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Urbanization can drive economic growth, but it may harm the quality of the urban environment if improper actions are performed. Environmental issues resulting from urbanization can negatively impact the health of city dwellers. Therefore, studying air pollutants is crucial to urban development. In this study, we focus on Xiamen and examine the distribution patterns of urban air pollutants over an extended period of time. The goal is to enhance Xiamen’s air quality and bridge the research gap in long-term air quality studies specific to Xiamen. Based on monitoring data from 2014 to 2021 spanning 8 years, this study analyzed the trends in atmospheric particulate matter (PM: PM10, PM2.5) and their relationship with meteorological factors (such as wind speed: WS, temperature: T, dew point temperature: DPT, height of the cloud ceiling: HCC) and the concentrations of other pollutants (SO2, NO2, CO, and O3). The results indicated that (1) The high air quality in Xiamen with the lowest PM values observed during summer and the highest during winter; NO2 and SO2 concentrations showed similar trends to PM, while O3 and CO concentrations varied differently. (2) In general, the maximum daily PM concentration was observed in the evening and early morning, while the lowest value appeared at noon. The concentrations of PMs were positively correlated with other pollutants, while T, WS, HCC (cloud cover of more than 70%), and DPT were negatively correlated with PM concentrations. (3) There exists a relationship between concentrations of atmospheric particulate matter, atmospheric pollutants, and meteorological factors. The wind direction had varying effects on PM concentration, with PM2.5 and PM10 concentrations showing consistent trends and higher concentrations of PMs observed when winds blew from the west, southeast, and northeast. This study also provides a summary of strategies for addressing different air pollutant distribution characteristics. The purpose of this study is to analyze the distribution patterns of air pollutants in Xiamen and provide valuable insights for improving the city’s air quality.
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1 INTRODUCTION
Rapid economic development, urbanization, and industrialization have deteriorated the living environment in many ways, such as air quality (Zhou et al., 2016), human health (Mohammed et al., 2016; Qi et al., 2022a), flooding (Wang et al., 2023), and thermal environment (Qi et al., 2022b; Qi et al., 2023). One of the most concerns is air quality that major cities around the world have faced since the mid-20th century (Mohammed et al., 2016; Zhou et al., 2016). Among the most concerning air pollutants are particulate matter (PM), which includes both fine particles (PM2.5) with a diameter of ≤2.5 μm, and coarser particles (PM10) with a diameter of ≤10 μm (Li et al., 2013; Zhang et al., 2022). Previous research has demonstrated that particulate matter (PM) exposure has detrimental effects on human health (Qu, 2020). These particles can adsorb large quantities of toxic substances, which, when inhaled, can lead to various respiratory and cardiovascular diseases (Mohammed et al., 2016). The accumulation of PM2.5, PM10, NO2, SO2, and O3 has the potential to trigger acute exacerbations of COPD (Chronic Obstructive Pulmonary Disease) (Qu, 2020). In addition to the health impacts, PMs also have a direct impact on climate change due to their thermal radiation effect. The ability of PMs to absorb and scatter light can lead to atmospheric cooling or warming phenomena. Beyond these direct impacts, PMs exert indirect effects on the climate by altering the physical and radiative properties of clouds. These alterations can impact cloud formation and precipitation patterns, further influencing weather can climate dynamics (Jiang et al., 2022; Li et al., 2022; Sundram et al., 2022).
Despite numerous studies on atmospheric pollutants, the impact of these pollutants on spatial dispersion patterns remains unclear (Xiao et al., 2016). Numerous studies have demonstrated that air pollutants significantly influence the ecological health of urban areas, which is now becoming an increasing concern in urban development (Sloane, 1982; Doyle and Dorling, 2002; Ministry of Environmental Protection, 2012). Hence, one of the key challenges for city managers is findings ways to bolster urban management to reduce overall atmospheric particulate matter concentration in cities. The majority of research on the management of urban air quality has focused on urban green areas, such as exploring air quality in urban forests and optimizing tour routes. However, there has been less emphasis on the long-term impacts of urban air pollutants. This is a critical area of investigation, given that air quality is closely related to the quality of life in urban environments and serves as an important measure of urban environmental quality. Furthermore, enhancing urban air quality can considerably boost the health of urban residents (Koschmieder, 1926; Husar et al., 1984; Xue et al., 2015; Wang et al., 2016). Ma et al., (2016) revealed the temporal and spatial characteristics of atmospheric pollutants in three megacities over China, explored the variation of air quality, major air pollutants, and analyzed the influences of meteorological factors. Jiang et al., (2022) reveal the characteristics of ambient PMs and O3 in China and synergy in anthropogenic emissions and atmospheric processes (Sundram et al., 2022).
Atmospheric air pollution is a global issue, and managing urban air quality is essential for achieving sustainable urban development. In China, many regions, particularly the economically developed coastal cities, are confronted with diverse air pollution issues. Furthermore, air pollution in China exhibits notable regional disparities (Ting et al., 2022), underscoring the significance of investigating air pollutant concentrations in specific areas. Xiamen, situated in the southern region of Fujian Province, is one of the most densely populated and economically vibrant cities in China. As a renowned tourist destination, it is crucial to understand the concentrations of particulate matter (PM) and other atmospheric pollutants, as well as their impact factors, in Xiamen. Studies focusing on PM in Xiamen primarily involve analyzing the chemical composition of PM (Jiang et al., 2022), with fewer studies addressing the variation of PMs. For instance, Ting Ma conducted a spatial and temporal variation analysis of PM10 concentration in 2006 (Song et al., 2017). However, there have been scant analysis on PMs concentration variation patterns and associated influence factors. In summary, scholarly research on air quality in Xiamen, which is a typical coastal tourist city, is relatively limited. There is indeed a significant research and analysis gap when it comes to studying the long-term air quality in Xiamen. Hence, summarizing the distribution patterns of air pollutants in Xiamen can provide valuable insights for improving the city’s atmospheric environment.
Based on the Chinese Ambient Air Quality Standard (CAAQS No. GB3095-2012), this study comprehensively investigated the hourly average mass concentrations of PM2.5 and PM10 in Xiamen over an 8-year period from 1 January 2014, to 30 December 2021. The study also analyzed the intricate relationship between PMs, other pollutants, and meteorological factors. The study’s contributions can be summarized as follows: firstly, it analyzed the variation pattern of PMs concentration based on daily, monthly, seasonal, and spatial variations; secondly, it analyzed the PMs concentration characteristics under comprehensive meteorological conditions using K-means clustering; thirdly, it analyzed the correlation between PMs and meteorological factors and other pollutants in Xiamen, focusing on the relationship between PMs concentration and atmospheric visibility and PMs concentration and wind direction; finally, it analyzed the impact on PMs concentration brought by typical extreme weather—typhoon. This study has important implications for urban development in Xiamen and contributes to filling the knowledge gap on distribution patterns of air pollutants in coastal tourist cities over long time spans. Furthermore, the findings can serve as a catalyst for air quality improvement in other coastal cities.
2 MATERIALS AND METHODS
2.1 Overview of study area
Xiamen, located in the southern part of Fujian Province, China, stands out as one of the only two prefecture-level administrative regions characterized by a predominantly island-based landscape. The city encompasses Xiamen Island, Gulangyu Island, the northern inland area, and several smaller islands scattered throughout the surrounding sea. Its extensive coastline spans a length of 234 km, accompanied by a sea area of 390 km2 (Sundram et al., 2022). In 2015, the estimated population of Xiamen was approximately 3.86 million (Li et al., 2022). Being a prominent city in the economic zone on the west coast of Taiwan, Xiamen is currently undergoing rapid economic and urban growth, rendering it a significant tourist destination within Fujian Province. However, this rapid development has led to a less than optimistic air quality situation (Xiao et al., 2016). Consequently, enhancing the air quality in Xiamen holds crucial importance, not only for the wellbeing of its residents but also for cultivating a positive perception of the region among tourist influx.
2.2 Data source
In February 2012, the State Ministry of Environmental Protection and the General Administration of Quality Supervision, Inspection and Quarantine jointly released the national environmental quality standard known as the Ambient Air Quality Standard (GB 3095-2012). This standard delineated the main ambient air pollutant, including particulate matter with an aerodynamic diameter not exceeding 10 μm (PM10) and particulate matter with an aerodynamic diameter not exceeding 2.5 μm (PM2.5). Additionally, it encompasses four specific pollutants, namely, sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), and ozone (O3) (Ministry of Environmental Protection, 2012). Therefore, for this study, we selected these six air pollutants for this study.
To acquire meteorological data, including temperature, humidity, barometric pressure, wind speed, and dew point temperature, we accessed information from the Xiamen Gaoqi site, sourced from the China Meteorological Data Network (http://data.cma.cn/) and the National Oceanic and Atmospheric Administration (NOAA, https://www.climate.gov/). The Air Quality Index (AQI) and air pollutant concentrations (PM10, PM2.5, SO2, NO2, CO, O3) were provided by the Ministry of Environmental Protection of the People’s Republic of China (MEPRC, http://www.mep.gov.cn/hjzl/). The monitoring stations were established in Huli District, Siming District, Gulangyu Island, and Tongan District of Xiamen Island, with an hourly monitoring interval. Thus, the data in this study are presented in hourly increments. These stations are located at a distance of 80 km from the Gaoqi meteorological monitoring station, ensuring spatial representativeness in the meteorological observations.
2.3 Analysis method
The study utilized five statistical analysis methods as follows: 1) The initial phase of analysis involves statistical analysis of the annual variation patterns of atmospheric particulate matter, combined with other atmospheric pollutant concentrations, and meteorological factors. This analysis aims to discern the annual variations in atmospheric pollutant levels. 2) The secondary analysis focuses on the evaluation of daily variation patterns under different meteorological conditions, across different years, seasons, months, and monitoring points. By examining daily variations, more targeted strategies for improving urban air quality can be derived. 3) Utilizing the K-means clustering technique, we conducted a classification of statistical data in SPSS 19.0 to analyze the characteristics of concentration shifts of atmospheric particulate matter under different comprehensive meteorological conditions. An effective summarization of these characteristics can help derive measures for improving meteorological conditions. 4) Further, we calculated the correlation between the concentration of atmospheric particulate matter, atmospheric pollutants, and meteorological factors. We also performed an analysis of the relationship between wind direction and atmospheric pollutant concentration. A profound understanding of the relationship between meteorological factors and atmospheric pollutants has the potential to assist urban developers in directing improvements to ambient air quality, premised on the prevailing meteorological conditions. 5) Lastly, we referred to the study of M. Doyle and S. Dorling’s study (Doyle and Dorling, 2002) and formulated a regression equation for atmospheric visibility and atmospheric particulate matter concentration. To make the regression equation more representative, our study carefully excluded data affected by special weather conditions that could alter visibility, such as foggy days or episodes of heavy rainfall. Additionally, monitoring data with a relative humidity greater than 90% were disregarded as higher air humidity can have a strong blocking effect on air particle dispersion (Sloane, 1982). All data analysis was conducted in SPSS 19.0 software.
The extinction coefficient, denoted as βext, was obtained by referring to Koschmieder’s research method (Koschmieder, 1926):
This is example 1 of an equation:
[image: image]
In Eq. 1, βext is the extinction coefficient in (km−1); V is the atmospheric visibility (km).
In an authentic atmospheric setting, the hygroscopic tendencies of atmospheric suspended matter can affect its physicochemical properties. The “dry extinction coefficient” (βdryext) can be calculated based on βext and relative humidity (RH). The study was based on the equation put forth by Husar et al. (1984) as the mathmeticla framework for calculating βdryext:
[image: image]
In Eq. 2: RH is the relative humidity, βext is the extinction coefficient, and βdryext is the dry extinction coefficient. Analysis of the typical extreme weather along the southeast coast: typhoons, with their impact on atmospheric particulate matter concentrations.
3 RESULTS
3.1 Annual characteristic of the concentration of the air pollution
The study observed that the concentration of atmospheric particulate matter peaked in winter and dipped to their lowest levels in summer with an annual change pattern characterized by elevated levels in spring and winter and lower concentrations in summer and autumn. The AQI index, alongside with the concentrations of NO2, SO2, and CO, showed similar annual variation characteristics as those of PMs. Conversely, the concentration trend of O3 appeared relatively flat, absent of a discernible seasonal pattern. Further observations revealed that PM concentrations were the lowest in July and the highest in January. Contrastingly, the AQI index showed the opposite trend, with the highest value noted in December and the lowest in July. The monthly low concentrations of air pollutants in July may be attributed to high temperatures and rainfall during the summer season, in conjunction with the recurrent incidence of typhoons during this period–factors which could largely account for the decline in air pollutant concentrations. Xiamen demonstrated consistent high-level air quality as shown in Figure 1, which presents the annual variation pattern of PMs, other air pollutant concentrations, and meteorological factors from January 2014 to December 2021. Based on the environmental air quality standard (http://kjs.mep.gov.cn), the annual average AQI index, PM10, SO2, NO2, CO, and O3 concentrations were found to be 47 μg/m3, 48.92 μg/m3, 11.12 μg/m3, 29.27 μg/m3, 0.61 mg/m3, and 51.78 μg/m3, respectively, all of which conformed to the primary standard of environmental quality. However, the PM2.5 concentration (28.94 μg/m3) slightly exceeded the primary standard of 25 μg/m3.
[image: Figure 1]FIGURE 1 | Variations of the concentrations of PMs and other pollutants.
3.2 Daily variation pattern of atmospheric particulate matter concentration
Figure 2 and Figure 3 depict the temporal and spatial variations of PM2.5 and PM10 concentrations in Xiamen over the monitoring period, showing daily variations in different seasons, months, pollution levels, years, monitoring sites (located in urban, suburban, and distant suburbs), and weather conditions. The mean daily variation showcases that the peak concentrations typically occur at midnight and early morning, whereas the lowest values are usually noted in the evening. The diurnal fluctuations in PM2.5 and PM10 concentrations manifest disparate trends in different seasons, with PM2.5 reaching its peak only at noon, while PM10 displays two distinct peaks, one at noon and another between 18:00-21:00. Each month exhibits a similar pattern of change, with PM10 showing a double-peak and double-valley configuration particularly in October-December, characterized by a midday peak and an evening peak. The daily change in PM concentration is typified by a “sharp rise and fall” on polluted days, while the PM concentration tends to change more slowly under lower pollutant concentration. The yearly trend reveals a decreasing trend of PM concentration, indicating effective treatment of air pollutant control. The Xidong monitoring site, located in the far suburbs, shows daily trends different from the other three monitoring points, indicating high concentrations at noon and low concentrations during the morning and evening, indicative of anthropogenic influences. The change of PM concentration under different weather conditions proves to be more complicated. The PM2.5 concentration typically ascends from sunny to rainy and from cloudy to overcast weather conditions, while the PM10 concentration tends to increase from cloudy to rainy conditions. Further analysis reveals that different weather conditions exert varied impacts on PM10 and PM2.5, which are likely linked to specific characteristics of climate change (see Figure 3 for details).
[image: Figure 2]FIGURE 2 | Thermal Imaging of diurnal variation of atmospheric particle concentration. (A) PM10, (B) PM2.5.
[image: Figure 3]FIGURE 3 | Daily variations of the value of AQI, visibility, and concentrations of PM10, PM2.5, SO2, NO2, O3, and CO in Xiamen in (A) spring, (B) summer, (C) fall, winter during 2015–2016 1–2: spring, 3-4: summer, 5-6: fall, 7-8: winter.
3.3 K-means clustering analysis of meteorological factors
To comprehensively investigate the interplay of meteorological factors on the atmospheric particulate matter concentrations, a K-means clustering analysis was implemented on a dataset of 8,700 monitoring data point. This dataset was refined by excluding those with more than 8 h of daily missing measurements and those devoid of sea-level pressure (SLP) data (since SLP is monitored every 3 h). Following the methodology of previous studies (Xue et al., 2015), we classified the data based on atmospheric visibility, temperature (excluding dew point temperature), humidity, wind speed, and SLP, and calculated the mean values of PM10, PM2.5 concentrations, atmospheric visibility, temperature, SLP, relative humidity, and wind speed for each of the five groups. Table 1 presents the results of the K-means clustering analysis, which was performed with 20 iterations.
TABLE 1 | Average values of air pollutants, meteorological factors, and visibility for each class after clustering analysis based on 7 parameters.
[image: Table 1]The mean concentrations of PM10 and PM2.5 in group 2 were 27.61 and 14.38 μg/m3, respectively, which were the lowest among the groups. Group 2 exhibited meteorological conditions of high temperatures, low humidity, high wind speeds, and low pressure, which are characteristics of summer afternoons in Xiamen. These results suggest that the atmospheric particulate matter concentrations in Xiamen are generally lower during the summer compared to other seasons. The mean PM10 values in groups 3 and 5 were 36.62 and 37.72 μg/m3, respectively, with corresponding PM2.5 concentrations being 22.51 and 20.22 μg/m3. The temperature, wind speed, and pressure in these groups were observed to be similar, while the relative humidity in group 3 exceeded that in group 5. This observation suggests that the atmospheric visibility in group 3 was reduced by 9.47 km relative to group 5 at a distance of 21.70 km, thereby highlighting the pronounced impact of humidity on atmospheric visibility when the concentrations of large pollutants and meteorological factors remain akin. In group 4, the average concentrations of PM10 and PM2.5 were 46.27 and 26.58 μg/m3, respectively, and the meteorological conditions were characterized by lower temperature and humidity and higher air pressure, which is typical of winter weather without precipitation. Group 1 exhibited high humidity, low wind speed, low temperature, and high pressure, alongside elevated concentrations of atmospheric pollutants, with PM10 and PM2.5 reaching 55.66 and 40.12 μg/m3, respectively. These conditions are typical of rainy days in spring and winter, which tend not to facilitate the diffusion of atmospheric particulate matter, thereby leading to its accumulation. Furthermore, there are more sources of pollution in winter, resulting in group 1 being the highest concentrations of PMs among the groups.
Upon summarizing the characteristics of air pollutants predicated on the above classification, we can identify noteworthy patterns and trends. This study underlines the necessity of upgrading urban management measures to ameliorate air quality. The correlation analysis between major pollutants and atmospheric particulate matter concentrations substantiates that sources of urban air pollutants bear significant similarity. Therefore, measures such as reducing auto exhaust and restricting straw burning in winter should be advocated as means to reduce pollution.
Moreover, this study found that urban particulate matter concentrations demonstrate spatial variability across different urban locations. By identifying the pollution sources, suitable tree species, possessing a strong ability to retain PM2.5 and other particulate matter, should be selected for planting around these sources. A reasonable spatial configuration of plants, embodying varying life forms and leaf habits, can improve the leaf area index or green volume level. This, in turn, can enhance the effect of landscape structure, yielding better air purification benefits (Wan et al., 2011; Wu et al., 2012; Du et al., 2013; Song et al., 2017).
Overall, this study’s findings provide invaluable insights into the path towards air quality improvement in Xiamen city. The implementation of urban management measures coupled with the selection of suitable tree species for planting can have a significant impact on reducing air pollution levels. The insights gleaned from this study could serve as a valuable reference for other cities, both in China and globally, that are facing similar air quality challenges. However, further research is needed to determine the long-term effects of these measures on air quality improvement.
3.4 Analysis of the relationship between atmospheric particulate matter concentration and atmospheric pollutant concentration and meteorological factors
3.4.1 Correlation analysis of atmospheric particulate matter concentration with atmospheric pollutants and meteorological factors
To enhance the practical applicability of our findings, we examined the correlations between the concentrations of particulate matter, atmospheric pollutants, and meteorological factors across different seasons. Our results indicate that the concentrations of atmospheric particulate matter were positively and significantly correlated with the concentrations of atmospheric pollutants, such as SO2, NO2, CO, and O3, suggesting that an increase in these pollutants contributed to an increase in the levels of PMs. Furthermore, PMs concentrations were negatively and significantly correlated with temperature, wind speed, minimum cloud height (when the cloud cover >70%), and dew point temperature, while positively and significantly correlated with humidity and sea level pressure. Notably, certain meteorological factors exhibited seasonal variations, as summarized in Table 2.
TABLE 2 | Pearson correlations between the visibility and air pollutants and meteorological factors.
[image: Table 2]3.4.2 Regression equation construction of atmospheric particulate matter concentration and atmospheric visibility
Regression models were developed using the extinction coefficient (βext), dry extinction coefficient (βdryext), and concentrations of atmospheric pollutants PM10 and PM2.5, as depicted in Figure 4. The analysis reveals that both βext and βdryext exhibit a significant positive correlation with PM10 and PM2.5 concentrations, while concurrently presenting a negative correlation with atmospheric visibility. These regression models achieved statistical significance at the 0.001 level (p-value <0.001) with R-squared values of 0.500 (p-value = 0.156) and 0.393 (p-value = 0.129), respectively. In addition, these results demonstrate that the linear regression equation encompassing βext and visibility yields a higher R-squared value than the equation with dry extinction coefficient, underscoring the dominance of βext over βdryext in terms of its contribution to the model.
[image: Figure 4]FIGURE 4 | Regression model of AQI and the concentrations of air pollutants and βext and βdryext using linear regression. (A) PM2.5, (B) PM10.
3.4.3 Analysis of the relationship between atmospheric particulate matter concentration and wind direction
Figure 5 illustrates the association between PM2.5 and PM10 concentrations and wind direction during the entire monitoring period (a), as well as in different seasons, namely, spring (b), summer (c), autumn (d), and winter (e). The results uncover significant variations in PM2.5 and PM10 mass concentrations contingent on wind direction. Specifically, the influence of airflow from the due west, southeast, and northeast directions on PMs concentration is consistently positive. There is a marked difference in the effects of wind direction on PMs concentrations across different seasons, with static atmospheric conditions having a greater impact on PMs than windy conditions, irrespective of the season. It is worth noting that PM2.5 and PM10 concentrations generally change in a consistent manner.
[image: Figure 5]FIGURE 5 | Mean mass concentrations of PM2.5 and PM10 concerning wind directions during (A) study period, (B) spring, (C) summer (D) fall, and (E) winter for calm conditions (C) and variable conditions (V). (A): PM10-51.61 (Quiet): 42.46 (Movement) and PM2.5-34.01(Quiet): 27.49(Movement). (B): PM10-54.08 (Quiet): 45.58 (Movement) and PM2.5-36.37(Quiet): 30.61(Movement). (C): PM10-32.30 (Quiet): 30.20 (Movement) and PM2.5-19.11(Quiet): 18.03(Movement). (D): PM10-53.71 (Quiet): 45.73 (Movement) and PM2.5-32.52(Quiet): 27.50(Movement). (E): PM10-60.51 (Quiet): 56.54 (Movement) and PM2.5-42.35(Quiet): 39.86(Movement).
4 DISCUSSION
4.1 Variation pattern of atmospheric particulate matter concentration in Xiamen
This study demonstrated that Xiamen maintains a high level of air quality, characterized by an annual average temperature of 22.59°C, a relative humidity of 77.09%, and an average wind speed of 3.42 m/s during the monitoring period, which is typical of the south-central subtropical climate. Factors such as the elevated temperature and wind speed, as well as the open terrain, foster the dispersion of air pollutants. Additionally, Xiamen, as a provincial economic center dominated by tertiary industries, experiences lower emissions from agricultural and industrial pollution, thereby contributing to its overall superior air quality. The study further identifies the seasonal variation in air pollutants, including pollutants from coal-fired heating in the north traveling southward during spring and winter with the prevailing airflow (Deng et al., 2012). Straw stalk burning in the surrounding cities, compounded by the reduced adsorption capacity of plants during the dormant winter period, results in higher PMs concentration. These findings are in agreement with previous studies conducted in other cities (Natali et al., 2016; Hu et al., 2018; Wei et al., 2021; Zhang et al., 2022). Furthermore, daily variations of PM concentrations were classified based on different urbanization construction gradients, seasons, and pollution levels. The three-dimensional representation of the daily variation characteristics under different conditions provides valuable insights into the dynamics of air pollution in Xiamen. The study also ascentains a decline in PM concentration in recent years, corroborating findings from previous studies (Natali et al., 2016; Westervelt et al., 2016; Hu et al., 2018; Kota et al., 2018; Torres et al., 2018; Wei et al., 2021; Zhang et al., 2022). The variations of PM concentrations across seasons and months, which are related to the geographical location of the study site and its surrounding environment, also exhibits distinct patterns.
4.2 Impact factor analysis
4.2.1 Effect of other pollutant concentrations on atmospheric particulate matter concentrations
During the study period, a positive correlation and similar trends were identified between concentrations of PMs and other atmospheric pollutants. However, O3 concentrations differed from those of other pollutants, as O3 is produced in the atmosphere through the photodissociation of oxygen. An intriguing observation was that during the period of elevation in other pollutants, O3 concentration decreased, indicating that the rate of O3 production was surpassed by its consumption and dissipation. The O3 concentration showed lower values in January and July, while higher values were observed in April and October, thereby exhibiting an opposite trend to the NO2 concentration. This trend may be ascribed to NOX (nitrogen oxides), which is produced by the oxidation reaction of NO2, undergoing conversion to O3 via photolysis in conditions of sufficient sunlight (Yan et al., 2015; Li et al., 2017; Mou et al., 2017; Zhao et al., 2017). However, due to reduced sunlight in January and lower NOX concentration in July, O3 displays a different pattern from other pollutants. Similar patterns were also found in India (Jiang et al., 2022).
4.2.2 Influence of meteorological factors on the concentration of atmospheric particulate matter
The K-means cluster analysis categorized the various climatic syntheses into five groups. Among these groups, group 2, characterized by high temperature, low humidity, high wind speed, and low pressure, which are typical climatic conditions in Xiamen during summer afternoons, had the lowest PM concentration. This suggests that Xiamen usually experiences relatively lower atmospheric particulate matter concentrations in the summer than other seasons. This can be attributed to several factors. Firstly, better dispersion conditions prevail during summer, facilitated by strong convective air mixing, high wind speed, and fast vertical exchange. Secondly, high precipitation during this period exerts a cleaning effect on air pollutants. Lastly, the East Asian summer winds induce a certain diffusion effect on pollutants. The meteorological factors of both group 3 and group 5 are similar, with relative humidity being the significant point of divergence, underscoring the greater influence of humidity on atmospheric visibility when atmospheric pollutant concentrations and meteorological factors are similar. This is consistent with the results from previous studies (Wang et al., 2009; Wan et al., 2011; Du et al., 2013; Chai et al., 2014; Liu et al., 2017; Gaudel et al., 2018). Group 4 is characterized by low temperature, low humidity, and high air pressure, which is typical winter weather without rainfall. Group 1, on the other hand, has high humidity, low wind speed, low temperature, and high air pressure, alongside high concentrations of atmospheric pollutants. These meteorological conditions, typical of spring and winter rainy days, impede the diffusion of atmospheric particulate matter, thus promoting its accumulation. Combined with more pollution sources in winter, group 1 has the highest concentration of atmospheric particulate matter. The correlation analysis revealed significant negative correlations between PM concentration and factors such as temperature, wind speed, minimum cloud height (when cloud cover >70%), and dew point temperature. Conversely, there were significant positive correlations between PM concentration and factors like humidity and sea level pressure, which is consistent with previous studies (Qu, 2020). Some meteorological factors displayed seasonal variations. In winter, humidity averaged 71.96% ± 18.59%, wind speed was 3.53 ± 2.15 m/s, the minimum cloud height reached 841.64 ± 480.84 m, dew point temperature was 9.36°C ± 5.25°C, and sea level pressure was 1,022.11 ± 4.18hpa. Under these conditions, the change in temperature, ranging between 14.89°C ± 3.63°C, had a positive correlation with PM concentration. Conversely, in summer, under high temperature and low humidity conditions, no correlation wa observed between wind speed and PM concentration. However, the lowest cloud heights were positively correlated with PM concentration, and the sea level pressure exhibited a positive correlation with atmospheric particulate matter concentration. The correlation between PM2.5 concentration and meteorological factors showed a high consistency with that of PM10 concentration. However, in summer, PM2.5 concentration did not have a significant relationship with temperature. In autumn and winter, dew point temperature and sea level pressure, respectively, did not show significant relationships with PM2.5 concentration. These findings deviate from previous studies and may be attributed to the increased pollution sources in winter and higher rainfall in summer. These results indicate that the effects of each meteorological factor on the changes in atmospheric particulate matter concentrations fluctuates under different meteorological conditions. Different wind directions also have varying effects on PM concentration. In general, changes in PM2.5 and PM10 concentrations align, with due west, southeast, and northeast airflows intensifying PM concentration. The air quality brought about by different wind directions varies substantially across seasons, with higher PM concentrations observed under static conditions. During winter, the straw stalk burning by farm workers contributes to the accumulation of PM concentration. Furthermore, the primary industry in Zhangzhou City, located southwest of Xiamen, significantly exacerbates PM concentration brought by southwest airflow. The higher sea level pressure in winter, indicative of a lower mixed layer height, hinders pollutant dispersion, thereby leading to higher PM concentrations under windless conditions. This finding aligns with previous studies.
4.3 The effect of atmospheric particulate matter concentration on atmospheric visibility
Regression models were formulated using the extinction coefficient (βext), dry extinction coefficient (βdryext), and atmospheric pollutant concentration (PMs). The analysis revealed that the constructed models effectively represented the relationship between βext (βdryext) and PMs concentration. Previous studies have established a close relationship between atmospheric visibility and atmospheric particulate matter concentration and have utilized related approaches to assess trends of air quality after accounting for meteorological factors (Wu et al., 2012). However, studies on numerical simulation of atmospheric visibility are somewhat scarce, largely due to the lack of comprehensive observational data with both long-term and high-density coverage, required for verifying and correcting simulation results. Correspondingly, Deng et al (Deng et al., 2012; Hu et al., 2018) conducted a similar study in southeastern China in which a regression model was constructed, encapsulating the extinction coefficient and dry extinction coefficient with Air Pollution Index (API) as the analysis object on a daily basis. The contribution rate of the regression equation ranged between 0.26 and 0.43, signifying a significant influence of atmospheric pollutants on atmospheric visibility, which is consistent with the findings of the present study (Natali et al., 2016; Westervelt et al., 2016; Torres et al., 2018; Wei et al., 2021; Zhang et al., 2022).
4.4 Limitations
This research effectively investigates the variation patterns of particular matter and its relationship with meteorological factors. However, it is important to acknowledge that this study exclusively focuses on Xiamen, a coastal city in southeastern China, characterized by relatively high average wind speed and high annual humidity. Consequently, the findings may not be fully representative of inland cities or cities experiencing rapid industrialization with manufacturing or mining industries, which have the potential to significantly impact air quality and elevate particulate matter levels. Furthermore, the study’s time period begins in 2014, thus limiting the examination of meteorological and atmospheric patterns prior to that year. Considering the historic significance of understanding changing patterns over a wider time range, the absence of pre-2014 data may restrict the comprehensive analysis of long-term trends.
5 CONCLUSION
Urbanization often brings about air pollution, a problem that is particularly noticeable in coastal tourist cities such as Xiamen and requires concerted attention. In this study, the annual average concentrations of AQI, PM10, SO2, NO2, CO, and O3 in Xiamen were found to fall within the environmental quality level 1 standard, with corresponding values of 47, 48.92 μg/m3, 11.12 μg/m3, 29.27 μg/m3, 0.61 mg/m3, and 51.78 μg/m3. However, the concentration of PM2.5 (28.94 μg/m3) slightly exceeded the primary standard (25 μg/m3), indicating a relatively high level of air quality in Xiamen. Our findings also revealed that the lowest and highest values of atmospheric particulate matter concentrations typically occurred in summer and winter, with the highest daily values seen late at night and early morning, and the lowest around noon. Moreover, the trends of daily changes differed significantly between seasons, weather conditions, and town gradients.
Future research on urban air pollutants could extend over longer time durations (e.g., 10–15 years), and a broader range of air pollutant indicators for in-depth analysis. Incorporate aspects of human comfort into the study could also provide valuable insights for creating a more livable and harmonious urban environment.
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