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Abstract

:

Based on the analysis of air quality data in Yunnan Province from 2015 to 2020, combined with spatial interpolation analysis and geographic detector factor analysis, the spatial–temporal evolution characteristics of air quality in Yunnan Province have been studied, and the main driving factors, the mechanisms, and the impact of regional COVID-19 control measures affecting air quality have been discussed. The results show that the air quality in Yunnan Province was generally good (superior rate > 98%) from 2015 to 2020, that the Air Quality Index (AQI) value is better in the wet season than in the dry season, and that the concentration of major pollutants shows a decreasing trend. AQI values are spatially high in the east and low in the west. The relative humidity, precipitation, population density, building construction area, and civil vehicles have a greater degree of explanation for the spatial differentiation of AQI, whereas the synergistic influence (maximum value 0.92) of socio-economic factors and meteorological factors is significantly greater than that of a single factor (maximum value 0.80) by the geographic detector model. The control measures for COVID-19 in 2020 reduced the concentration of major pollutants in the atmosphere to a certain extent. Controlling regional air pollution in urban agglomerations in low-latitude plateau areas can improve their air quality by reducing human activities. However, the control of O3 concentration is more complex, and more restrictive factors need to be considered. The results will provide a scientific basis for the prevention and control of air pollution in plateau cities.
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1. Introduction


Air quality is closely related to people’s production, life, and health. In recent years, with rapid socio-economic development and massive increases in human emissions, environmental incidents have been occurring in several densely populated areas of the world [1,2]. These incidents have become one of the most significant challenges facing humanity in recent decades. Air Quality Index (AQI), as one of the essential indicators to describe the cleanliness and pollution level of air, has been widely monitored and studied in various regions of China since January 2013 [3]. Currently, studies related to air quality in China are focused mainly on regions with poor air quality and with more developed economies, such as Northern China [4,5,6], the Yellow River Basin [7,8,9], the Yangtze River Basin [10,11,12], the Pearl River Delta [13,14], and coastal areas [15]. The spatial–temporal distribution characteristics of air quality in each region and the influencing mechanisms are explored using various methods such as Environmental Kuznets Curve (EKC) [16], Multivariate regression model [17], Grey Relational Analysis (GRA) [5], and Spatial Error Model (SEM) [18]. Relevant studies have shown that China’s spatial differentiation of air quality is obvious. It is characterised regionally in that the air quality of the North is higher than that of the South, and that of the eastern coast is higher than that of the western interior [19,20], although the overall air quality in China has improved in recent years [21,22]. However, seasonal differences are evident, with air quality being better in the wet season than in the dry season [23]. Further studies on the factors influencing air quality found that precipitation, temperature, relative humidity [24], population concentration, economic growth, and industrialisation [25] are the main factors influencing air quality in China.



The geographic detector method can reflect the intrinsic causal relationship more accurately than traditional regression analysis, variance analysis, causal analysis method, grey-relational degree, partial correlation analysis method, and the Tobit model in studying the characteristics of regional spatial differentiation and revealing the main driving forces and influencing mechanism [8,26,27]. Therefore, in recent years, regional heterogeneity of population aging [28], assessment of epidemiological mortality factors of COVID-19 [29], quantitative estimation of regional soil erosion [30], studies on the formation mechanism of regional poverty [31], and analysis on the driving factors of the spatial–temporal distribution of mountain floods [32] have been widely applied.



Yunnan, located on the southeastern edge of the Qinghai–Tibet Plateau in China, is a typical representative of the latitudinal plateau region. It is influenced by the South Asian monsoon (SASM), the East Asian monsoon (EAM), and the Qinghai–Tibet Plateau, and its complex geomorphic characteristics, resulting in the complex regional atmospheric circulation system [33]. In recent years, the lack of rain in the dry season, the significant temperature difference between day and night, and the increase in exogenous pollutants have led to occasional air pollution events in Yunnan [34,35]. However, for the regions where many studies have been carried out on air quality in China, the research on the primary factors and driving mechanism of air pollution in plateau cities in Southwest China needs further strengthened.



In this study, the analysis of air quality indicators (PM2.5, PM10, SO2, NO2, O3, CO) in 16 cities of Yunnan from 2015 to 2020 was combined with spatial interpolation and the geographic detector model to study the spatial-temporal distribution characteristics of the air quality in the area. The aim was to explore the influencing factors and driving mechanisms of air quality in Yunnan. The results will provide a scientific basis for air quality control policies in plateau cities of China and ecological poverty alleviation in Yunnan.




2. Materials and Methods


2.1. Study Area


The Yunnan Province (21°8′~29°15′ N, 97°31′~106°11′ E) is located at the southeast end of the Qinghai–Tibetan Plateau, with the Tropic of Cancer cutting through it (Figure 1a). It is a low-latitude plateau region; the land surface is like a staircase descending from northwest to southeast at elevations between 1850 and 2100 m (Figure 1b). Such elevation differences yield a sharp climatic gradient across the province. The subtropical monsoon climate of the region is characterised by a cool and relatively dry climate between September and April, with a warmer and wetter season between May and October. The mean annual precipitation (MAP) is 1260 mm. Most of the precipitation falls as rain during the summer and autumn months (from May to October), which supplies 80% of the annual precipitation [36]. The mean annual temperature (MAT) is between 12 and 22 degrees Celsius. Yunnan Province governs 16 prefecture-level administrative regions with a population of nearly 47 million at the end of 2020. The gross domestic product (GDP) is approximately CNY 2452 billion, with an urbanisation ratio of 50.05 percent. In the last few years, with accelerated urbanisation, the rapid growth of urban population, and increasing human activities, the ecological environment, especially air quality, has been facing increasing pressure.




2.2. Data Sources


(1) Air quality data



The daily data of AQI, PM2.5, PM10, CO, NO2, SO2, and O3 of 16 cities of Yunnan Province are from a Chinese air quality online monitoring and analysis platform (https://www.aqistudy.cn/historydata/ (accessed on 15 October 2021)).



(2) Meteorological and socio-economic data



AQI is influenced by both geographical and socio-economic factors [8]. For example, the primary sources of PM2.5, PM10, SO2, NO2, and CO are burning [37,38] (residential energy use, vehicle emissions, biomass burning), with PM2.5 and PM10 also being closely related to dust [39]. The sources of these pollutants are all related to socio-economic factors such as population density, building construction area, GDP, and civilian vehicle (CV). Meanwhile, pollutant emission, decomposition, and transport are highly correlated with geographical environmental factors. Accordingly, taking into account the research results on the AQI in recent years [25,40] and the data availability, we have selected several geographical and socio-economic factors to analyse the factors that influence the AQI variations.



Annual air temperature (°C), annual precipitation (mm), annual sunshine duration (h), relative humidity (%), sunshine hours (h), annual minimum relative humidity (%), wind speed (m/s), and wind direction (°) data for the years 2015−2020 were obtained from the China Meteorological Data Service Center (http://data.cma.cn/ (accessed on 15 October 2021)). The data of eight socio-economic factors: regional GDP, GDP of primary industry (GDP1), GDP of secondary industry (GDP2), GDP of tertiary industry (GDP3), civilian vehicle (CV), population density (people per square mile), and construction land area (million hectares) data are all from the Yunnan Statistical Yearbook in 2015–2020 (http://stats.yn.gov.cn/ (accessed on 16 October 2021)).




2.3. Methods


This paper uses three main research methods: Air Quality Index, Ordinary Kriging, and Geographical detector factor analysis (Figure 2). AQI is used to evaluate air quality, Ordinary Kriging is used to characterise the spatial distribution of AQI and pollutants, and Geographical detector factor analysis is used to identify the main influencing factors of air quality variation. The details of each method are described below.



2.3.1. Air Quality Index


AQI is an index that quantitatively evaluates air condition. It first calculates the Individual Air Quality Index (IAQI) for each participation factor (CO, NO2, SO2, O3, PM2.5, PM10) and uses the maximum value of each IAQI as the value of AQI:


  A Q I = m a x  {  I A Q  I 1  , I A Q  I 2  , I A Q  I 3  , ⋯ , I A Q  I n   }   











The individual AQI of pollutions is defined as:


  I A Q  I P  =   I A Q  I  H i   − I A Q  I  L o     B  P  H i   − B  P  L o      (   C P  − B  P  L o    )  + I A Q  I  L o    











IAQIP is the individual AQI of pollution;



Cp is the concentration of pollution;



BPHi is the high value of the concentration limit of pollutant P and is similar to Cp;



BPLo is the low value of the concentration limit of pollutant P and is similar to Cp;



IAQIHi refers to the IAQI corresponding to BPHi;



IAQILo is IAQI corresponding to BPLo;



The air condition was scored on a six-grade arbitrary scale, depending on the “Ambient air quality standards” (GB 3095-2012).




2.3.2. Ordinary Kriging Method


The Ordinary Kriging method (OKM), also known as Kriging spatial interposition, is a method for the best unbiased prediction of regionalised variables in a finite region, based on variogram theory and structural analysis [41]. This interpolation method is better than inverse distance interpolation in terms of continuity of results and accuracy [3]. It is the best unbiased prediction of the random field at an unobserved location from observations after considering the shape, size, and spatial orientation of the sample points, their spatial relationship with one another, and the structural information provided by the variogram [42]. The Ordinary Kriging method is calculated as [43]:


   Z ^   (   w 0   )  =   ∑   i = 1  n    λ  i  Z  (   W i   )   








where   Z ^  (w0) refers to the predicted value of the site W0 to be predicted; Z(Wi) is the measurement at position Wi of the sample point at n identified positions (i = 1, 2, ……, n); and λi is the weight of the residual corresponding to the measured value.




2.3.3. Geographical Detector


Spatial stratified heterogeneity (SSH) refers to the phenomenon that the within strata are more similar than the between strata. Geographic detector factor analysis is a statistical tool to measure spatial stratified heterogeneity (SSH) and reveals the driving forces behind it. This paper focuses on using the method to reveal the influence of geographical and socio-economic factors on AQI and the interactions between the factors.



If an independent variable X has a significant effect on a dependent variable Y, there should be some similarity in the spatial distribution of the independent and dependent variables, and it can be defined as [44]:


  q = 1 −   ∑   j = 1  H   N j   σ j 2  / N  σ 2   











The study area is stratified into H stratums, denoted by j = 1, 2, ……, H. Nj and N are the number of cells in strata j and the whole area, respectively;    σ j 2    and    σ 2    are the variances of the Y for strata j and the entire area, respectively. The values of q are in the range [0, 1], and greater values indicate a more pronounced spatial heterogeneity of Y. If the stratification is generated by the independent variable X, a higher value of q indicates a stronger explanatory strength of the independent variable X for attribute Y.






3. Results


3.1. Spatial–Temporal Variation Characteristics of Air Quality


3.1.1. Temporal Variation Characteristic


The AQI values in Yunnan fluctuated between 10 and 258 from 2015 to 2020, with an average value of 48.3 and a slight variation in annual average values (Figure 3). The values of the AQI are the smallest in 2018 and the largest in 2020. The superior rate (ratio of days with superior air quality to total days) of air quality in Yunnan from 2015 to 2020 is 97.52% to 99.78%.



Further analysis of the monthly AQI variation characteristics of Yunnan from 2015 to 2020 reveals (Figure 4) that the AQI values are small (<50) from June to November, and the minimum AQI values occur from July to September. However, December to May of the following years are relatively high, and the maximum AQI values occur from March to April. This is significantly different from changes in Northeastern, Northern, and Southwestern China [45].



The median monthly AQI data for Yunnan indicate a clear increase trend (63~43) in the dry season (November to April) and a clear lowering trend (57~31) in the wet season, according to the analysis of the AQI values for January–December 2015–2020 in Yunnan (Figure 5). Simultaneously, there are more outliers in the dry season than in the wet season, indicating that AQI values fluctuate significantly in the dry season.




3.1.2. Spatial Variation Characteristics


Analysis of the year-by-year spatial variation of the air quality (AQI) index of the Yunnan urban agglomeration from 2015 to 2020 using kriging interpolation revealed (Figure 6) that the spatial variability of AQI values in the study area is significant, with the overall performance is higher in the east–west region than in the central part, with the maximum AQI value occurring in Northeastern Yunnan.



Moreover, a further study of AQI values for the dry season (November to April of the following year) and the wet season (May to October) in Yunnan from 2015 to 2020 also showed (Figure S1) that the dry season AQI is significantly higher than the wet season AQI in the same year; this means that the maximum AQI of the year occurs in the dry season.





3.2. Spatial-Temporal Variation Characteristics of Main Pollutant Concentrations


3.2.1. Temporal Variation Characteristics


Based on the interannual variation characteristics of major pollutant concentrations in Yunnan from 2015 to 2020 (Table 1), there is little difference in the annual average concentration of the six pollutants, and most of the pollutants except O3 show a decrease.



Meanwhile, the analysis of the monthly changes in the concentration of main air pollutants in Yunnan from 2015 to 2020 shows a significant difference between each month (Figure 7). Values of ρ(PM2.5) and ρ(PM10) showed an “N” shape, with low values from June to November and high values from November to April in the next year. The characteristics of the changes were similar to the monthly change in AQI. Values of ρ(SO2) and ρ(CO) showed a “V” shape and showed a decreasing trend from January to June and an increasing trend from July to December. ρ(NO2) has a similar trend with ρ(SO2) and ρ(CO), but it shows a sharp decrease in February. The concentration of ρ(O3) was lower in monthly variation except from March to May, when the concentration was higher. The concentration of main pollutants, especially ρ(SO2), showed a decreasing trend.




3.2.2. Spatial Variation Characteristics


The study focused on the spatial-temporal variation characteristics of the main atmospheric pollutants in Yunnan from 2015 to 2020 (Figure S2), and it was found that different pollutants had spatial-temporal differentiation. PM2.5, PM10, and SO2 are generally lower in the central and midwestern parts of the country and higher in the eastern and western parts of the country. However, the concentrations of NO2, O3 and CO were higher in the country’s north and lower in the south.




3.2.3. The Effect of Wind Direction and Wind Speed on Main Pollutant Concentrations


Studies have revealed a considerable correlation between the dispersion and distribution of key contaminants and wind direction and speed (especially particulate pollutants) [46]. To illustrate the impact of wind direction and speed on pollutants, we used a bivariate polar plot (Figure 8 and Figure 9). Yunnan experiences south-westerly winds throughout the year, with wind speeds greater in the dry season than in the wet season [47]. During the dry season, PM2.5 and PM10 have similar distribution characteristics, with enrichment occurring at higher wind speeds with south-westerly and north-easterly winds. Higher south-westerly wind speeds are correlated with high NO2, CO, and SO2 concentrations. O3 is more evenly distributed between wind directions and speeds.



During the wet season, high concentrations of PM2.5 and PM10 are influenced by high wind speeds from the Southwest and the North. High concentrations of NO2 and SO2 are mainly from the Southwest at high wind speeds. High concentrations of O3 are distributed similarly to the dry season, maintaining a uniform distribution.





3.3. Influencing Factors of Air Quality in Yunnan


Single-factor analysis of meteorological and socio-economic factors in the cities of Yunnan during the period of 2015–2020 via the geographical detector method shows that the influence of the four main driving factors of meteorological and social is between 0.1 and 0.4 and between 0.2 and 0.8, respectively (Figure 10). Humidity, precipitation, population density, construction, and the number of civilian vehicles were the main control factors from the perspective of a single-factor explanation ratio.



The study of the interaction of the driving forces affecting the spatial differentiation of AQI in Yunnan revealed (Figure 11) that the influence of each factor under the interaction ranged from 0.22 to 0.92, and the interaction was significantly greater than that of a single factor. The interaction factors of population density, relative humidity, and building area were the largest from 2015 to 2019, but the civil vehicle and temperature exceeded that of population density and relative humidity in 2020, becoming the most important interaction factor affecting Yunnan air quality.





4. Discussion


Urban air quality is often affected by natural and socio-economic factors, and it is also affected by the interaction between different kinds of pollutants [22]. The primary pollutants in the air of Yunnan from 2015 to 2020 were mainly PM2.5, PM10, and O3 (Figure S1), and this result is different from those of other regions in China [48]. Furthermore, due to the local control measures for COVID-19 in 2020, both human social activity and productive activity have significantly decreased in the Yunnan region. AQI and the main atmospheric pollutants are at a lower concentration than in the five years from 2015 to 2019 (Figure 3 and Figure 7, Table 1). In addition, the impact of socio-economic factors on air quality in 2020 shows a significant decline, and the impact of geographical environmental factors on air quality has increased (Figure 10 and Figure 11). All of the above data show the improvement in air quality in Yunnan due to COVID-19 in 2020. Meanwhile, regional air quality can be controlled by reducing human activities under the joint influence of meteorological and socio-economic factors. Numerous studies comparing the AQI in 2020 with earlier years have been performed in various parts of China. Interestingly, the findings of the studies for Yunnan and other regions of China all point to an improvement in air quality in 2020 [49,50]. The improvement is mainly caused by COVID-19 control measures that limit human interaction, transportation, and construction activities.



According to the studies, the decline in PM2.5 and PM10 in 2020 may be attributed to long-term environmental regulations dominated by the government. Another essential factor may be the decrease in human activities due to the impact of COVID-19. However, the trend was for decreasing concentrations of many pollutants in Yunnan in 2020, but O3 concentrations did not change significantly. The relevant data show that O3 has been on an uptrend in China in recent years [49], possibly hiding a declining trend in O3 in 2020. Meanwhile, it has been suggested that a reduction in PM2.5 may lead to an increase in O3 [51,52], that is, an increase in PM2.5 causes a decrease in surface radiation, which can reduce the formation of O3. Solar radiation is one of the most important meteorological factors in Yunnan, so reductions in particulate matter concentrations in the region are likely to have a significant effect on O3 concentrations.



The most obvious feature of O3 for 2015–2020 is the higher values in March–May (Figure 7). Yunnan is located on the Yunnan–Guizhou Plateau in Southwestern China, where regional solar radiation is relatively abundant, and O3 is produced mainly by photochemical reactions in the lower layers of the atmosphere [22]. The increase in O3 concentration tends to be accelerated by the more significant solar radiation and surface temperature during the dry season. In the wet season, there is more precipitation and a thicker layer of cloud cover, which reduces solar radiation and inhibits the synthesis of O3. Therefore, in the urban agglomerations in the low-latitude plateau region, measures for controlling O3 in the atmosphere need to consider the limitations of various natural factors rather than simple emission reduction.



The monthly variation of AQI (Figure 4 and Figure 5) and the temporal distribution characteristics of major atmospheric pollutants (Figure 7) are consistent with the impact of the Indian Ocean monsoon on the region [46]. It also shows that regional humidity is the leading natural factor in the control of air quality based on the analysis of the geographical detector model (Figure 10). Meanwhile, the spatial distribution pattern of air quality in Yunnan indicates that altitude and population density are the main influencing factors (Figure 6). The population of Central and Eastern Yunnan accounts for about 64.5% of the total, and its population density is more than twice that of other regions. This has led to a large amount of factory emissions, vehicle emissions, construction dust, and other air pollutants entering the regional atmosphere directly and indirectly, thus increasing the concentration of air pollutants. Therefore, the AQI of Yunnan from 2015 to 2020 appears to have a spatial distribution pattern of high in the east and low in the west. On the other hand, the interaction between the drivers suggests that the synergistic effect of socio-economic and meteorological factors has a more significant influence on regional air quality factors, which indicates that the control of regional human activity patterns under specific meteorological conditions needs to be taken into particular consideration in the management of regional air. In addition, the special geographical environment in Northern Yunnan, with a relatively high altitude and intense ultraviolet light exposure, renders the annual mean value of O3 concentration higher in the Northeast and lower in the Southwest (Figure S2), and high temperature and low humidity weather conditions further exacerbate the photochemical reaction. Relevant studies have also confirmed this finding in other high-altitude regions in China [53].



The different meteorological factors (e.g., the intensity of precipitation, solar radiation, temperature, and relative humidity) contribute differently to air quality [54,55]. The monthly changes in AQI and the temporal distribution characteristics of major pollutants in Yunnan Province from 2015 to 2020 were generally consistent with the changes in seasonal temperature and dry and wet seasons in the southwest monsoon region. High regional air quality values occur mainly from December to May (Figure 4 and Figure 5), and the slight difference between the timing of the dry and rainy seasons are explained by the delayed wet season in most of Southwest China (entering the rainy season after late May) [56,57,58], with pollutant concentrations slowly increasing at the end of the rainy season in November. Polar plots of wind direction and speed with major pollutants during the wet and dry seasons in Yunnan Province (Figure 8 and Figure 9) show that high wind speeds and south-westerly wind directions significantly influence major pollutants (especially particulate pollutants). O3 is relatively less affected by wind direction and speed, probably because O3 is more controlled by temperature, precipitation, solar radiation, and other indicators [59]. Each year, Yunnan is prone to fires from March to May because of its dry climate and limited rainfall, and the southwest monsoon’s confluence with particle pollution from springtime burning in neighbouring Southeast Asian nations (Figure 8 and Figure 9) causes poorer air quality at that time [60]. According to this, particulate pollution is higher in the South and lower in the north during the dry season (Figure S1).




5. Conclusions


Based on the analysis of AQI in Yunnan from 2015 to 2020, combined with the factor analysis of geographical detectors, the spatial–temporal distribution characteristics of AQI and major pollutants in Yunnan have been studied. This article has discussed the main factors and driving mechanisms that affected the air quality in Yunnan from 2015 to 2020, and this study also probed into the impact of the local control measures of COVID-19 in 2020. The main results are as follows:



(1) The excellent rate of air quality in Yunnan Province from 2015 to 2020 was 97.52~99.78%, and the AQI is significantly higher in the dry season than in the wet season. The concentrations of the main pollutants decreased to some extent. Moreover, in spatial variation, AQI shows the distribution characteristics of high in the east and low in the west of Yunnan.



(2) The relative humidity, precipitation, population density, building construction area, and civil vehicles have a greater degree of explanation for the spatial differentiation of AQI, whereas the synergistic influence of socio-economic factors and meteorological factors is significantly greater than that of single factor by the geographic detector model.



(3) The control measures of COVID-19 in 2020 have reduced the concentration of major pollutants in the atmosphere to a certain extent, but the reduction of O3 affected by its precursors is insignificant. Therefore, controlling regional air pollution in urban agglomerations in low latitude plateau areas can improve their air quality by reducing human activities, but the control of O3 concentration is more complex, and more restrictive factors need to be considered.
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Figure 1. (a) Location of the study area. (b) Distribution of meteorological sites in Yunnan. 
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Figure 2. Roadmap of methods. 
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Figure 3. The characteristics of AQI in Yunnan from 2015 to 2020. 
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Figure 4. Monthly AQI variation characteristics (a) in Yunnan and (b) other regions of China from 2015 to 2020. 
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Figure 5. Characteristics of monthly AQI changes from 2015–2020, with shaded areas indicating the wet season (May–October). 
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Figure 6. Distribution of annual average AQI values in Yunnan from 2015 to 2020. 
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Figure 7. Monthly variation of air pollutant concentration in Yunnan from 2015 to 2020. 
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Figure 8. Polar plots of mean concentrations of main pollutant concentrations in the dry season. 
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Figure 9. Polar plots of mean concentrations of main pollutant concentrations in the wet season. 
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Figure 10. Variation characteristics of AQI driving force in Yunnan from 2015 to 2020 (RH: relative humidity; SH: sunshine hours; P: precipitation; T: temperature; PD: population density; BCA: building construction area; GDP: gross domestic product; CV: civilian vehicle). 
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Figure 11. Interactive change characteristics of driving factors in Yunnan from 2015 to 2020(RH: relative humidity; SH: sunshine hours; P: precipitation; T: temperature; PD: population density; BCA: building construction area; GDP: gross domestic product; CV: civilian vehicle). 
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Table 1. The average concentration of major air pollutants from 2015 to 2020.
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	Pollutant Type

Year
	ρ(PM2.5)/

(μg·m−3)
	ρ(PM10)/

(μg·m−3)
	ρ(SO2)/

(μg·m−3)
	ρ(CO)/

(μg·m−3)
	ρ(NO2)/

(μg·m−3)
	ρ(O3)/

(μg·m−3)





	2015
	27.70
	45.93
	15.79
	0.79
	16.45
	76.84



	2016
	25.73
	45.14
	14.00
	0.81
	16.75
	76.45



	2017
	24.36
	43.74
	12.56
	0.86
	18.81
	81.23



	2018
	19.39
	36.25
	9.95
	0.71
	16.24
	77.19



	2019
	22.28
	39.12
	8.92
	0.69
	16.06
	84.99



	2020
	20.72
	33.52
	7.89
	0.67
	14.59
	76.70
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