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Abstract

:

The northward typhoon configuration along the southeast coast of China (TCN-SEC) is one of the key circulation patterns influencing the coastal cities in southeast China (CCSE). Here, we analyzed the air quality in CCSE during the high-incidence typhoon period from 2019 to 2021. Multi-source measurements were carried out to explore the impact of super typhoon 2114 ‘Chanthu’ on the air quality in CCSE. The results showed that the TCN-SEC and its surrounding weather situation had a favorable impact on the increase in pollutant concentration in CCSE, especially on the increase in O3 concentration. From 13 September to 17 September 2021, affected by the cyclonic shear in the south of super typhoon 2114 ‘Chanthu,’ the strong wind near the ground, stable relative humidity, strong precipitation, and the significantly reduced wind speed had a substantial effect on PM10, PM2.5, SO2, and NO2 concentrations. Calm and light air near the ground, weak precipitation, high daily maximum temperatures, and minimum relative humidity may provide favorable meteorological conditions for the accumulation of O3 precursors and photochemical reactions during the day, resulting in the daily peak values of O3 exceeding 160 μg/m3. The evolution of wind, relative humidity, and boundary layer height could play an important role in the variations in PM10 and PM2.5 concentrations by influencing pollutant accumulation or diffusion. It was suggested that the atmospheric structure of horizontal stability and vertical mixing below 1500 m could play a significant role in the accumulation and vertical distribution of ozone. The results highlight the important role of typhoons in the regional environment and provide a scientific basis for further application of multi-source observation data, as well as air pollution control.
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1. Introduction


The air pollution problem in China has attracted much attention in recent decades [1,2]. Air quality can be affected by both the emissions and meteorological conditions [3,4,5,6,7,8]. Many studies have evaluated the adverse effects of PM2.5, O3, SO2, NO2, and NOx on human health, including childhood asthma and premature death in Asia and the Yangtze River Delta [9,10,11,12,13]. Ozone has been proven to be a very important trace gas which has a significant impact on ambient air quality, atmospheric oxidation, global climate change, and stratospheric depletion [14,15,16]. Since the emission controls instituted in 2019, concentrations of PM2.5, SO2, and NO2 have decreased, but not those of O3. Thus, understanding the meteorological impact on air pollution has become one of the top environmental issues [17,18,19].



A typhoon is a warm cyclonic vortex often accompanied by an obvious and strong downdraft in the peripheral region. The stable atmospheric structure is favorable for the generation and accumulation of pollutants. Previous studies have focused on the synoptic [20,21,22,23,24,25] and chemical mechanisms [26,27,28,29] of fine particle pollution (haze events) and ozone pollution caused by typhoons. Under different synoptic backgrounds, including the control of the subtropical highs, as well as the periphery of typhoon and sea land winds, typhoons could have a significant impact on the generation, maintenance, transmission, and other evolutionary processes of the ozone [30,31,32,33,34]. The meteorological conditions of strong sunlight in summer and autumn, affected by frequent typhoons, could increase O3 concentrations. Under the control of the peripheral circulation of typhoon and the subtropical highs, stable sunny, hot, and dry conditions could result in O3 pollution [35,36,37]. Chen et al. [38] investigated the positive and negative impacts of typhoons on tropospheric ozone based on 17 typhoons that landed in southern China from 2014 to 2018 and found that in the early stage of typhoon development (for example, from the day before the typhoon to the day after the typhoon), when the typhoon is 400–1500 km away, the near surface ozone will be enhanced, and the positive ozone anomaly is 10–20 ppbv higher than the background ozone level, on average. The maximum enhancement of ozone in the near surface layer occurs at the radial distance of 1100–1300 km from the typhoon center. As the typhoon approaches southern China, the impact of these systems is ozone reduction. Jiang et al. (2015) studied the changes in surface O3, NO2, CO, and meteorology in Xiamen and Quanzhou, along the southeast coast of China, affected by typhoon ‘Hagupi’ from 12 to 14 June 2014. They provided the observational evidence of ozone from the upper troposphere and lower stratosphere (UTLS) regions invaded by the typhoon being displaced to the surface air. The study showed that the downdraft around the typhoon had a substantial impact on the large-scale stratospheric tropospheric ozone transfer process [39]. Yue Haiyan et al. [40] selected the development of typhoon ‘Nida’ from 27 July to 2 August 2016, and analyzed the ozone concentration during the typhoon. Under adverse meteorological conditions, such as high temperature, low humidity, low wind speed, and the pressure equalization field, the atmospheric photochemical reaction was intense, which promoted the increase in local O3 concentrations. In addition, affected by the downdraft around the typhoon, a lower mixing layer height and an ozone-benefiting sinking motion was determined. Moreover, the stable atmospheric structure made ozone diffusion and removal difficult. Chen Li et al. [41] used the reanalyzed data of the vertical ozone stratification in Central Europe and the total ozone column data to determine that the ozone concentration in the area most frequently affected by the strong updraft in the typhoon center is low, while the ozone concentration in the area most affected by the downdraft around the typhoon is high. This indicates that the cyclone over the northwest Pacific Ocean transports the air from the low level to the high level, bringing low concentration ozone to the typhoon center, Thus, the ozone concentration in the center of the typhoon decreased. On the contrary, the downdraft caused by the wind could transfer the high concentration of ozone in the upper layer to the near surface, resulting in a significant increase in the ozone concentration in the area affected by the typhoon. Many studies have developed a set of ozone data quality control schemes through numerical simulation [42,43,44] or retrieval of satellite data, such as FY-3A meteorological satellite [45,46,47], exploring the relationship between the ozone and the typhoon cloud top temperature, comparing the retrieval results with a variety of observation data.



The coastal cities in southeast China (CCSE) are often affected by typhoon systems; they have also experienced significant economic development and urbanization, accompanied by a large increase in air pollution [48,49]. Atmospheric conditions associated with typhoons, such as strong winds, dryness, lack of wind, high temperatures, and strong radiation, as well as variation in boundary layer height, vertical sinking transportation or regional transportation [30,31,32,33,34,35,36,37,38,39,40,50,51], may have a crucial impact on air quality in the region. Furthermore, the routes of typhoons affecting coastal areas of China are also different, which can be analyzed by individual case analysis or general course classification and aggregation [38,39,40]. However, the research on the impact of typhoons passing the northbound path along the southeast coast on the air quality in CCSE, especially the detailed analysis using ground-based and remote sensing observation methods, is still rare. The influence mechanism of typhoons on air pollution in the region is still unclear.



In this study, we investigated the annual and diurnal variation characteristics of air pollutants in CCSE affected by typhoons from 2019 to 2021. The process of the super typhoon 2114 ‘Chanthu’moving northward in 2021 was selected as a the study case. Based on muti-source measurements, including ground-based observation and vertical profiles, the impact of TCN-SEC and the peripheral circulation on the air quality in the region was analyzed. The results illustrate the important impact of typhoons on air quality in CCSE and provide a scientific basis for regional air pollution control.




2. Data and Method


2.1. Tyhoon Data


The CCSE region is delineated by a longitude from 117.5° E to 120.2° E, and a latitude from 23.8° N to 26.2° N (red box in Figure 1). Putian City (PT), Quanzhou City (QZ), and Xiamen City (XM) were selected to represent CCSE for the analysis of air quality (red dots in Figure 1). A target area (24.6° N to 34.4° N and 123.02° E to 132.92° E) was used in the study of TCN-SEC (Figure 1).



In this paper, the statistics of the northward typhoons along the southeast coast of China (TCN-SEC) and the track data of the super typhoon 2114 ‘Chanthu’ in 2021 were all derived from the TC best-track dataset of the China Meteorological Administration (CMA)’s tropical cyclone (TC) database (tcdata.typhoon.org.cn (accessed on 12 May 2022)) [52,53]. The date of TCN-SEC landing in the target area (DatesTC) are listed in Table 1. According to the frequencies of typhoons, this paper selected June to September, during 2019 to 2021, as the total statistical period (TSP), and analyzed the air quality during the TSP and DatesTC, respectively.




2.2. Observation of Atmospheric Components


The surface observation data of atmospheric components (O3, PM10, PM2.5, NO2, SO2) in CCSE from June to September, during 2019 to 2021, are derived from the hourly air quality data released by the China National Environmental Monitoring Station (https://air.cnemc.cn:18007/ (accessed on 18 January 2022)). Daily average concentrations (PM10, PM2.5, O3, NO2, SO2, see Table 2) and objective statistical characteristic values for the period were calculated according to ambient air quality standard (GB3095-2012) and Technical Regulations on Ambient Air Quality Index (AQI) (Trial) (HJ633-2012). The ozone vertical distribution (Table 2) observed by ozone LIDAR (Differential Absorption Ozone Lidar, Wuxi Zhongke Optoelectronics Technology Co., Ltd., Wuxi, China) [54,55,56] at the Xiamen Environmental Monitoring Center Station in Fujian Province during the period from 13 September to 17 September 2021, with the time resolution of 12 min and vertical resolution of 7.5 m, is used in this study. According to the principle of ozone LIDAR, 266 nm and 289 nm are used to retrieve the O3 profile below 1000 m, and 289 nm and 316 nm are used to retrieve the O3 profile above 1000 m.




2.3. Meteorological Data


The measurements of the surface meteorology parameters (Table 2) are derived from the hourly operational observation data of the meteorological observation station in Xiang’an District, Xiamen, Fujian Province (XMXAMOS). The air temperature (AirT), relative humidity (RH), and wind and rain data from the station from 13 September to 17 September 2021, are selected for the comprehensive analysis of meteorology parameters in the case study. Profiles of wind, relative humidity, depolarization ratio, and extinction coefficient (Table 1) are derived, respectively, using a microwave radiometer, a wind profiler, and an aerosol LIDAR at XMXAMOS from 13 September to 17 September 2021. As for the atmospheric boundary layer, 1500 m is selected as the highest value of the profiles in this paper. RH profiles below 1500 m were observed from the 42-channel microwave radiometer (GRAW-RPG-HATPRO-G4, Shanghai Gelao Meteorological Instrument and Equipment Co., Ltd., Shanghai, China) [57], with a time resolution of 1 min. The vertical resolution of the microwave radiometer varies with the height, which is 25 m, 30 m, 40 m, and 60 m corresponding to the height below 100 m, between 100 m and 520 m, between 520 m and 1200 m, and between 1200 m and 1500 m, respectively. The wind profile with a height of 150 m ~ 1500 m is selected from the low tropospheric wind profile radar (CFL-06L, Aerospace New Meteorological Technology Co., Ltd., Wuxi, China) [57,58], with a time resolution of 6 min and a vertical resolution of 120 m. The profiles of depolarization ratio (Dpr), the extinction coefficient (Ext) with a height of 75 m ~ 1500 m, and the height of the pollution boundary layer were retrieved from Micro-Pulse Mie scattering polarization LIDAR (EV Lidar, Beijing Yifu Herong Technology Co., Ltd., Beijing, China) [59,60], with a time resolution of 1 min and a vertical resolution of 15 m.



The weather situation charts were drawn using the fifth-generation reanalysis data ERA5 of the European Medium Range Weather Forecast Center (ECMWF, website: https://cds.climate.copernicus.eu/ (accessed on 10 May 2022)) [61,62], with a resolution of 0.25° × 0.25°. Based on reanalysis data, hourly data on U, V components of the wind and geopotential height of 500 hPa, 700 hPa, 850 hPa, and 900 hPa, and total cloud cover are selected for comprehensive analysis of the individual weather processes in the target area of TCN-SEC during 13–17 September 2021.





3. Results


3.1. Air Quality in CCSE Affected by the Typhoon


The annual average concentrations of air pollutants in CCSE during the TSP and DatesTC are shown in Figure 2. During the TSP, typhoons affected CCSE for an average of 10 days per year. The annual average concentrations of PM10, PM2.5, SO2, and NO2 in CCSE during the TSP decreased year by year, while the O3 concentration increased. Student’s t test had been used to compare the annual average concentrations of air quality of CCSE during the TSP and the DatesTC. The results of Table S1 (Supplementary file) showed that the significant differences of O3, PM10, PM2.5, SO2, and NO2 respectively in Figure 2 passed the significance test. The annual average concentration of air pollutants in CCSE during the DatesTC (O3 (TC), PM10 (TC), PM2.5 (TC), SO2 (TC), and NO2 (TC)) were slightly higher than the annual average concentration of TSP, and the increase in O3 (TC) concentration was the most obvious. This indicated that since 2019, the TCN-SEC has had a positive impact on the increasing concentration of air pollutants in CCSE, especially regarding the increase in O3 concentrations.



The diurnal variations in air pollutants during the TSP, the DatesTC, and the noTC influenced period are shown in Figure 3. It can be seen that since 2019, the diurnal pattern of air pollutants in CCSE during DatesTC was similar with that during the TSP. The O3 concentrations in the three cities during the DatesTC were significantly higher than that during the TSP and non-typhoon (noTC) influenced period. For other air pollutants, different from PT and QZ, the diurnal variation trend of XM during the DatesTC was higher than that during the TSP and the non-typhoon influenced period, and ρNO2 was particularly high. The differences showed that the TCN-SEC and peripheral circulation characteristics could increase O3 concentration in CCSE, and also that they had a comprehensive impact on the diurnal variation in PM10, PM2.5, SO2, and NO2.




3.2. Overview of the Impact of Super Typhoon 2114 ‘Chanthu’on Air Quality in CCSE


The super typhoon 2114 ‘Chanthu’ was selected for detailed analysis of the impact of the typhoon on the air quality in CCSE. According to the method used in Section 2.1 13 September to 17 September 2021, was defined as the stage when the typhoon moved northward and affected CCSE, and the concentrations of the air pollutants are shown in Figure 4. During this period, the daily maximum concentrations of O3, PM10, PM2.5, SO2, and NO2 in Xiamen were significantly higher than those exhibited during the TSP (Figure 3) and the average levels of each parameter during the TSP (Figure 2). The concentration and diurnal variation patterns of each pollutant from 14 September to 16 September was similar to the average values, and the diurnal fluctuation in these 3 days was relatively intense during the period. The daily maximum of PM10 and PM2.5 appeared at 11 h on 14 September (58.5 μg/m3 and 35.5 μg /m3 respectively), and the O3 concentration peaked at 14 h on 14 September (194.8 μg/m3). The daily maximum SO2 concentration was 13.0 μg/m3 at 9 h on 15 September, and the daily maximum NO2 concentration was 49.0 μg/m3 at 23 h on 13 September. In addition, it was worth noting that the daily minimum O3 concentration was 15.0 μg/m3 at 5 h on 14 September, as the lowest value during the period. A detailed analysis will be provided in Section 3.3.3.




3.3. Comprehensive Analysis of Influencing Factors


3.3.1. Weather Situation


From 13 to 17 September 2021, super typhoon 2114 ‘Chanthu’ moved northward into the target area of TCN-SEC. ‘Chanthu’ was located in the east of Shanghai and moved slowly, with an average speed of less than 5 km/h, and the intensity gradually weakened from 14 September to 15 September (Figure 5). The weather charts (Figure 6) showed relatively consistent northwest wind (4 to 12 m/s at 700–850 hPa) in Fujian Province at 500–850 hPa at 8 h on 14 September, with a weak convergence at 900 hPa. Affected by the cyclonic shear in the south of the typhoon, the surface temperature remained high, and the weather was cloudy, with the total cloud cover being 0.6–0.8.




3.3.2. Horizontal Diffusion Condition


Due to the influence of cyclonic shear in the south of the typhoon, there existed a weak convergence at the lower level. The prevailing north wind near the surface was found by analyzing the ground meteorological observation data of Xiamen Station (Figure 7), and the speeds during 2 min of wind varied greatly. During the period from 00h on 13 September to 23:59 on 17 September, the northerly wind speed fluctuated significantly between 0 m/s and 34.2 m/s. The wind speed fluctuated greatly before 0 h on 17 September, and dropped below 12.7 m/s. The frequency of the wind speed between 0 m/s and 0.2 m/s (calm) reached 14.6%, mainly at night and in the early morning, while the frequency of the wind speed greater than 13.9 m/s (moderate gale) reached 52.1%, mainly during daytime and nighttime precipitation before 0 h on 17 September. The air temperature showed a sinusoidal diurnal variation pattern of low at night and in the morning, with subsequent increases around noon, ranging from 25 °C to 35.1 °C. The daily maximum was higher than 31.8 °C, with the highest temperature of 35.1 °C occurring at 12 h on 14 September. The relative humidity was significantly negatively correlated with the air temperature, and the values higher than 80% accounted for 62.5% of all values during this period. The RH’s diurnal changes (daily maximum RH minus daily minimum RH) ranged from 28% to 37%, with the maximum occurring on 14 September, followed by those on 15 September and 17 September. The minimum RH on 14 September was 56%, which appeared at 12 h. On the nights of the 13th and 14th, and during the early morning of the 16th, the accumulated precipitation was more than 0.5 mm. Thus, the horizontal transmission of the upwind atmospheric compositions brought by the moderate gale near the ground may have made a positive contribution to the significant increase in PM10, PM2.5, SO2, and NO2 on 14 September and 15 September. However, the stable RH on 13 September, the relatively strong precipitation in the early morning of 16 September, and the significantly reduced wind speed on 17 September reduced the concentrations of PM10, PM2.5, SO2, and NO2 on 13th September, 16 September, and 17 September. Calm and light air near the ground, weak precipitation, high humidity in the early morning and at night, the daily maximum temperature, and the minimum relative humidity could provide favorable meteorological conditions for the accumulation of O3 precursors and the photochemical reaction during the daytime, playing a positive role in pushing the daily maximum O3 on 14 September to 16 September to exceed 160 μg/m3. It is particularly noteworthy that the wind speed changed frequently between moderate gale, calm, and light air from 19 h on 13 September to 6 h on 14 September, with the maximum value of 34.2 m/s occurring at 21 h on 13 September. The precipitation at 19 h on 13 September was 0.5 mm, which was relatively weak compared with the accumulated precipitation during the night on 15 September and 16 September, and the effect of wet removal was weak. These conditions were more favorable in the early night from 13 September to 14 September, when PM10, PM2.5, SO2, and NO2 increased due to the contribution of upwind transmission and the accumulation of near ground particulate matter and atmospheric pollutants. The RH from 0 h to 7 h on 14 September continued to be above 85%, and PM2.5 and PM10 continuously accumulated due to hygroscopic growth. With the constant reduction of the RH in the morning, the AirT continuously increased due to the enhanced radiation. The southerly wind near the ground increased from 11 h to 16 h, but the wind speed gradually weakened from 17 h to 23 h, which was unfavorable to the diffusion of PM2.5 and PM10, resulting in the smaller fluctuation of particulate matter concentrations in the afternoon than in the previous two days. Combined with the O3 precursors accumulated previously, these became more favorable conditions for photochemical reaction. The continuous generation of O3, along with the accumulation of low-level weak convergence, resulted in the peak of O3 at 14 h.




3.3.3. Vertical Diffusion Conditions


Affected by the peripheral circulation of the typhoon, the vertical wind field below 1500 m gradually turned to a north and east airflow from southerly and westerly airflow after 18 h on 14 September (Figure 8a). During the whole process, the vertical wind speed greater than 10 m/s mostly occurred at night and in the early morning. The wind speed below 1200 m was basically less than 6 m/s on 14 September, from 00:00 to 16:42. The large shift in the wind direction and speed during the night to early morning provided favorable conditions for the external transmission and local accumulation of atmospheric compositions. The time series of the RH profile (Figure 8a) demonstrated that the diurnal variation pattern of RH below 500 m was similar to that near the ground (Figure 7). The thickness of high RH (more than 80%) and average RH from the afternoon to early morning gradually decreased from 18 h on 14 September. The variations in RH within 1500 m during the process may contribute to the increase in the hygroscopicity of the aerosol particles and the nocturnal chemical reaction of SO2 and NO2. The evolution of the light green layer, with the depolarization ratio between 0.05 and 0.1, can be clearly seen from the blue background [63] of the atmospheric molecules in general (Figure 8b). Compared with the background with a depolarization ratio of less than 0.05 on average, it was speculated that the light green layer may consist of relatively spherical aerosol particles, with a certain concentration formed after the hygroscopicity of the ultrafine particles [64] in the atmosphere, such as PM10 and PM2.5. The light green layer increased with the development of the daytime pollution boundary layer, with the peak of the increase per day close to the height of the pollution boundary layer at noon. The average boundary layer height from 15 September to 16 September was relatively high, and the light green layer could increase up to 1000 m before noon, while it was lower than 1000 m on 14 September and 17 September. Dark red bands with depolarization ratio >0.15 could also be seen from the night to the early morning of 13 September, 14 September, and 17 September, which was speculated to be a cloud layer. The height of the cloud base in the early morning of 14 September and 17 September was lower than 500 m, which inferred that the evolution of the pollution boundary layer can have a favorable impact on the local retention, accumulation, and diffusion of PM10 and PM2.5, as well as the diurnal variation in PM10 and PM2.5 near the ground. A downdraft existed below 1000 m at night and in the early morning during the whole process, with the high extinction coefficient below 500 m (Figure 8c). In addition, the precipitation time on 14 September to 16 September also remarkably affected the extinction coefficient of the corresponding height. The extinction coefficient of the corresponding height of the depolarization ratio light green layer (Figure 8b) showed the deepening and lifting of the orange-red layer of 0.6~1.0 km−1. The temporal distribution of O3 below 1500 m (Figure 8d) showed that there was an obvious increase in O3, and the thick layer of higher O3 (>150 ppbv) extended to 500 m around noon every day. Particularly, the O3 concentrations remained high on 14 September. The high concentration (O3 > 200 ppbv) appeared around noon and the thickness of the high O3 layer extended up to 800 m. According to the vertical velocity of the wind profile in Figure 8c, the downdraft and precipitation between 500–1000 m also correspond to the high O3 in the upper layer gradually decreasing, and the low O3 in the lower layer gradually increasing. It is speculated that the atmospheric movement below 1500 m played a notable role in the mixing and diffusion of O3 in the vertical direction. The horizontal stable wind field and vertical mixing may also play a significant role in the vertical distribution of O3 at night, based on the observed multi-profiles. Combined with the vertical velocity dotted line (Figure 8c,d) between 500–1300 m at 10 p.m. after sunrise, we can see the sinking of O3 distribution near the height of the daytime pollution boundary layer. The entrainment and sinking of O3 in the residual layer may play a complementary role in increasing and maintaining the O3 concentration below 1000 m, or even near the ground.



The vertical evolution characteristics and impacts of various parameters analyzed over time can be mutually verified. Based on the statistical analysis results of surface observation, it was proved that the vertical and horizontal atmospheric structure significantly affected the variation characteristics of air quality in CCSE from 13 September to 17 September 2021, under the influence of super typhoon 2114 ‘Chanthu’.






4. Conclusions


	(1)

	
According to the comprehensive analysis of the air quality in CCSE during the typhoon prone period (June to September) from 2019 to 2021, the TCN-SEC and its surrounding weather situation had a favorable impact on the increase in the pollutant concentrations in CCSE, especially on the increase in O3 concentration. The TCN-SEC and its surrounding weather situation had an increasing influence on the hourly concentrations of O3 of CCSE, as well as a comprehensive impact on the diurnal variation in PM10, PM2.5, SO2, and NO2 of CCSE.




	(2)

	
Based on the analysis of air quality, weather situation, and surface meteorology parameters from 13 to 17 September 2021, it was shown that, affected by the cyclonic shear in the south of super typhoon 2114 ‘Chanthu’, the horizontal transmission of the upwind atmospheric compositions brought by the moderate gale near the ground may have positively contributed to the significant increase in PM10, PM2.5, SO2, and NO2. However, the mild diurnal variation in RH, the relatively strong precipitation, and the significantly reduced wind speed had a comprehensive weakening effect on the relatively low PM10, PM2.5, SO2, and NO2 levels. Calm conditions near the ground, weak precipitation, high humidity in the early morning and at night, high daily maximum AirT, and low RH could provide favorable meteorological conditions for the accumulation of precursors of O3 and photochemical reaction during the day, playing a positive role in regards to the O3 peak on 14 September to 16 September. It was also suggested that the horizontal stable conditions may also play a significant role in the local accumulation of ozone.




	(3)

	
Using a suite of air quality data and multi-source observations, the impact of vertical atmospheric structure on air quality was analyzed. It was suggested that the large daily shift in wind direction and speed from night to early morning provided favorable conditions for the external transmission and local accumulation of atmospheric compositions. The evolution of RH below 1500 m during the process may contribute to the increase in the hygroscopicity of aerosol particles and the nocturnal chemical reaction of SO2 and NO2. The evolution of the pollution boundary layer can have a positive impact on the local retention, accumulation, or diffusion of PM10 and PM2.5, as well as the daily differences in PM10 and PM2.5 near the ground. The atmospheric movement below 1500 m played a notable role in the vertical mixing and diffusion of O3. The entrainment and sinking motion of O3 in the residual layer may play a complementary role in increasing and maintaining the O3 concentration below 1000 m, or even near the ground.
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Figure 1. Maps of CCSE (red starts) and the target area of TCN-SEC (blue box). 
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Figure 2. Comparison of the annual average concentrations of air pollutants in CCSE during the TSP (bars) and the DatesTC (dotted-lines). (a) Comparison of Putian City (b) Comparison of Quanzhou City (c) Comparison of Xiamen City. 
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Figure 3. Comparison of diurnal variations in air pollutants during the TSP, the DatesTC, and the noTC-influenced period. (a) Comparison of Putian City (b) Comparison of Quanzhou City (c) Comparison of Xiamen City. 
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Figure 4. Time series of the concentrations of PM10, PM2.5, O3, NO2, and SO2 in Xiamen from 13 September to 17 September 2021. 
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Figure 5. The best tracking and intensity chart for super typhoon 2114 ‘Chanthu’. Blue square represents the target area of TCN-SEC. 
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Figure 6. The 500–900 hpa weather chart at 8 h on 14 September 2021: (a) 500 hpaDagpm + 500 hpaWind, (b) 700 hpaWind, (c) 850 hpaWind, (d) 900 hpaWind+TCC). 
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Figure 7. Time series of the measurements of rain, air temperature, wind direction, wind speed, and relative humidity at XMXAMOS from 14 September to 17 September 2021. 
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Figure 8. Time series of multi-source measurements of the profiles of wind, relative humidity, depolarization ratio, extinction coefficient, and ozone, and the height of the pollution boundary layer at XMXAMOS from 14 September to 17 September 2021. (Black arrows on (a) represent the horizontal wind direction and speed. Black lines and dotted lines on (c) represent the vertical velocity of upward and downward wind directions, respectively. Black dots on (b) represent the height of the pollution boundary layer. (d) Temporal distribution of O3 profile). 
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Table 1. List of the DatesTC and the corresponding location of the typhoon center.
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	Year
	Month
	Day
	Longitude (E, Degree)
	Latitude (N, Degree)





	2019
	6
	27
	130.4
	28.5



	2019
	7
	19
	124.1
	29



	2019
	7
	20
	125.6
	34.2



	2019
	8
	6
	130.6
	33



	2019
	8
	9
	123.4
	26.5



	2019
	8
	15
	132.5
	32.7



	2019
	9
	6
	125
	28.1



	2019
	9
	8
	125
	28.3



	2019
	9
	9
	123.9
	31.8



	2019
	9
	21
	125.7
	26.1



	2019
	9
	22
	126.8
	30.8



	2019
	10
	2
	123.9
	31.9



	2019
	11
	23
	125.7
	25.2



	2019
	11
	24
	126.5
	30



	2020
	8
	3
	123.4
	25



	2020
	8
	10
	127.6
	32.1



	2020
	8
	23
	123.9
	26.3



	2020
	8
	24
	126.2
	27.3



	2020
	8
	25
	125.8
	29.1



	2020
	8
	26
	124.5
	32.4



	2020
	9
	1
	126.1
	26.9



	2020
	9
	2
	126.9
	30.5



	2020
	9
	6
	130.4
	27.7



	2020
	10
	8
	132.8
	27.9



	2021
	6
	5
	124
	24.9



	2021
	7
	24
	124.6
	26.4



	2021
	8
	8
	126.5
	29.1



	2021
	8
	4
	124.6
	24.8



	2021
	8
	5
	127.2
	26.2



	2021
	8
	6
	131.7
	26.8



	2021
	8
	23
	125.2
	29.1



	2021
	9
	13
	123.6
	29.1



	2021
	9
	14
	123.9
	31.3



	2021
	9
	15
	125.7
	30.3



	2021
	9
	16
	125.1
	30.5



	2021
	9
	17
	127.5
	32.9
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Table 2. Overview of the multi-source measurements.






Table 2. Overview of the multi-source measurements.





	
Category

	
Parameter

	
Units

	
Time

	
Periods






	
Observational data of atmospheric components

	
O3, PM10, PM2.5, NO2, SO2

	
µg/m3

	
LCT

	
2019–2021




	
Ozone profile

	
ppbv

	
LCT

	
14–17 September 2021




	
Measurements of meteorology

	
Air temperature (AirT), relative humidity (RH), wind and rain data

	
AirT: °C

RH: %

Wind speed: m/s

Rain: mm

	
UTC convert to LCT

	
14–17 September 2021




	
Wind profile

	
Horizontal wind speed: m/s

Horizontal wind direction: °

Vertical velocity: m/s

(+: upward, −: downward)

	
UTC convert to LCT

	
14–17 September 2021




	
Relative humidity profile

	
%

	
UTC convert to LCT

	
14–17 September 2021




	
Profiles of depolarization ratio, extinction coefficient, and the height of pollution boundary layer

	
Extinction coefficient: Km−1

Height of pollution boundary layer: m

	
LCT

	
14–17 September 2021
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