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Abstract

:

The vertical air pollutant concentrations and their relationships with synoptic- and local-scale air movement have been studied. This study measured the vertical profiles of PM2.5 and O3 using an unmanned aerial vehicle during summer in South Korea and analyzed the characteristics of the measured profiles. To understand the impact of synoptic air movements, we generated and categorized the 48 h air trajectories based on HYSPLIT, and we analyzed how the vertical profiles varied under different categories of long-range transport. We found that the vertical PM2.5 concentration has a positive gradient with altitude when more polluted air was transported from China or North Korea and has negative gradient when cleaner air was transported from the East Sea. Unlike PM2.5, the O3 concentration did not depend significantly on the long-range transport scenario because of the short photochemical lifetime of O3 during summer. For local-scale air movements, we found no significant impact of local wind on the measured profiles.
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1. Introduction


The air pollution in urban and industrial complexes is a significant environmental concern [1,2,3]. For example, the Sihwa–Banwol industrial complexes, located across Ansan and Siheung in South Korea, are known to produce high levels of air pollution and are well-known research locations in the area of air quality and health [4]. However, previous studies have been focusing only on the two-dimensional horizontal profiling (without the vertical profiling) of air pollution, limiting the full understanding of the dynamics regarding air pollution dispersion.



Understanding the vertical air pollutant distribution is even more important in dealing with synoptic-scale air movements or the long-range transport of air pollution because major long-range transport may take place at a few hundred or thousand meters above ground. In addition, the air quality in South Korea is known to be affected largely by long-range transport [5,6]. Researchers have demonstrated that long-range transport accounts for 19% of the PM10 concentrations [5] and 38.4% of the PM2.5 concentrations [6] in South Korea. Therefore, the vertical air pollutant concentrations and their relationships with synoptic-scale air movements are an important topic of research.



Methods for the vertical measurement of air pollutants include unmanned aerial vehicles (UAV), remote sensing, aircraft, balloons, buildings, and towers [7,8,9,10,11,12]. Among these, UAVs have the advantages of moderate costs and high spatial flexibility [7], making it a suitable method for environmental monitoring. As a result, there have been a few studies on the vertical profile of air pollutants using UAV measurements in South Korea. Lee and Kwak [13] measured air pollutant concentrations near road intersections and evaluated the 3D spatial concentrations by comparing them with air dispersion modeling. Lee et al. [14] reported vertical measurements of roadside air using UAVs in winter. However, none of the previous studies focused on the effects of the long-range transport of air pollutants on the UAV measurement results.



To evaluate the long-range transport of air pollutants, the backward trajectory of air pollutants was estimated using a Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [15,16]. Chang et al. [17], Zhu et al. [18], and Chang et al. [19] investigated the long-range transport of air masses and pollutants using the HYSPLIT model and compared the UAV measurement data under different cases of long-range transport. Wang et al. [20] used the HYSPLIT model to find out the origin of the air mass to understand the observations made using UAV.



This study aimed to measure the vertical profiles of PM2.5, O3, temperature, and relative humidity using a UAV during summer at a location near the Sihwa-Banwol industrial complexes in South Korea. South Korea is an interesting place to study the vertical air pollutant profiles under various cases of synoptic-scale air movements, since its air quality depends significantly on the long-range transport of air pollutants [5,6]. To understand how the vertical profiles change under different long-range transport cases, we simulated 48 h backward air trajectories using the HYSPLIT model. Subsequently, we categorized the trajectories based on their shapes, and compared the vertical profiles under different long-range transport cases. To the best of our knowledge, this is the first study to investigate the vertical profiles under various cases of long-range transport in South Korea. In addition, this study is the first to measure the vertical diurnal variations in air pollutants (PM2.5 and O3) and meteorological factors (temperature and humidity) in South Korea. We also analyzed the impact of local wind direction and wind speed on the pollutant concentrations measured by UAV.




2. Methods


2.1. UAV Measurement Location


The Danggok Sports Complex (89, Danggok-ro, Danwon-gu, Ansan-si, Gyeonggi-do, Republic of Korea; 37.32433°N, 126.834537°E) was selected as the measurement location for this study (the red circle in Figure 1). Located approximately 5 km southwest of the Danggok Sports Complex is an industrial area with the Banwol and Sihwa National Industrial Complexes. Residential and urban areas are within 5 km of the measurement location and the Yeongdong and Seohaean Expressways are approximately 2.5 km away in the N–NE direction. The Gyeonggi Air Quality Management Office (AQMO), which is a research facility to monitor the air quality and meteorological conditions, is located 720 m away from the measurement site. The measurement results from AQMO was used to understand the typical meteorological conditions of the area and as a reference to correct the UAV measurements (see Section 2.3 for the correction method). Table S1 summarizes the statistical description of the meteorological and environmental conditions measured at AQMO in 2023.




2.2. UAV Measurement System


The UAV used was a Matrice 300 RTK (DJI, Shenzhen, China) equipped with PM2.5, O3, temperature, and humidity sensors (Figure S1). PM2.5 and O3 were measured at intervals of 1 s and 1 min using the air quality monitors Sidepack AM520 (TSI, Shoreview, MN, USA) and Series 500 with a gas-sensitive semiconductor sensor for O3 (model: OZL) (Aeroqual, Auckland, New Zealand), respectively. The temperature and humidity were collected at 10 s intervals by mounting three data loggers (HL-1D, Rotronic, Bassersdorf, Switzerland). As the areas around and below the propeller are affected by strong airflows during flight [21,22], PM2.5 minimized its influence by orienting the inlet upward. To measure the meteorological factors on the surface before and after flight, a weather station (WS-1900, Ambient Weather, Chandler, AZ, USA) was used to record the wind direction and speed.



Vertical measurements were conducted at altitudes of 30, 60, 90, 120, and 145 m. All altitude described in this study refers to the height above ground level. The maximum height of 145 m was determined by flight regulations in South Korea, which prohibits UAV flight above 150 m. The UAV hovered at each altitude for 60 ± 10 s during its ascending flight. The measured maximum altitude and hovering time were set by considering the sensor’s measurement interval, UAV battery life, and maximum permitted flying altitude. Measurements were taken from 1 August to 23 September 2023, during the summer sunrise and sunset times of 7:00, 10:00, 12:00, 14:00, and 18:00. A total of 32 flights were conducted. Table S2 summarizes the measurement information.




2.3. Principle and Correction of PM2.5 and O3 Measurements


The Sidepack AM520 used in this study measures the concentration of PM2.5 by measuring the amount of scattered light as 650 nm light passes through air containing particulate matter. The Series 500 used an ozone-sensitive semiconductor to convert the concentration of ambient ozone into an electric signal for measurement. These measurement principles are simple and compact to implement, and they are widely used in portable monitoring devices. Due to the weight limit, such portable devices are suitable to install on the UAV.



To verify the accuracy of our UAV measurements, we compared the concentrations of PM2.5 and O3 measured by UAV and those measured by Gyeonggi Air Quality Management Office (AQMO). At the AQMO, PM2.5 and O3 were measured using a BAM1020 (METONE, Grants Pass, OR, USA) based on the beta-ray attenuation method [23] and a 49iQ (Thermo Scientific, Waltham, MA, USA) based on the UV photometric method, respectively [24]. We placed the AM520 and Series 500 next to the BAM1020 and 49iQ in AQMO and operated them simultaneously. The measurement results were obtained on an hourly basis during 4 days of measurement (17 November 2023, 9 April 2024–11 April 2024).



After the measurement, the relationships between the AM520 and BAM1020 for PM2.5 and between the Series 500 and 49iQ for O3 were modeled based on a regression method with the following formula:


    P M   2.5     A Q M O   ~   P M   2.5     U A V   + R H  



(1)






    O   3     A Q M O   ~   O   3     U A V    



(2)







Here, PM2.5 (AQMO), PM2.5 (UAV), O3 (AQMO), and O3 (UAV) are the concentrations of PM2.5 or O3 measured by the BAM1020, AM520, 49iQ, and Series 500, respectively. RH is relative humidity. Note that RH was added in PM2.5 modeling in order to compensate for the phenomenon that miscounts water vapor as particulate matter under high relative humidity conditions [25]. Finally, these models were used to correct the concentrations of PM2.5 and O3 measured by UAV.




2.4. Backward Trajectory Using the HYSPLIT Model


The HYSPLIT model, a representative long-distance transport model developed by the National Oceanic and Atmospheric Administration, tracks the forward and backward air trajectories of pollutants [26]. The meteorological data for the HYSPLIT model were obtained from the Global Data Assimilation System and calculated for 48 h backward trajectories from 32 points in time (listed in Table S2) at four altitudes of 150 m, 1000 m, 1500 m, and 2000 m. Therefore, a total of 128 backward air trajectories were generated. The 32 trajectories estimated at 150 m were classified into five clusters based on the shapes of the trajectories.





3. Results


3.1. Correction of AM520 and Series 500 Measurements


Table S3 summarizes the regression models (formulas and coefficients) and the R2 values of the models. Figure S2 shows scatter plots comparing (a) the measurement results from the AM520 and BAM1020 and (b) the measurement results from the Series 500 and 49iQ. As can be seen in Figure S2, the measurement data obtained from the UAV showed a large deviation from the AQMO data before correction (orange dots), while showing a small deviation after correction (blue dots). The R2 values of the corrected data for PM2.5 and O3 were 0.981 and 0.968, respectively. The measurements and modeling of this study were performed under various conditions of relative humidity (21–94.2%). As a result, the model can be used to correct the results measured under a wide range of relative humidity conditions.




3.2. Characteristics of Measured Vertical Concentration Distribution


Figure 2 and Table S4 show the average vertical profiles of PM2.5, O3, temperature, and relative humidity measured at various altitudes ranging from 30 to 145 m during summer. As can be seen in Figure 2a, temperatures tended to decrease as the altitude increases, due to the ground surface heated by solar radiation during daytime. This tendency was also observed in previous studies [27,28]. Figure 2b shows the vertical profile of relative humidity, where the humidity increases with increasing altitude. This is because the temperature decrease at high altitudes reduces the water-containing capacity of the air, thereby increasing the relative humidity.



The PM2.5 and O3 concentrations also increase with increasing altitude (see Figure 2c,d). The interpretation and discussion regarding the vertical gradient of PM2.5 and O3 are provided in the Discussion section.



Figure 3 and Tables S5–S8 show the diurnal variations in the vertical profiles of PM2.5, O3, temperature, and relative humidity. The measured temperature was the lowest at 7:00 and the highest at 14:00 (see Figure 3a). This followed a typical diurnal pattern of temperature, which increases after sunrise, peaks at around 14:00, and decreases thereafter. The temperature increase is driven by the ground surface being heated due to the positive radiative balance up until 14:00. Therefore, the ground is the hottest during this period, whereas the ground is the coolest at 18:00 (see Figure 3a). Therefore, temperature has a decreasing trend with increasing altitude in average as shown in Figure 2a. The measured relative humidity was the highest at 7:00 and the lowest at 14:00, which is opposite to the temperature trend (see Figure 3b). As explained above, the vertical temperature profile determined the water-containing capacity of the air, and thus affected the relative humidity profile. The measured PM2.5 was the highest at 7:00 and the lowest at 18:00, while the ozone concentration was the lowest at 7:00 and the highest at 14:00 (see Figure 3c,d). The interpretation and discussion regarding the diurnal variation of PM2.5 and O3 are provided in the Discussion section.




3.3. Long-Range Transport Cases in Summer of South Korea


In this study, we generated the 48 h air trajectories arriving at the study site at the 32 points in time listed in Table S2. We simulated the four arriving altitudes of 150 m, 1000 m, 1500 m, and 2000 m (see Figures S3–S7). To understand the effect of long-range transport on the vertical profiles measured by UAV, we categorized 32 trajectories with the arriving altitude of 150 m into five cases based on the shapes of the trajectories. Table S9 shows the classification results, and Figure 4 visualizes the clustered trajectories on a map. The five cases were: (1) a northwesterly wind originating from the western part of Manturia in China (Cluster 1), (2) a west wind originating from the Yellow Sea (Cluster 2), (3) a north wind coming from North Korea (Cluster 3), (4) an east wind coming from the east coast (Cluster 4), and (5) a northwesterly wind coming from North Korea or Manturia in China (Cluster 5). Since each line represents a 48 h trace, the length of the line is proportional to the speed of the air movement. Clusters 1 and 5 have relatively long movement paths, whereas Clusters 2, 3, and 4 have relatively short movement paths.




3.4. Effect of Long-Range Transport of Air Pollutants on Vertical Profiles of PM2.5 and O3


Figure 5 and Table S10 show the average vertical profiles of PM2.5 and O3 for each long-range transport case. The overall PM2.5 concentrations were low when the synoptic-scale wind blew from the east (Cluster 4), intermediate when the synoptic-scale wind blew from Yellow Sea or North Korea (Cluster 2, 3, and 5), and high when the synoptic-scale wind blew from China (Cluster 1). This indicated that the long-range transport of air pollutants from China and North Korea contributes towards a significant portion of the air quality in South Korea.



In addition, note that the concentration of PM2.5 decreased with increasing altitude under Cluster 4, while it increased with increasing altitude under the other clusters (see Figure 5). This can be interpreted as cleaner air transported through the East Sea being supplied to the altitude of 150m at the measurement site under Cluster 4, whereas more polluted air transported from China and North Korea was supplied instead in other clusters. Such flow of air mass established the vertical gradient of PM2.5 concentrations as shown in Figure 5.



Unlike the concentration of PM2.5, which varies largely from cluster to cluster, the concentration of O3 depends relatively less on long-range transport. This is mainly because the photochemical life cycle of O3 in summer is shorter than the time span of long-range transport [29]. As a result, the vertical gradient of O3 concentrations depends not on long-range transport but on local environmental factors determining the photochemical reactions related to O3.




3.5. Effect of Local Surface Wind on Vertical Profiles of PM2.5 and O3


Figure 6 shows the rose diagram visualizing how the wind direction and wind speed at the ground level affect the concentration of PM2.5 and O3. As can be seen, the median PM2.5 and O3 concentrations, represented using the height of the triangle, vary across wind directions from bin to bin. Note that the median PM2.5 concentrations were relatively higher, when the wind blows from the NE, NNE, and WSW directions. Interestingly, we observed that all of these cases were under the long-range transport case of Cluster 1. Therefore, based on our analysis, we concluded that the high concentrations observed from these four directions were not because of the effect of surface wind or local emission sources, but because of the effect of Cluster-1 long-range transport. O3 concentrations were relatively dependent on wind speed rather than wind direction. When the wind speed was a light breeze, the concentration was low, and when the wind speed was calm or light air, the concentration was high.





4. Discussion


This study established a system to measure the vertical profiles of PM2.5, O3, temperature, and relative humidity in summer in South Korea using a UAV. We observed that the concentration of PM2.5 increased with altitude as shown in Figure 2. This result is different from the result presented by Xin et al. who observed negative relationship between PM2.5 and altitude measured in China using a UAV [30]. Therefore, the relationship between PM2.5 concentrations and altitude can be both positive and negative. The higher PM2.5 concentrations at higher altitudes observed in our measurement can be attributed to two reasons. First, the dominant long-range transport scenario during the measurement period was Cluster 1. This made the overall vertical gradient positive. Second, it can be also partly attributed to lower temperatures at higher altitudes, which shift the gas-particle partitioning equilibrium, which causes more atmospheric particles to form [31].



The vertical O3 concentration showed a predominant tendency to increase with increasing altitude. These results are consistent with the results of previous studies such as Chen et al. [32], Olivares et al. [33], Li et al. [34], and Samad et al. [35]. This can be due to the higher ultraviolet radiation at upper altitudes, which promotes the photochemical production of O3 [36,37,38,39] or due to the O3 titration by NO near the surface [40,41].



We measured the vertical profiles at 7:00, 10:00, 12:00, 14:00, and 18:00 to analyze their diurnal variations. The measured PM2.5 was the highest at 7:00 and decreased thereafter. Xin et al. [30] reported an increase in PM2.5 concentrations between 8:00 and 11:00, a time when anthropogenic activities are active. However, this trend was not observed in our measurement. Instead, our results showed that PM2.5 concentrations were more influenced by meteorological factors, such as long-range transport, than by anthropogenic activities. The concentration of O3 also exhibited a diurnal variation, where the concentration increased after sunrise until 14:00 and then decreased thereafter. The reason for the high concentration at 14:00 is primarily due to high temperatures, low humidity, and high solar radiation, which are favorable conditions for photochemical oxidation of O3 to occur [42]. This result is consistent with the results of Li et al. [34].



Based on back-trajectory analysis, we observed that long-range transport of air pollutants from China and North Korea contributes towards a significant portion of the air quality in South Korea. This result coincides with the findings from previous studies [5]. The pollution coming from China may be partly due to agricultural straw burning and coal-fired heating in northern Chinese cities or due to yellow dust from the Gobi Desert and the Mongolian Plateau [5,6,43]. In particular, the area where Cluster 1 begins is Dalian, China, a representative industrial area, and air trajectories originating from this area showed the highest concentrations as reported in Gong et al. (2015) [44]. Although the emission source in North Korea has not been publicly reported, emissions from heavy industries, biomass burning, etc. were estimated based on satellite data [45,46,47].



In this study, we also analyzed the effects of local surface wind on measured pollutant concentrations. Chen et al. [48] demonstrated the effects of an air plume from a coal-fired power plant on the vertical concentrations of air pollutants. However, this study did not observe any strong effects from surface wind or local emission sources, despite the presence of industrial complexes and large expressways in the vicinity of the study location. This is because we can only observe the combined effect of local emission sources and long-range transport, and thus it is not possible to analyze the effect of local emission source in a region with a high variability in long-range transport. This problem may be resolved with a source apportionment technique or statistical approach with a massive amount of data, which is out of the scope of this study.



This study has a few limitations. First, the vertical profiles were only measured up to 145 m due to regulations for UAVs in South Korea. This limitation prevented us from measuring the vertical profiles up to the mixing layer height, which may be located in the range of a few kilometers [49]. Measuring the vertical profiles up to a few kilometers will be very helpful to further understand the effect of long-range transport and the mixing layers on the vertical profiles. Second, UAVs can only be equipped with lightweight, portable devices, which is a fundamental limitation of UAV-based measurements. This warrants further studies to improve the accuracy of low cost sensor-based portable devices. Third, the vertical pollutant profiles can be also affected by any pollutant exchange between the ground and the atmosphere [50,51]. Although it is out of the scope of this study, the ground–atmosphere pollutant exchange is also an interesting topic for further research.




5. Conclusions


This study was the first to use UAV measurements to elucidate the vertical concentration characteristics of PM2.5 and O3, and analyzed the impact of environmental factors such as long-range transport or surface wind. The vertical profile of PM2.5 is more influenced by synoptic-scale air movements than local-scale air movements. Relatively, summer O3 concentrations did not depend significantly on long-range transport scenarios. Although this study was conducted in South Korea, the methodologies of this study can be applicable to any of the regions outside Korea.
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Figure 1. Map of the UAV measurement location at the (a) regional and (b) local scales. The red asterisk and circle indicate the measurement point, the orange circle denotes the Gyeonggi Air Quality Management Office (AQMO), the blue boxes represent industrial complexes, and the solid colored lines represent highways ((1) Yeongdong Expressway, (2) Seohaean Expressway, and (3) Pyeongtaek Siheung Expressway). The background map information at the local scale is from Google Earth (https://earth.google.com/web/ (accessed on 24 January 2024)). 
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Figure 2. Vertical profiles of (a) temperature, (b) relative humidity, (c) PM2.5, and (d) O3. The blue solid lines show the results averaged over measurements from 32 flights described in Table S2. The grey shaded areas indicate the standard deviation range. The box plots show the minimum, Q1, Q2, Q3, and the maximum values without outliers among the 32 measurements. 
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Figure 3. Vertical profiles of (a) temperature, (b) relative humidity, (c) PM2.5, and (d) O3 over various measurement times. The solid lines and the grey shaded areas indicate the average results and the standard deviation range, respectively. 
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Figure 4. 48 h air movement trajectories arriving at the study site at the 32 points in time listed in Table S2. The arriving altitude was chosen to be 150 m above ground level to understand the effect of the air mass on the vertical profiles measured by UAV. The trajectories were generated using HYSPLIT, and they were clustered into 5 cases. 
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Figure 5. The concentration of (a) PM2.5 and (b) O3 measured by UAV at altitudes of 30–145 m and averaged separately for five long-range transport cases (Clusters 1–5). 
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Figure 6. Wind rose diagrams visualizing the effect of local surface wind direction and wind speed on (a) PM2.5 and (b) O3 concentrations. The wind direction is divided into 16 bins (22.5 degrees each). The measured PM2.5 and O3 concentrations were classified into the 16 bins based on the wind direction measured at the ground level of the measurement site. The height of the triangle indicates the median concentration for each bin, and the color of the triangle indicates the median wind speed for each bin. The wind speed was classified based on the Beaufort scale (calm 0–0.5 m/s, light air 0.5–1.7 m/s, light breeze 1.8–3.3 m/s, and gentle breeze 3.4–5.4 m/s). 
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