2.5, PM10, CO, and NO2 concentrations from 10:00 to 14:00 was found probably due to the vertical and horizontal transport of air pollutants and decreased traffic volume (Lu et al., 2020). High PM2.5, PM10, CO, and NO2 concentrations in the community at 18:00 were attributable to human activities such as cooking and parking (Ezhilkumar and Karthikeyan, 2020). Whereas O3 concentrations in the community were higher than those on the street and in the forest at both 10:00 and 14:00. The heat stored in the building surface materials increased the ambient temperature, promoted photochemical reactions, and thus increased ozone concentrations (Wang et al., 2021).



Vertical air purification capacity of urban forest

According to the concentration differences between the forest and the street, the forest increased PM concentrations in the morning of the overcast day, whereas decreased PM concentrations were detected in the afternoon on the overcast day. The forest obstructed the horizontal and upward transport of PM when the PM concentrations grew lower in the morning of the overcast day, but it can intercept air pollutants and prevent them from entering the canopy when the PM concentrations grew higher in the afternoon. This is consistent with what Gromke and Ruck (2009) reported that urban forest beside the street hinders the transmission of air pollutants and increases pollutant concentrations. Therefore, the reduced wind velocity and ventilation performance in the urban forest slow down the reduction rate of pollutant concentration when the background concentration decreases (Ng and Chau, 2012). On the other hand, the urban forest can act as a sink for turbulence and provide surfaces for PM deposition (Lin et al., 2020). The forest intercepts air pollutants and prevents them from depositing into the canopy when the background concentration increased. Moreover, the forest decreased PM concentrations on the morning of the sunny day. The purification capacity of the forest on PM was significant when the background concentration was low.

Generally, the forest decreased CO concentrations within 100 m at 10:00 on overcast days. It decreased CO concentrations below 20 m, whereas no significant difference was found above 20 m at 14:00 and 18:00 on the overcast days. That means, the forest hindered the horizontal transport of CO within its canopy height. Moreover, the forest was characterized by low solar heating, which greatly restricted the upward transport of ground-level air pollutants (Lu et al., 2020). Low air temperature in the forest reduced the mixing height of air masses and then formed stable atmospheric conditions that hinder air pollutant dispersion (Ganguly et al., 2019; Miao et al., 2023).

The forest decreased SO2 concentrations at 10:00 and 14:00, while the situation was reversed at 18:00 on overcast days. It decreased SO2 concentrations at 10:00 and 18:00 on sunny days. The SO2 concentrations in the forest decreased slower than those in the street when the concentration decreased. The forest decreased NO2 concentrations at 10:00, 14:00, and 18:00 on overcast days. It decreased NO2 concentrations at 10:00 and 18:00 on sunny days, whereas the situation was reversed at 14:00 on sunny days. The forest increased O3 concentrations at 14:00, while it decreased O3 concentrations at 18:00 on sunny days. The probabilities in the formation of secondary aerosols were high under low solar heating in the forest (Lu et al., 2020). The vertical convection was more important in shaping the ozone vertical distribution than horizontal transport processes (Li et al., 2017).

All the PM, CO, SO2, and NO2 concentrations were significantly positively correlated with relative humidity. The overcast days were always characterized by higher relative humidity and severe air pollution compared with clean days (Miao et al., 2023). Photochemical pollutants such as NO2 and O3 showed a significant correlation with air temperature. The NO2 concentrations were significantly negatively correlated with air temperature, whereas O3 concentrations were significantly positively correlated with air temperature. High air temperature can promote photochemical reactions and ozone formation (Li et al., 2017; Wang et al., 2021). Wang et al. (2021) reported a negative correction between O3 and NO2 concentrations in residential streets. Low NO2 concentrations could reduce the titration of O3 and thus increase O3. The correlations between NO2 concentration with air temperature, and relative humidity in the forest were stronger than those in the street. Moreover, a positive correlation was found between PM concentrations and air temperature in the community areas, rather than in the forest or on the street, probably due to the kitchen exhaust of residential buildings (Ezhilkumar and Karthikeyan, 2020).



Strengths and limitations

Urban forest has attracted worldwide attention for their potential to mitigate local air pollution (Jia et al., 2021). The impact of urban forests on the vertical pattern of air pollutants is conducive to the understanding of pollutant dispersion and net purification of the urban forest. This study obtained PM2.5, PM10, CO, SO2, NO2, and O3 concentrations at 0, 2.5, 5, 10, 15, 20, 30, 40, 60, 80, and 100 m in the urban forest and at a street by UAVs equipped with Sniffer4D. The results indicate that the purification of an urban forest depends on the change in background concentrations. The forest filtered PM significantly when the background concentration was low. The forest might obstruct the dispersion of air pollutants when the background concentrations decreased, but it hinders the PM deposition into the forest when the background concentrations increased.

This study estimates the vertical purification of urban forests on overcast and sunny days in autumn, and the results provide some implies on air pollutant dispersion in urban forests. Although the overcast and sunny days with different background concentrations were involved in estimating the vertical purification, the sampling days and seasons were limited. The air purification of a forest in different seasons remains unknown. Additionally, wind velocity is likely to provide sophisticated means for a thorough understanding of the dispersion of air pollutants and transport over the urban surface (Zheng et al., 2021). In case the wind speed and direction cannot be quantified during the rotation of the UAV wing, the analysis of pollutant dispersion could be deeper if the local wind information was considered.




Conclusion

In this study, a residential area in Shenyang was taken up as a case study to explore the vertical purification of urban forests on overcast and sunny days. The study indicates that UAVs platform can provide a high-quality vertical profile of an air pollutant that can be used to understand better the transport and distribution of air pollutants. Results showed that air purification by the urban forest varied during the day. The PM and SO2 concentrations in the forest decreased slower than those in the street when the PM concentrations rose lower in the morning of the overcast day. While the PM concentrations in the forest increased slower than those in the street when the PM concentrations grew higher in the afternoon. The forest could not only obstruct the horizontal and upward transport of PM, but it can also intercept air pollutants and prevent them from getting deposited into the canopy. The purification capacity of the forest on PM was significant when the background concentration was low.
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