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Abstract

:

In recent years, air pollution has become a serious threat, causing adverse health effects and millions of premature deaths in China. This study examines the spatial-temporal characteristics of ambient air quality in five provinces (Shaanxi (SN), Xinjiang (XJ), Gansu (GS), Ningxia (NX), and Qinghai (QH)) of northwest China (NWC) from January 2015 to December 2018. For this purpose, surface-level aerosol pollutants, including particulate matter (PMx, x = 2.5 and 10) and gaseous pollutants (sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), and ozone (O3)) were obtained from China National Environmental Monitoring Center (CNEMC). The results showed that fine particulate matter (PM2.5), coarse particulate matter (PM10), SO2, NO2, and CO decreased by 28.2%, 32.7%, 41.9%, 6.2%, and 27.3%, respectively, while O3 increased by 3.96% in NWC during 2018 as compared with 2015. The particulate matter (PM2.5 and PM10) levels exceeded the Chinese Ambient Air Quality Standards (CAAQS) Grade II standards as well as the WHO recommended Air Quality Guidelines, while SO2 and NO2 complied with the CAAQS Grade II standards in NWC. In addition, the average air quality index (AQI), calculated from ground-based data, improved by 21.3%, the proportion of air quality Class I (0–50) improved by 114.1%, and the number of pollution days decreased by 61.8% in NWC. All the pollutants’ (except ozone) AQI and PM2.5/PM10 ratios showed the highest pollution levels in winter and lowest in summer. AQI was strongly positively correlated with PM2.5, PM10, SO2, NO2, and CO, while negatively correlated with O3. PM10 was the primary pollutant, followed by O3, PM2.5, NO2, CO, and SO2, with different spatial and temporal variations. The proportion of days with PM2.5, PM10, SO2, and CO as the primary pollutants decreased but increased for NO2 and O3. This study provides useful information and a valuable reference for future research on air quality in northwest China.
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1. Introduction


Unprecedented economic activity, urbanization, industrialization, and motorization have deteriorated the ambient air quality in China [1,2,3,4,5,6]. China is the manufacturing hub of the world, with the majority of the industries in northwest China (NWC). Several studies have reported higher pollution levels in NWC due to increased industry, coal consumption, distinct topography, and adverse meteorology [2,5,7,8,9,10,11]. Increased pollution levels have attracted the attention of the general public, the scientific community, and relevant authorities because of their detrimental health effects [4,12,13,14,15,16]. To combat increasing pollution levels, China has made significant efforts, e.g., establishing Chinese ambient air quality standards (CAAQS) for six criteria pollutants [17], implementing the Atmospheric Pollution Prevention and Control Action Plan 2013 (APPCAP) [18], technical regulation on ambient air quality index (HJ 633–2012) [19], nationwide air quality monitoring, online data-sharing networks, etc. [20,21]. These measures have helped to reduce pollution to some extent; e.g., from Ref. [22], a 12.3% reduction in fine particulate matter (PM2.5) was observed in China between 2013 and 2015, while other authors [23] observed a one-third reduction in PM2.5 from 2013 to 2017 due to APPCAP in China. In Ref. [24], it was observed that the annual average concentration (PM2.5), coarse particulate matter (PM10), sulfur dioxide (SO2), nitrogen dioxide (NO2), and carbon monoxide (CO) decreased by 27.9%, 23.8%, 51.2%, 10.6%, and 25.3%, respectively, in China from 2015 to 2019. Even after strict environmental regulations, the air pollution in some areas of NWC is beyond certain limits and causes serious health effects [25,26,27,28].



Most of the spatio-temporal studies in China focused on central China, north China, considered few parameters, fewer cities, mostly provincial capitals, and lacked detailed assessment, with few exceptions. Multiple studies, e.g., [3,29], observed higher PM2.5 pollution in northern China, western China, northwestern China, etc. due to increased industrial emissions, coal combustion, stagnant meteorology, etc. Similarly, other researchers [30,31] carried out a more detailed assessment, covered six criteria pollutants in provincial capitals, and observed higher pollution levels in the north and northwestern region. In Ref. [1], they analyzed the criteria pollutants (PM2.5, PM10, SO2, NO2, CO, and O3) in 336 cities of China, while other researchers [31] analyzed the criteria pollutants in 367 cities of China and observed higher pollution in industrialized areas of north China. Further, Ref. [2] thoroughly assessed the air pollution in NWC by analyzing the criteria pollutants in six cities of Gansu province in NWC and observed higher pollution in Lanzhou, the provincial capital, with increased energy consumption and industrial activity and facing serious health concerns [25].



PM2.5 is more dangerous than PM10 and is ranked as the first leading risk factor for disease in China, causing more than 1.1 million premature deaths, with the highest share being stroke, ischemic heart disease (IHD), lung cancer, lower respiratory infections, chronic obstructive pulmonary disease (COPD), etc. [32,33,34]. Other criteria pollutants, e.g., PM10, CO, O3, SO2, and NO2, cause multiple health disorders, e.g., headaches, dizziness, nausea, respiratory disorders, inflammatory reactions, reduced lung function, hampered neurological function, etc. [35,36,37]. Apart from jeopardizing human health, air pollution is also responsible for visibility reduction, economic losses, and climate change [13]. PM2.5 and O3 can cause gross domestic production (GDP) losses of 2.09% in health expenditure [38].



In view of such circumstances, we examined the spatial and temporal distribution of PM2.5, PM10, SO2, NO2, CO, and O3 in 53 cities located in five provinces of NWC for a period of four years (2015 to 2018). Besides the criteria pollutants, we also examined the PM2.5/PM10 ratio, Air Quality Index (AQI), AQI class distributions, major pollutant on a representative day, number of pollution days, and correlations among different pollutants to explicate the pollution status, spatial, and temporal distribution of air quality in NWC over time. This study provides useful information and a valuable reference for future research on air quality in NWC and is of considerable significance to environmental protection and human health.




2. Materials and Methods


2.1. Site Selection


In this study, we examined the ambient air quality in the northern and western parts of China, known as northwest China (NWC), from January 2015 to December 2018 to understand the spatio-temporal variation across NWC better. NWC is a mixture of agricultural areas, deserts, mountains, etc. with significant coal reserves, industrial activity, covering an area of 3.1 million sq. km area (32.4% of China), having a population of more than 96.65 million, and experiencing degraded air quality. NWC consists of five provinces, namely Shaanxi (SN), Xinjiang (XJ), Gansu (GS), Ningxia (NX), and Qinghai (QH) (Supplementary Material Figure S1). Table 1 gives detailed information about 5 provinces and 53 cities.




2.2. Data Collection


To meet the objectives of the study, we analyzed the ambient air quality in 53 cities located in five provinces (SN, XJ, GS, NX, and QH) of NWC (Table 1) for a period of four years (2015–2018). The hourly concentration of PM2.5, PM10, SO2, NO2, CO, and O3 was collected from China National Environmental Monitoring Center (CNEMC). The online data-sharing platform covers 367 cities of China, and dispatch/publish information according to the Technical Guideline on Environmental Monitoring Quality Management (HJ 630-2011) [39].




2.3. Air Quality Index (AQI)


The air quality index (AQI) includes 24-h average measurement of PM2.5, PM10, NO2, SO2, CO, and 8-h average concertation of O3 and reflects the overall air quality [8,28,40]. Individual air quality index (IAQI) for six criteria pollutants is determined by using Equation (1), and the overall AQI is calculated based on the highest IAQI by using Equation (2) according to the instruction given in technical regulation on ambient air quality index (on trial) (HJ-633-2012) [19].


  I A Q  I p  =    I  h i g h   −  I  l o w      C  h i g h   −  C  l o w     ×  (   C p  −  C  l o w    )  +  I  l o w    



(1)







IAQIp = individual sub air quality index of the pollutant p



Cp = concentration of the pollutant p



Chigh = concentration breakpoint that is ≥ Cp



Clow = concentration breakpoint that is ≤ Cp



Ihigh = index breakpoint corresponding to Chigh



Ilow = index breakpoint corresponding to Clow


  A Q I = max  (   I 1  ,    I 2  … … … … … … ‥ ,    I n   )   



(2)







In Equation (2), “n” indicates the number of criteria pollutants. When AQI is higher than 50, the highest IAQI is considered as a major pollutant for that given day [23,28,41,42,43,44]. Air Quality Index (AQI) has the following six categories:




	
Class I: 0–50 (Green), Good



	
Class II: 51–100 (Yellow), Moderate



	
Class III: 101–150 (Orange), Unhealthy for Sensitive Groups



	
Class IV: 151–200 (Red), Unhealthy



	
Class V: 201–300 (Purple), Very unhealthy



	
Class VI: 300–500 (Maroon), Hazardous









2.4. Quality Assurance and Quality Control (QA&AR)


Quality assurance and control procedures for ambient air quality data were strictly in accordance with Chinese Ambient Air Quality Standards (CAAQS) (GB-3095-2012) [17]. The daily average value was calculated when we have valid data for more than 16 h of that day (except for ozone, minimum 6-h value for 8-h ozone value); the monthly average was calculated only when we have 27 daily mean values; an annual value was calculated only when we have 324 daily mean values. Besides this, manual inspection was carried out to remove abnormal values, e.g., PM2.5 values higher than PM10 values.




2.5. Inverse Distance Weighted (IDW) Spatial Interpolation


Many spatial interpolation methods, such as kriging (universal or ordinary) and inverse distance weighted (IDW) spatial interpolation, have been used in different studies [45,46]. IDW geospatial interpolation is a type of deterministic method for multivariate interpolation with a known scattered set of points. IDW assigns values to unknown points according to the weighted average of the values of the known points and is more suitable for regional interpolation [47]. In this study, we used IDW spatial interpolation technique to interpolate spatial distribution of PM2.5, PM10, SO2, NO2, CO, O3, AQI, and PM2.5/PM10 ratio in NWC. Equation (3) describes the interpolation analysis.


  Z p =    ∑ i n  = 1   z i   d i p      ∑ i n  = 1  1  d i p      



(3)




where Zp refers to the value of unknown point, Zi is the value observed at the point of I; I represents the nearest neighborhood of interpolated point produced; p is the weighting absolute value, and p is equal to inverse distance weight, respectively.




2.6. Statistical Analysis


In this study, we used Statistical Package for Social Sciences (SPSS) for Windows (IBM SPSS Statistics, Version 25) to find the Pearson’s correlation coefficient for criteria pollutants on an annual and seasonal basis [48], and used RStudio for graphical representation [49]. The high (low) value of the Pearson’s correlation represents the same (different) variations in one criteria pollutant with respect to another pollutant. The effect of a certain variable was considered statistically significant for P (0.01, and 0.05) (two-tailed). Annual mean values, mean absolute deviation (MAD), mean square error (MSE), root mean square error (RMSE), mean absolute percentage error (MAPE), and mean percentage error (MPE) of six criteria pollutants between 2015 and 2018 were calculated by Microsoft Excel 2016.





3. Results


3.1. Spatial and Temporal Variation of Six Criteria Pollutants


During the study period (2015–2018), the average concentration of PM2.5, PM10, SO2, NO2, and CO decreased by 28.2% (14.2%, 25.8%, 31.1%, 34.4%, 47.1%) (Figure 1a), 32.7% (18.5%, 32.5%, 31.8%, 32.7%, 46.3%) (Figure 1b), 41.9% (30.6%, 43.8%, 46.8%, 48.7%, 32.3%) (Figure 1c), 6.2% (+3.59%, 4.44%, 18.8%, +3.72%, 8.45%) (Figure 1d), and 27.3% (32.7%, 21%, 38.4%, 17.2%, 16%) (Figure 1e), respectively, in NWC (SN, XJ, GS, NX, QH). In contrast to the other pollutants, the ozone levels increased by 3.69% (5.4%, 6.04%, 1.32%, 19.3%, 5.66%) in NWC (SN, XJ, GS, NX, QH) between 2015 and 2018 (Figure 1f). The annual average concentration of PM2.5 and PM10 failed to comply with CAAQS Grade II standards (35 µg/m3 and 70 µg/m3, annual mean) and exceeded them by 25% and 31.9%, respectively, and exceeded them by 3.37 and 3.61 times, respectively, for the WHO air quality guidelines (10 µg/m3 and 20 µg/m3, annual mean) in NWC. PM2.5 and PM10 failed to comply with CAAQS Grade II standards in SN, XJ, GS, NX, and NWC (Figure 1a,b), while SO2 and NO2 complied with CAAQS Grade II standards (60 µg/m3 and 40 µg/m3, annual mean) in SN, XJ, GS, NX, QH, and NWC (Figure 1c,d). CO and O3 do not have annual standards under CAAQS; CO decreased in SN, XJ, GS, NX, QH, and NWC, while O3 decreased in GS and QH during 2018 as compared with 2015 (Figure 1e,f). During the study period, the highest concentration of PM2.5, PM10, SO2, NO2, CO, and O3 occurred in SN, XJ, NX, SN, SN, and QH, respectively. Figure 2 explains the spatial distribution of the criteria pollutants in 53 cities of NWC during 2015 to 2018, obtained by the inverse distance weighted (IDW) interpolation technique. The obtained results from spatial interpolation were quite similar to the actual values. In the case of spatial distribution, 92.5%, 96.2%, 92.5%, 64.5%, 88.7%, and 11.3% of the cities of NWC experienced a reduction in PM2.5 (Figure 2a–d), PM10 (Figure 2e–h), SO2 (Figure 2i–l), NO2 (Figure 2m–p), CO (Figure 2q–t), and O3 (Figure 2u–x), respectively, during 2018 as compared 2015. Similarly, 66%, 72.5%, and 13.2% of the cities failed to meet the CAAQS Grade II for PM2.5, PM10, and NO2 (35 µg/m3, 70 µg/m3, 40 µg/m3, annual mean), respectively (Table S1). Most of the cities that were not complying with the CAAQS are cities with a larger population and increased industrial activities.




3.2. Seasonal Variation of Six Criteria Pollutants


In terms of seasonality, all the pollutants (PM2.5, PM10, SO2, NO2, and CO) observed the highest concentration in winter and the lowest occurred in summer except O3 (vice versa) between 2015 and 2018 (Figure 3). PM2.5 exceeded CAAQS Grade II (75 µg/m3, daily mean) in SN, and XJ during winter (Figure 3a), while PM10, SO2, NO2, CO, and O3 complied with CAAQS Grade II (150 µg/m3, 150 µg/m3, 80 µg/m3, 4 mg/m3, and 160 µg/m3, daily mean) in SN, XJ, GS, NX, QH, and NWC during spring, summer, autumn, and winter (Figure 3b–f). The average concentration of PM2.5, PM10, SO2, NO2, and CO decreased in all seasons, e.g., spring, summer, autumn, and winter, while the average concentration of O3 increased in all seasons between 2015 and 2018. Figure S2 explains the spatial distribution of the criteria pollutants in 53 cities of NWC during different seasons. PM2.5 exceeded CAAQS Grade II standards (daily mean) in 1.89%, 5.56%, and 32.1% of the cities during spring, summer, and winter, respectively (Figure S2a). Similarly, PM10 exceeded the daily standard in 5.66%, 7.55%, 1.89%, and 26.4% of the cities in spring, summer, autumn, and winter, respectively (Figure S2b), while, SO2, NO2, CO, and O3 complied with CAAQS Grade II standards (daily mean) in all the cities of NWC during all seasons (Figure S2c–f).



Figure 4 illustrates the monthly variation in the criteria pollutants, PM2.5/PM10 ratio, and AQI in NWC between 2015 and 2018. PM2.5, PM10, NO2, SO2, and CO explicated “U” shaped curves, with the highest concentration in winter (October to January) due to increased coal combustion for civil heating and stagnant meteorological conditions, e.g., lower wind speed, low temperature, etc., while the lowest concentration occurred in summer (June to August) due to seasonal rains and favorable atmospheric conditions that help in pollution dispersion. In the case of PM10, higher pollution levels also occurred in spring (March to May) due to haze events. In contrast to other pollutants, the O3 levels were higher in June to August (summer) and lower in winter.




3.3. PM2.5/PM10 Ratio


The PM2.5/PM10 ratio normally reflects the composition and quality of air, e.g., a higher PM2.5/PM10 ratio indicates the increased proportion of PM2.5 and a lower PM2.5/PM10 ratio indicates a higher concentration of PM10 in the atmosphere. The annual average PM2.5/PM10 ratio in NWC during 2015 to 2018 was 0.480 ± 0.08, 0.478 ± 0.07, 0.483 ± 0.08, and 0.478 ± 0.07, respectively, and experienced a reduction of 0.43% over time (Figure 1g). The highest PM2.5/PM10 ratio occurred in SN followed by QH, GS, XJ, and NX. In terms of seasonality, the highest PM2.5/PM10 ratio occurred in winter, followed by autumn, spring, and summer, and experienced an average change of −2.77%, −4.98%, 1.82%, and 5.31%, respectively (Figure 3g). In the case of monthly variation, a “U” shaped curve was observed with the highest value in winter and the lowest value in the summer Figure 4g. Figure 5 illustrates the annual (a–d) and seasonal (spring (e–h), summer (i–l), autumn (m–p), and winter (q–t)) spatial distribution of PM2.5/PM10 ratio in NWC during 2015 to 2018. In 2018, 49.1% of the cities of NWC experienced an increase in the PM2.5/PM10 ratio as compared with 2015. Similarly, 49.1%, 62.3%, 35.9%, and 39.6% of the cities of NWC experienced increased PM2.5/PM10 ratio in spring, summer, autumn, and winter, respectively, in 2018 against 2015. From 2015 to 2018, approximately 1.89%, 1.89%, 3.74%, and 26.4% of the cities experienced PM2.5/PM10 ratio higher than 0.60 in spring, summer, autumn, and winter, respectively, in NWC.




3.4. Air Quality Index (AQI)


Air quality index (AQI) is a color-coded scale that simplifies different pollutants concentrations into a single numerical value that reflects overall air quality, health effects, sensitive groups, and required precautionary measures. During the study period (2015–2018), the annual average AQI in NWC was 88.1 ± 24.1, 93.5 ± 36.3, and 82 ± 18.7, 69.2 ± 14.8, respectively, and improved by 21.3% (Figure 1h). The highest AQI occurred in XJ, followed by SN, NX, GS, and QH. The AQI improved in all the cities except a few cities in SN (Weinan, Xian), and XJ (Changji, Ili, Shihezi, Tacheng, Wujiaqu). In 2018, the average AQI was under the threshold value of 100 in all the cities except Shihezi and Wujiaqu in Xinjiang (Figure 6d).



In the case of seasonal variation, the highest AQI occurred in winter, followed by spring, summer, and autumn, respectively, and improved by 17.5%, 30.8%, 18.7%, 17.4%, respectively, in NWC during 2018 as compared with 2015. The seasonal variation was consistent throughout NWC, e.g., highest AQI in winter and lowest in autumn, except XJ (Figure 3h). Figure 6 illustrates the seasonal (spring (e–h), summer (i–l), autumn (m–p), and winter (q–t)) spatial distribution of AQI in NWC between 2015 and 2018. In different seasons, e.g., spring, summer, autumn, and winter, the number of cities exceeding the AQI threshold value of 100 decreased from 24.5% to 0% (Figure 6e–h), 7.55% to 0% (Figure 6i–l), 7.55% to 0% (Figure 6m–p), and 50.9% to 22.6% (Figure 6q–t), respectively, in NWC. In the case of the monthly variation, a “U” shaped curve was observed with the highest value in winter and the lowest value in summer Figure 4h.




3.5. Proportion of Six Air Quality Index (AQI) Classes


Figure 7 explains the annual (a–d) and seasonal (spring (e–h), summer (i–l), autumn (m–p), and winter (q–t)) proportion of AQI classes in NWC during 2015 to 2018. During the study period, the average proportion of Class I, Class II, Class III, Class IV, Class V, and Class VI accounted for 17.2%, 63.1%, 13.1%, 3.01%, 2.14%, and 1.03% of the days, respectively. In NWC, the proportion of Class I, Class II, Class III, Class IV, Class V, and Class VI experienced an average change of 114.1%, −1.08%, −55.2%, −29.5%, −69.2%, and −58.3%, respectively, in 2018, with respect to 2015. The combined proportion of Class I and II increased by 18.5%, with the highest increase in spring (28.73%), followed by winter (27.2%), autumn (11.2%), and summer (10.9%), indicating significant improvement in air quality over the time span.




3.6. The Major Pollutants/Primary Pollutants


During the study period, PM10 was a major pollutant, accounting for more than 32.9% of the days, followed by O3 (25.9%), PM2.5 (16.4%), NO2 (3.52%), CO (1.43%), and SO2 (1.01%) in NWC (Figure 8). In 2018, the number of days with PM10, PM2.5, SO2, and CO as major pollutants decreased by 35%, 38%, 52%, and 90%, respectively, and increased by 46% and 11% for O3 and NO2, respectively. PM10 was a major pollutant in autumn (41.3%), spring (39.1%), and a second major pollutant in winter (34.3%), while PM2.5 was a major pollutant in winter (42.1%), and O3 was a major pollutant (59.7%) in summer. The number of days with O3 as a major pollutant was higher in the hotter months March–September), and, for PM2.5, it was higher in the colder months (November–February). During the study period, the number of days with PM10 as a major pollutant decreased by 47.2%, 76.3%, and 19.7% in spring, summer, and autumn, respectively, and increased by 4.58% in winter 2018 as compared with 2015. Similarly, the number of days with PM2.5 as a major pollutant decreased by 62.3%, 90.8%, 42.9%, and 24.6% in spring, summer, autumn, and winter, respectively. The number of days with SO2 as a major pollutant decreased in all the seasons except summer, NO2 decreased in summer and winter, CO decreased in spring, summer, autumn, and winter, while O3 increased in all the seasons, e.g., in spring, summer, autumn, and winter 2018 as compared with 2015.




3.7. Pollution Days/Non-Attainment Days


Any day with one or more pollutants exceeding CAAQS (Grade II) standards is considered as a non-attainment/pollution day. In NWC, the proportion of non-attainment days were 23.3%, 23.9%, 16.2%, and 8.9% during 2015 to 2018, respectively. The proportion of non-attainment days decreased by 61.77% (24%, 47.1%, 79.1%, 77.9%, and 73.9%) in NWC (SN, XJ, GS, NX, and QH) during 2015 to 2018 (Table 1). The highest reduction in the proportion of non-attainment days occurred in spring (79.6%), summer (63.1%), autumn (60.4%), and winter (37.6%), respectively.




3.8. Statistical Analysis


The result of Pearson’s correlation (Table S2) indicated that AQI was strongly positively correlated (R > 0.5) with PM2.5, PM10, SO2, NO2, and CO on an annual basis and strongly anti-correlated (R > −0.5) with O3 in the NWC (Figure S3a). The seasonal variation in the correlation between AQI and different pollutants was evident (Figure S3b–e). In spring, AQI was strongly correlated (R > −0.5) with PM2.5, PM10, SO2, and CO, moderately correlated (R > −0.3) with NO2, while strongly anti-correlated (R > −0.5) with O3 (Figure S3b). In summer, AQI was strongly correlated (R > 0.5) with PM2.5 PM10, and O3, weakly correlated (R > 0.2) with SO2, weakly anti-correlated (R > −0.1) with CO, and strongly anti-correlated (R > −0.5) with NO2 (Figure S3c). In autumn, AQI was strongly correlated (R > 0.5) with PM2.5, PM10, SO2, NO2, and CO), while strongly anti-correlated (R > −0.5) with O3 (Figure S3d). In winter, AQI was strongly correlated (R > 0.5) with PM2.5, PM10, SO2, and CO, moderately correlated (R > 0.3) with NO2, and moderately anti-correlated (R > −0.3) with O3 (Figure S3e). Throughout the study period, all the pollutants were positively correlated with each other except O3 (Table S2).





4. Discussion


During the study period, the average concentrations of PM2.5, PM10, SO2, NO2, CO, and O3, decreased in 92.5%, 96.2%, 92.5%, 64.5%, 88.7%, and 11.3% of the 53 cities in NWC. Based on the results above, we concluded that strict environmental regulations have significantly improved the air quality in NWC between 2015 and 2018 [3,20,21,22,23]. PM2.5 mainly originates from industrial activities, coal consumption, power generation, biomass burning, automobile exhausts, construction activities, road dust, etc. [28,29,30,50,51,52]. From 2015 to 2018, the average concentration of PM2.5 decreased in all the cities except a few cities (Changji, Ili, Shihezi, Wujiaqu) in the northern part of XJ. Higher pollution in XJ, SN, and GS, PM2.5 hotspots [53,54], is because of increased coal-based industry, vehicular emission, civil heating, construction activities, natural sources (dust storms), and adverse meteorology [55,56,57,58,59,60]. PM10 mainly originates from natural sources, e.g., sand storms, haze events, etc., as well as from anthropogenic sources, e.g., developmental activities, industrial emissions, traffic emissions, road dust, etc. [15,26,27,28]. The highest pollution levels occurred in XJ, followed by SN, NX, GS, and QH. Elevated pollution levels in southern Xinjiang (Kashgar) indicate the influences of emissions from natural sources, e.g., Taklimakan deserts, dust storms, haze events, etc. [61,62,63,64]. Similarly, higher particulate pollution in Shaanxi (FWP region) is associated with increased anthropogenic emissions, e.g., industrial activities, construction activities, etc. [55]. All the cities of NWC experienced a reduction in PM10 except Shihezi and Wujiaqu in northern XJ, indicating the influence of both manmade and natural emission sources. This decrease is associated with strict environmental regulations, e.g., Chinese Ambient Air Quality Standards (CAAQS) (GB 3095–2012) [17], Atmospheric Pollution Prevention and Control Action Plan (APPCAP, 2013) [18], technical regulation on ambient air quality index (HJ 633–2012) [19], the establishment of nationwide air quality monitoring stations, etc. [3,20,21,22,23].



In the case of gaseous pollutants, the average concentration of SO2, NO2, and CO decreased by 41.9%, 6.19%, and 27.3%, respectively, in NWC. Industrial emissions, coal burning, fossil fuel burning, power generation, traffic exhausts, etc. are major sources of SO2, NO2, and CO [65,66,67,68,69]. The concentration of SO2 decreased in all the cities except Ili, Hami (XJ), Jiuquan (GS), and Yushu (QH), indicating the influence of increased coal combustion, vehicular exhaust, and industrial emission [27,28,57,70]. In the case of NO2, the average concentration decreased in 71.7% of the cities of NWC between 2015 and 2018. The highest pollution level occurred in the provincial capitals, e.g., Xi’an (SN), Urumqi (XJ), Lanzhou (GS), etc., and major cities (Ili, Hami, Jiuquan, Yushu, etc.), indicating increased fossil fuel combustion, e.g., automobile exhaust, industrial emission, etc. [34,63,65,66,67,68,69]. Similarly, the highest concentration of CO occurred in SN, followed by XJ, QH, GS, and NX. Higher CO indicates incomplete combustion of fossil fuels, biomass burning, industrial emission, and causes multiple health disorders, e.g., hypoxia, major heart and neural disorders [28,67,68]. In contrast to other pollutants, O3 increased by 3.69% in NWC during the study period. All the cities experienced an increase in O3 concentration except Ankang, Shanglou, Longnan, Haibei, Hainan, and Haixi. This increase in O3 is associated with a decrease in PM2.5 and other pollutants, which slows down the sink of hydroperoxy radicals and helps in the accumulation of ozone [55].



In terms of seasonality, PM2.5, PM10, SO2, NO2, and CO experienced the same seasonal variation, e.g., highest in winter and lowest in summer. Higher pollution in winter is associated with increased coal combustion, civil heating, power generation, fossil fuel burning, industrial activity, vehicular exhausts, and adverse/stagnant meteorology [13,14,15,26,27,28,29,30,50,51,52,71,72,73,74,75]. In the case of PM10, higher pollution levels also occurred from March to May (spring) due to haze events [76,77]. In contrast to other pollutants, the concentration of O3 was highest in summer and lowest in winter [14,28,30,78]. Ozone is a secondary pollutant, formed due to a photochemical reaction between VOCs and NOx [43,44,79]. The concentration of ozone in the summer was approximately twice that in winter due to lower NOx levels in winter as NOx levels decrease the O3 depletion and enhance the accumulation of O3 [80]. Similarly, higher temperatures, e.g., in summer, favor the accumulation of ozone [81,82,83].



The PM2.5/PM10 ratio reflects air quality, pollution sources, and origin, e.g., a higher PM2.5/PM10 ratio indicates the increased proportion of PM2.5, mainly emitted from anthropogenic activities, and a lower ratio indicates an increased proportion of PM10, mainly from natural activities [28,61,62,63,64]. During the study period (2015–2018), the PM2.5/PM10 ratio slightly decreased by 0.43% and in 50.9% of the cities of NWC. This decrease is associated with a reduction in PM2.5 over time. In general, the PM2.5/PM10 ratio was higher in winter (low temperature) as compared with summer (high temperature) due to increased anthropogenic activities that release a significant amount of PM2.5 and stable atmospheric conditions that help the accumulation of pollution [26,27,28,29,53,54,84].



During the study period (2015–2018), the AQI improved by 21.3%, and 86.8% of the cities of NWC experienced AQI improvement. This improvement is associated with a reduction in the criteria pollutants over time. AQI crossed the threshold value of 100 in 10 cities, out of which seven cities are in Xinjiang (Kashgar, Hotan, Aksu, Wujiaqu, Crete, Urumqi, Turpan) and three cities are in Shaanxi (Xiangyang, Xi’an, Weinan) (Table S1). The higher AQI values in Xinjiang and Shaanxi are associated with the increased coal-based industry, civil heating, and vehicular exhaust [3,14,30,51,52,56,69,85]. In the case of seasonal variations, the highest AQI occurred in winter due to increased anthropogenic emissions and stable atmospheric conditions [15,58,84]. In NWC, the proportion of AQI “Class I” improved by 114.1%, while the proportion of Class II, Class III, Class IV, Class V, and Class VI decreased by 1.08%, 55.2%, 29.5%, 69.2%, and 58.3%, respectively, during 2015 to 2018. The proportion of AQI “Class I” improved from 12.9% in 2015 to 27.6% in 2018. Similarly, the proportion of AQI “Class I” improved in all the provinces, e.g., SN, XJ, GS, NX, and QH, in all the seasons, and improved by 2.53 times, 2.33 times, 1.63 times, and 2.79 times in spring, summer, autumn, and winter in 2018 as compared with 2015, which indicates improvement in air quality [28,57].



During the study period (2015–2018), the proportion of days with PM10, PM2.5, SO2, and CO as a major pollutant decreased by 35%, 38%, 52%, and 90%, respectively, due to strict environmental legislation [20,21,22,23]. PM2.5 was a major pollutant in winter (42%), indicating anthropogenic emissions, e.g., coal burning, civil heat, industrial emissions, and vehicular emissions [28,56,57,58]. Similarly, O3 was a major pollutant (44.7%) in summer due to lower NOx levels as lower NOx levels prevent ozone depletion and the higher temperature in summer favors ozone generation and accumulation [78,80,82,83,86,87,88], while PM10 was a major pollutant in autumn (41.3%), spring (39.1%), and the second major pollutant in winter (34.3%). The number of days with PM10 as a major pollutant was higher in southern Xinjiang due to emissions from natural sources, e.g., the Taklimakan desert, sand storms [61,62,63,64,89]. Any day with one or more pollutants exceeding CAAQS (Grade II) is considered as a non-attainment/pollution day [2,30]. During the study period, the proportion of non-attainment days decreased by 61.8% in NWC. Similarly, the proportion of non-attainment days decreased in all the provinces, e.g., SN, XJ, GS, NX, and QH, and experienced a reduction of 79.6%, 63.1%, 60.4%, and 37.6% in spring, summer, autumn, and winter, respectively, which clearly indicates that the ambient air quality improved significantly.



Rapid economic development, industrialization, haze events, dust storms, and adverse meteorological conditions play a crucial role in air quality deterioration [2,4,5,6,7,8,9,10]. The Chinese government is working proactively to combat the pollution levels by revising and implementing strict environmental regulations [3,20,21]. According to this study, the concentration of PM2.5, PM10, SO2, NO2, and CO, AQI, the proportion of AQI “Class I”, and pollution days decreased significantly in NWC between 2015 and 2018.




5. Conclusions


In this study, we examined the spatial and temporal variation of ambient air quality in northwest China (NWC) for a period of four years (2015–2018). During the study period, the average concentration of PM2.5, PM10, SO2, NO2, CO, and O3 decreased in 92.5%, 96.2%, 92.5%, 64.5%, 88.7%, and 11.3% of the cities in NWC. The annual average concentration of particulate matter (PM2.5 and PM10) exceeded the CAAQS Grade II standards and WHO recommended air quality guidelines in NWC, while the annual average concentration of SO2 and NO2 complied with the CAAQS Grade II standards in NWC. In the case of seasonality, the highest pollution level occurred in winter except for ozone, with varying degrees of spatial distribution. The AQI, the proportion of AQI Class I, and the number of pollution days improved by 21.3%, 114.1%, and 61.8%, respectively, in NWC. The AQI improved in all the seasons, with the maximum improvement in spring followed by summer, winter, and autumn. In NWC, PM10 was a major pollutant for most of the days, followed by O3, PM2.5, NO2, CO, and SO2 with different spatial and temporal variations. A strong correlation occurred between AQI and all the pollutants except O3. Stricter regulations, e.g., a three-year action plan to win the blue sky defense war, sector-specific guidelines, and strict enforcement of environmental legislation, are the keys to pollution-free and breathable air. This paper comprehensively discussed the spatio-temporal characteristics of the ambient air quality in NWC and calls for future detailed assessment focusing on source apportionment, health risk assessment, the impact of meteorology, dispersion modeling, and impact of the chemical processes that influence the air quality.
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Figure 1. Annual variation of PM2.5 (a), PM10 (b), SO2 (c), NO2 (d), CO (e), O3 (f), PM2.5/PM10 (g), and AQI (h) in five provinces (Shaanxi (SN), Xinjiang (XJ), Gansu (GS), Ningxia (NX), and Qinghai (QH)) of northwest China (NWC) and NWC as a whole between 2015 and 2018. Descriptions are as follows: light blue bar (2015), orange bar (2016), grey bar (2017), yellow bar (2018), blue bar (four-year average (FYA)), parrot line with dots (CAAQS Grade II standards, annual mean), and dark blue with dots (WHO standards). The abbreviations are as follows: PM2.5 (fine particulate matter), PM10 (coarse particulate matter), SO2 (sulfur dioxide), NO2 (nitrogen dioxide), CO (carbon monoxide), O3 (ozone), PM2.5/PM10 (ratio of PM2.5 with PM10), and AQI (air quality index). 
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Figure 2. The spatial distribution of PM2.5 (a–d), PM10 (e–h), SO2 (i–l), NO2 (m–p), CO (q–t), and O3 (u–x) between 2015 and 2018 in northwest China (NWC). Color represents the different pollution levels, e.g., green (good), yellow (moderate), orange (unhealthy for the sensitive group), red (unhealthy for all), purple (very unhealthy), and maroon (hazardous). The abbreviations are as follows: PM2.5 (fine particulate matter), PM10 (coarse particulate matter), SO2 (sulfur dioxide), NO2 (nitrogen dioxide), CO (carbon monoxide), and O3 (ozone). 
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Figure 3. Seasonal variation of PM2.5 (a), PM10 (b), SO2 (c), NO2 (d), CO (e), O3 (f), PM2.5/PM10 ratio (g), and AQI (h) in five provinces (Shaanxi (SN), Xinjiang (XJ), Gansu (GS), Ningxia (NX), and Qinghai (QH)) of northwest China (NWC) and NWC as a whole between 2015 and 2018. Descriptions are as follows: light blue bar (spring), orange bar (summer), grey bar (autumn), yellow bar (winter), and blue line with dots (CAAQS Grade II standards, daily mean). The abbreviations are as follows: PM2.5 (fine particulate matter), PM10 (coarse particulate matter), SO2 (sulfur dioxide), NO2 (nitrogen dioxide), CO (carbon monoxide), O3 (ozone), PM2.5/PM10 (ratio of PM2.5 with PM10), and AQI (air quality index). 
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Figure 4. The monthly average concentration of PM2.5 (a), PM10 (b), SO2 (c), NO2 (d), CO (e), O3 (f), PM2.5/PM10 (g), and AQI (h) in five provinces (Shaanxi (SN), Xinjiang (XJ), Gansu (GS), Ningxia (NX), and Qinghai (QH)) of northwest China (NWC) between 2015 and 2018. Descriptions are as follows: light blue line with dots (SN), orange line with dots (XJ), grey line with dots (GS), yellow line with dots (NX), blue line with dots (QH), and parrot line with dots (NWC). The abbreviations are as follows: PM2.5 (fine particulate matter), PM10 (coarse particulate matter), SO2 (sulfur dioxide), NO2 (nitrogen dioxide), CO (carbon monoxide), and O3 (ozone). 
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Figure 5. Annual (a–d) and seasonal (spring (e–h), summer (i–l), autumn (m–p), and winter (q–t)) spatial distribution of PM2.5/PM10 in 53 cities of northwest China (NWC) between 2015 and 2018. Color represents the different pollution levels, e.g., green (good), yellow (moderate), orange (unhealthy for a sensitive group), red (unhealthy for all), purple (very unhealthy), and maroon (hazardous). 
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Figure 6. Annual (a–d) and seasonal (spring (e–h), summer (i–l), autumn (m–p), and winter (q–t)) spatial distribution of AQI between 2015 and 2018 in 53 cities of northwest China (NWC). Color represents the different classes of air quality index, e.g., green (0–50, good), yellow (51–100, moderate), orange (101–150, unhealthy for the sensitive group), red (151–200, unhealthy for all), purple (201–300, very unhealthy), and maroon (300+, hazardous). 
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Figure 7. The annual (1st row) and seasonal (spring (2nd row), summer (3rd row), autumn (4th row), and winter (5th row)) distribution of AQ class, e.g., Class I (0–50, good, green), Class II (51–100, moderate, yellow), Class III (101–150, unhealthy for a sensitive group, orange), Class IV (151–200, unhealthy for all, red), Class V (001-300, very unhealthy, purple), and Class VI (300+, hazardous, maroon) in northwest China (NWC) between 2015 and 2018. 
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Figure 8. The annual (a) and seasonal (spring (b), summer (c), autumn (d), winter (e)) percentage of days with different primary pollutants (PM2.5, PM10, SO2, NO2, CO, and O3) in five provinces (Shaanxi (SN), Xinjiang (XJ), Gansu (GS), Ningxia (NX), and Qinghai (QH)) of northwest China (NWC) between 2015 and 2018. Descriptions are as follows: light blue bar (Shaanxi), orange bar (Xinjiang), grey bar (Gansu), yellow bar (Ningxia), blue bar (Qinghai), and parrot bar (NWC). The abbreviations are as follows: PM2.5 (fine particulate matter), PM10 (coarse particulate matter), SO2 (sulfur dioxide), NO2 (nitrogen dioxide), CO (carbon monoxide), and O3 (ozone). 
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Table 1. Description of cities under observation in five provinces (Shaanxi (SN), Xinjiang (XJ), Gansu (GS), Ningxia (NX), and Qinghai (QH)) of northwest China (NWC).
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Province

	
City

	
Population

(million)

	
Area

(km²)

	
Monitoring Stations

	
Attainment

(%)




	
2015

	
2016

	
2017

	
2018






	
Shaanxi (SX)

	
Ankang

	
2.63

	
23,536

	
3

	
20.27

	
17.49

	
13.70

	
8.49




	
Baoji

	
3.717

	
18,712

	
8

	
23.56

	
36.61

	
33.42

	
21.64




	
Hanzhong

	
3.84

	
27,246

	
4

	
20.82

	
25.68

	
27.12

	
14.25




	
Shanglou

	
2.34

	
19,587

	
2

	
15.34

	
15.85

	
7.67

	
3.29




	
Tongchuan

	
0.83

	
3882

	
4

	
24.93

	
44.54

	
31.51

	
21.37




	
Weinan

	
5.52

	
13,134

	
4

	
27.40

	
54.10

	
54.52

	
33.42




	
Xian

	
12

	
10,097

	
13

	
30.14

	
47.54

	
50.14

	
36.16




	
Xianyang

	
5.096

	
10,213

	
4

	
27.12

	
53.55

	
55.89

	
24.93




	
Yannan

	
2.198

	
37,000

	
4

	
22.47

	
21.04

	
13.97

	
3.29




	
Yulin

	
3.38

	
43,578

	
4

	
19.73

	
19.67

	
22.74

	
9.32




	
Xinjiang (XJ)

	
Aksu

	
2.37

	
127,144.91

	
2

	
52.60

	
72.68

	
23.56

	
18.63




	
Altay

	
0.526

	
117,699.01

	
2

	
0.27

	
0.00

	
0.00

	
0.00




	
Bortala

	
0.443

	
24,934.33

	
2

	
9.32

	
9.56

	
10.68

	
6.30




	
Crete

	
0.525

	
72,468.08

	
1

	
49.32

	
50.27

	
21.64

	
16.99




	
Changji

	
1.428

	
73,139.75

	
3

	
18.63

	
26.78

	
29.32

	
24.66




	
Hami

	
0.572

	
142,094.88

	
2

	
16.99

	
12.57

	
5.48

	
1.37




	
Hotan

	
2.014

	
249,146.59

	
2

	
75.07

	
73.77

	
19.18

	
12.05




	
Ili

	
2.482

	
56,381.53

	
3

	
14.79

	
16.94

	
23.56

	
20.55




	
Karamy

	
0.39

	
8654.08

	
5

	
8.49

	
9.02

	
11.78

	
8.22




	
Korla

	
1.278

	
470,954.25

	
3

	
31.51

	
44.26

	
34.79

	
8.77




	
Kashgar

	
3.979

	
137,578.51

	
3

	
71.51

	
77.32

	
40.82

	
30.96




	
Shihezi

	
0.635

	
456.84

	
2

	
21.92

	
25.41

	
37.53

	
25.75




	
Tacheng

	
1.219

	
94,698.18

	
1

	
0.00

	
0.27

	
0.27

	
0.27




	
Turpan

	
0.622

	
67,562.91

	
2

	
36.16

	
55.19

	
32.33

	
21.64




	
Urumqi

	
3.11

	
13,787.90

	
7

	
33.97

	
31.69

	
33.15

	
23.56




	
Wujiaqu

	
0.09

	
742

	
1

	
23.84

	
33.33

	
32.60

	
25.75




	
Gansu (GS)

	
Dingxi

	
3.031

	
19,609

	
2

	
16.71

	
12.84

	
8.22

	
3.29




	
Gannan

	
0.689

	
40,898

	
1

	
18.36

	
15.03

	
8.77

	
2.74




	
Jiayuguan

	
0.231

	
2935

	
2

	
18.08

	
17.76

	
4.38

	
1.92




	
Jinchang

	
0.228

	
8896

	
3

	
20.55

	
20.77

	
7.67

	
2.74




	
Jiuquan

	
1.096

	
191,342

	
2

	
26.58

	
35.52

	
31.78

	
21.10




	
Lanzhou

	
3.61

	
13,300

	
5

	
21.64

	
15.30

	
15.89

	
4.66




	
Linxia

	
0.25

	
88.6

	
2

	
7.12

	
7.10

	
6.03

	
2.47




	
Longnan

	
2.567

	
27,000

	
2

	
18.08

	
10.66

	
3.56

	
0.27




	
Pinglian

	
2.068

	
11,196

	
2

	
21.64

	
14.75

	
6.03

	
2.74




	
Qingyang

	
2.21

	
27,119

	
3

	
15.07

	
12.30

	
7.95

	
1.92




	
Silver City

	
1.708

	
21,200

	
2

	
24.38

	
17.49

	
7.95

	
3.29




	
Tianshui

	
3.262

	
14,300

	
3

	
15.34

	
16.12

	
7.40

	
6.03




	
Wuwei

	
1.815

	
33,000

	
2

	
17.53

	
15.85

	
6.85

	
1.92




	
Zhangye

	
1.2

	
42,000

	
2

	
23.29

	
14.48

	
5.48

	
0.27




	
Ningxia (NX)

	
Guyuan

	
1.45

	
14,413

	
3

	
12.88

	
13.11

	
4.38

	
1.10




	
Shizuishan

	
0.73

	
5208.13

	
4

	
38.08

	
33.33

	
24.38

	
9.86




	
Yinchuan

	
2.293

	
8874.61

	
3

	
25.75

	
23.50

	
13.70

	
4.93




	
Wuzhong

	
1.3

	
16,758

	
6

	
26.03

	
29.23

	
30.68

	
9.59




	
Zhongwei

	
1.041

	
16,986

	
3

	
24.66

	
21.04

	
16.16

	
2.74




	
Qinghai (QH)

	
Guoluo/Golog

	
0.181

	
76,312

	
1

	
8.22

	
4.10

	
5.48

	
1.92




	
Haibei

	
0.273

	
39,354

	
1

	
19.73

	
15.57

	
2.47

	
0.82




	
Haidong

	
1.396

	
12,810

	
1

	
27.67

	
21.86

	
12.60

	
7.40




	
Hainan

	
0.441

	
45,895

	
1

	
16.99

	
9.29

	
4.11

	
1.37




	
Haixi

	
0.515

	
325,785

	
1

	
14.79

	
6.83

	
2.19

	
0.00




	
Huanggnan

	
0.256

	
17,921

	
1

	
33.97

	
30.33

	
27.40

	
21.64




	
Xinning

	
2.208

	
7372

	
4

	
18.90

	
25.68

	
13.15

	
4.66




	
Yushu/Gyegu

	
0.12

	
13,462

	
1

	
5.48

	
1.91

	
1.10

	
0.27
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