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China implemented a one-month lockdown after the 2020 Spring Festival to prevent the spread of COVID-19. The closure measures provide a rare opportunity to understand the resulting changes in air pollution levels and to test the effectiveness of previous environmental protection measures. We used the time series decomposition method to quantify the air pollution in Lanzhou during the closure period. The results showed that during the epidemic lockdown period, although the concentration of SO2 in Lanzhou decreased substantially, there was a significant increase in the concentration of O3 (by 19.14%), followed by a gradual return to the normal level. Most of the changes during the COVID-19 lockdown were within the range of fluctuations over the past five years. The trend of decreasing SO2 and CO in 2020 was less than that during 2015–2019, and the continuous decline of the PM10 concentration exceeded expectations. NO2, PM2.5 and O3 maintained the trend of the previous five years. Our results show that temporary social closure measures have a limited effect on improving air quality in Lanzhou, and they emphasize the importance of reducing the O3 concentration in the future.
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1 INTRODUCTION
The outbreak of the Corona Virus Disease 2019 (COVID-19) pandemic in 2020 has had major impacts on economic activity and human health. To control the spread of COVID-19, China implemented lockdown policies and urban traffic and industrial production were strictly limited. Lanzhou, the capital city of Gansu Province, announced the Level Ⅰ response (shut down commercial activities, restrict travel, and require people to stay at home) to major public health emergencies on 25th January, two days after the confirmation of two pneumonia cases with new coronavirus infections in the city. Control measures such as self-isolation at home, store closures, and traffic control were implemented. After 27 days of these strict control measures, more than 90% of areas in Gansu Province were designated as being of low-risk of infection, and the emergency response level for COVID-19 prevention and control in Gansu Province was reduced to Level Ⅲ on 21st February.
This short-term lockdown severely restricted the movement of people and economic activities (He et al., 2020), the economy was adversely affected, and industrial energy consumption decreased; especially, there was significant reduction in traffic volume. Reduced pollution levels during the COVID-19 lockdown have been reported in different countries and regions worldwide (Chen et al., 2020; Donzelli et al., 2020; Li et al., 2020; Singh et al., 2020). However, several studies have pointed out that air quality improvements are notably more limited than some earlier reports or observational data suggest (Pei et al., 2020; Shi et al., 2021; Wang et al., 2021). For example, Wang et al. (2020) reported that the concentrations of NO2 and particulate matter in Beijing during the period of strictest travel restrictions (Level Ⅰ control measures) were significantly lower than before the closure of the city, while Brimblecombe & Lai (2021) found no obvious decrease in pollutant concentrations in Beijing during the lockdown, compared to the same period in 2019. Similar differences between the effects of lockdown on pollutant concentrations among different studies for the same area were reported for the United Kingdom (Munir et al., 2021). These findings suggest that evaluating the impact of the COVID-19 lockdown on air quality is more complicated than initially reported. Due to differences in research methods, slightly different results were obtained for the extent of the COVID-19 impact in the same region. Compared with the sequential method (comparing the lockdown period with the period before lockdown), the parallel method is more suitable for this type of intervention analysis (Munir et al., 2021).
With the implementation of the Air Pollution Prevention and Control Measures since 2012, the air quality in urban Lanzhou has improved significantly and the phenomenon of “Lanzhou Blue” is frequent (Zhao et al., 2018). Nevertheless, the local government is faced with major challenges in further improving the air quality. In this context, the strict control measures implemented during the COVID-19 epidemic provide the opportunity to observe the relationship between human activities and environmental quality, which may help formulate future air pollution control strategies for Lanzhou.
In this study we compared measured pollution data during the interval of 1st January–30th September 2020 with those for the previous five years (2015–2019) in Lanzhou. Based on the changes in the trends of six pollutants (PM2.5, PM10, SO2, NO2, O3, and CO) from 2015 to 2019, the air pollution level that would have occurred in 2020 without an epidemic was reconstructed. The impact of the COVID-19 lockdown on the air quality in the city is discussed using the difference between the reconstructed and observed pollutant concentrations. Our results may help formulate forward-looking intervention policies for improving the air quality in the city.
2 MATERIALS AND METHODS
To quantify the impact of the COVID-19 lockdown intervention on the air quality in Lanzhou, we divided the study interval, from 1st January 2020 to 30th September 2020, into four periods. P1 (1st–24th January 2020) is pre-lockdown, P2 (25th January–20th February 2020) is the Level Ⅰ response period, with strict controls on traffic and prohibition on gathering. P3 (21st February–10th May 2020) is the Level Ⅲ response period with public places opening in an orderly manner, and schools and living services resuming, P4 (11st May–30th September 2020) is the relaxation period.
2.1 Study area
Lanzhou, the capital city of Gansu province, is located in the semi-arid area of Northwest China (102°35′-104°34′E, 35°34′-37°07′N), in a long and narrow valley. The average altitude of the valley floor is ∼1,500 m. Lanzhou has a temperate continental climate, with an annual average air temperature of 11.5°C, relative humidity of 26.8%, wind speed of 1.49 m/s, and an average annual precipitation of 327 mm (which is concentrated in the summer months) (Ma et al., 2020). Lanzhou is located on the sandstorm transport path originating from the Taklimakan Desert, the Badain Jaran Desert, and the Hexi Corridor, the dust intrusions from upstream regions in spring time make Lanzhou one of the most severely air-polluted cities in China. Lanzhou is also an important industrial city in Northwest China (Yan et al., 2021), major industries in the urban area are petrochemical refinery and manufacturing (Wang et al., 2009).
2.2 Air quality data
Hourly concentrations of particulate matter (PM2.5, PM10), nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon monoxide (CO) and 8 h moving average ozone (O3−8h) at four air quality monitoring stations in Lanzhou City from 2015 to 2020 were obtained from the China National Environmental Monitoring Network (http://www.cnemc.cn). Three of the monitoring stations are in the urban area and one is in a suburban of Lanzhou. The averages of the four sites is used to represent the overall pollution situation in Lanzhou. The following quality control measures were applied to the monitoring data. When the hourly concentration of PM2.5 exceeded the concentration of PM10 at the same hour, both the PM2.5 and PM10 for that hour were discarded; if more than three consecutive hours had the same value, the records were discarded; all zero values and outliers (values exceeding the measurement range of the instrument) were removed (Liu et al., 2016; Wu and Zhang, 2018). After the application of these criteria, if there were more than four missing data in a day, the daily average for that day was recorded as missing.
2.3 Time series decomposition
The level of air pollutants in Lanzhou has shown a clear downward trend in recent years (Tan et al., 2009; Yin et al., 2020), and therefore the data needed to be detrended before the effect of the COVID-19 lockdown could be evaluated by comparing the concentrations of each pollutant in previous years with that in 2020. Besides the trend of the inter-annual change, seasonal variations and the Spring Festival effect were also considered.
The non-parametric Mann-Kendall trend test (http://www.mathworks.com/matlabcentral/fileexchange/authors/23983) (Burkey, 2006) was used to obtain the trend of the interannual change for the six pollutants during 2015–2019, and the Theil-Sen method (Theil, 1992; Sen, 1968) was used to determine the magnitude (Sen’s slope) of the trend. All the slopes were calculated in MATLAB using the daily averaged pollutant concentrations.
The Theil-Sen method has been widely used in long-term trend analysis (Neeti and Eastman, 2011; Munir et al., 2013). It is a non-parametric technique for robustly fitting a line to data while minimizing the influence of outliers. Sen’s slope (Q) is determined by finding the median of all slopes between pairs of data points in a time series (i.e., time series of the daily averaged pollutant concentrations from 2015 to 2019):
[image: image]
Where xi and xj are daily average concentrations of PM2.5, PM10, NO2, SO2, CO, or the daily 8-h maximum O3 (O3–8 h) for day i and j, and n is the number of days in the five years. A positive Q value represents an increasing trend, while a negative Q value represents a decreasing trend.
The daily PM2.5 concentrations from 2015 to 2019 were used to calculate the inter-annual trend (orange line in Figure 1A). The seasonal variation was calculated after removing the interannual trend from the daily averaged data (Figure 1B). An average seasonal variation for 2015–2019 was obtained (red line in Figure 1B) and further removed from the detrended data to obtain the residual (similar Figures for other pollutants are presented in the Supplementary Information, see Supplementary Figure S1). The graphical fitting process was performed on the data shown in Figure 1 using locally weighted scatterplot smoothing (LOWESS) (Cleveland et al., 2017). LOWESS smoothing was conducted in Origin 2021 software. The 5-year daily data were processed using the LOWESS data smoothing algorithm with a 30-day window. After removing the inter-annual trend (blue line in Figure 1A), the pollutant concentrations in different years were found to be more comparable, which facilitated the analysis of the impact of COVID-19.
[image: Figure 1]FIGURE 1 | (A) Time series of daily PM2.5 concentration averaged across all sites in Lanzhou (black) and the trend (orange) calculated using the data for 2015–2019. (B) Seasonal cycle of PM2.5 after removing the inter-annual trend. The data are smoothed using a LOWESS filter (30 days).
Lanzhou announced its lockdown on 25th January 2020, which is also the first day of the Chinese New Year (CNY) and the most important festival in China. Therefore, the holiday effect would potentially cause errors in assessing the impact of the COVID-19 lockdown. Obvious differences in air pollutant concentrations during CNY and non-CNY have been confirmed by many studies (Tan et al., 2009; Shi et al., 2014; Zhao et al., 2014), and thus proper treatment of the CNY effect is important when comparing pollutant concentrations across years (Silver et al., 2020). The date of the CNY is determined according to the Lunar calendar in China, and the official Chinese New Year Festival lasts for seven days. Here, we consider the 7 days prior to and the 7 days after (total of 15 days) the CNY as the period affected by the Chinese Spring Festival. The 15-day time series after detrending and deseasonalizing were averaged for each pollutant to obtain the CNY signal (red line in Figure 2).
[image: Figure 2]FIGURE 2 | Average 2015–2019 detrended and deseasonalized concentrations of six pollutants, PM2.5/PM10 and NO2/SO2 during the Chinese New Year (CNY). The Spring Festival data for each year are stripped of trend and seasonal cycle.
The above processing was applied to each pollutant at each site, using the daily averaged data series during 2015–2019. As a result, the time series for each pollutant were divided into four components: inter-annual trends, season variations, fixed events (i.e., the CNY effect), and noise or residuals. The patterns of the first three components were used to reconstruct the daily concentrations of each pollutant at each site in 2020. The residuals for each pollutant were used to assess the deviation of each pollutant concentration due to the COVID-19 lockdown from their expected value in the absence of COVID-19. In 2020, the most likely source impacting these residual concentrations was the COVID-19 lockdown, although meteorological contributions cannot be excluded.
3 RESULTS
3.1 Temporal variations of the pollutants
As shown in Figure 3, during the period of 2015–2019, PM2.5, PM10, SO2 and CO in Lanzhou all show a decreasing trend, while O3 shows a significant increasing trend. There is no obvious trend in NO2. The inter-annual trends of all pollutants are all significant at p <0.05. PM2.5 and CO have the strongest negative trend, with a median trend of −6.81% year−1 or −2.44 μg m−3 year−1 and −8.43% year−1 or −0.08 mg m−3 year−1, respectively. PM10 and SO2 have a negative trend of −0.55% year−1 or −0.55 μg m−3 year−1 and −5.54% year−1 or −0.73 μg m−3 year−1, respectively, while O3 has a positive trend of 1.69% year−1 or 1.53 μg m−3 year−1. NO2 increased slightly with a median trend of 0.05% year−1 or 0.02 μg m−3 year−1. These values are comparable to those in Silver et al. (2018), who found that the annual average PM2.5 concentration of 1,689 monitoring sites in China decreased by 3.4 μg m−3 year−1 or 7.2% year−1 between 2015 and 2017, and that there was no median trend in annual mean NO2 concentration (0.0 μg m−3 year−1 or 0.1% year−1). The increase in O3 concentration and decrease in PM2.5 and SO2 were also observed in other regions in China in recent years (Fan et al., 2020; Kuerban et al., 2020). The decreasing trend indicates the effectiveness of the Air Pollution Prevention and Control Measures implemented since 2012 in reducing high loading PM2.5 and SO2 therein. For ozone, several studies have reported that decreases in PM2.5 could increase ozone through decrease in aerosol sink of hydroperoxy (HO2) radicals and increase of photolysis rates (Li et al., 2019). For example, a recent study by Zhao et al. (2021) in Lanzhou noticed an increase of mean ambient temperature and net radiation at noon during 2017–2019 compared with 2015–2016, and attributed it partly to large PM2.5 reductions. Both the increase of mean ambient temperature and net radiation could increase the production of ozone. The role played by meteorological conditions and its interaction with aerosols in ozone trends in the study area need further investigation.
[image: Figure 3]FIGURE 3 | Daily time series for six pollutants (black), decomposed into the trend (orange), seasonal cycle (blue), Chinese New Year (CNY) effect (green) and residual (red) components. The data are smoothed using a LOWESS filter.
Although there are fluctuations in some months, the PM2.5, PM10, SO2, NO2 and CO concentrations during 2015–2019 generally showed high values in winter and spring, and low values in summer and autumn, which is a combination effect of both strong emissions of pollutants and relatively stable atmospheric condition in winter (Ma et al., 2019). The variation of the O3 concentration, with a peak in summer, is different from the other pollutants, which is mainly due to the enhanced photochemical reactions with abundant sunlight and high temperature in summer (Li et al., 2014; Li et al., 2019). However, there are still debates on whether anthropogenic pollution or stratospheric intrusion plays a more dominant role (Liu et al., 2019; Li et al., 2020).
Figure 3 demonstrates the effect of the Spring Festival on the concentration of pollutants, which show a generally increasing trend during the 7 days interval prior to CNY and a decreasing trend during the 7 days after CNY. PM2.5 peaked on two days before CNY (-2) and CNY day (0). PM2.5/PM10 was small during CNY (-2), largely caused by the floating dust event occurred during 25–26 January 2017 (Sand-dust Weather Almanac, 2017). A peak in PM2.5/PM10 occurred on the CNY day, when SO2 and O3–8 h also peaked, which may be related to emissions from fireworks. The concentrations of the six pollutants were lower than usual during the 7 days after the CNY; PM2.5 and NO2 decreased by 10.19 μg m−3 and 7.05 μg m−3 respectively. O3 concentrations decreased by 0.59 μg m−3 on average during the 7-day holiday, and a significant fall 3 days before the CNY was observed before the upward trend, which was contrary to the change in PM10.
3.2 Residuals analysis
The time-series decomposed components (i.e., the trend, seasonal cycle and effect of the CNY based on the 2015–2019 time series) were used to reconstruct the time series of the daily concentrations of each pollutant in 2020 (red lines in Figure 4). As shown in Figure 4, the reconstructed time series are in overall good agreement with the observations. The highest correlation coefficient (0.73) is for CO, while that for NO2 is the smallest (0.43). This indicates that the changes in the CO concentration were relatively stable, while NO2 was more variable.
[image: Figure 4]FIGURE 4 | Comparison of the observed pollutant concentrations in 2020 with those reconstructed using the three components of the inter-annual trends, seasonal variations and CNY events, based on the data for 2015–2019.
Figure 5 shows the 7-day moving average residuals (observation minus reconstructed values) of the six pollutant concentrations in 2020, at different stages of the COVID-19 epidemic. The residuals of the six pollutants fluctuate around zero. The variation of the residuals are very well correlated at the urban and suburban sites, except for NO2 and O3–8h during P1, with the residuals at urban sites being more positive and generally larger than that at the suburban sites. Reference to the average residuals for the different periods (Supplementary Table S1) shows that the pollutant concentrations in Lanzhou did not decrease as sharply as might have been expected during P2.
[image: Figure 5]FIGURE 5 | Changes in 7-day moving average residuals of six pollutants for all, urban and rural sites in 2020. P1, pre-lockdown; P2, Level Ⅰ response period; P3, Level Ⅲ response period; P4, relaxation period.
During P2 the PM2.5 concentration in Lanzhou increased by 2.48 μg m−3, an increase of 15.86% compared to the reconstructed value, and a decrease of 3.26 μg m−3 compared to pre-lockdown (Supplementary Table S1). In Figure 6, we compare the residuals of different pollutants during the four phases. PM2.5, SO2 and CO show monotonic changes during the four periods, which indicates that COVID-19 had a limited effect on the concentrations of the three pollutants. The residuals of PM2.5 decreased monotonically and that of CO increased monotonically during the study period, which may be related to the large seasonal decrease in the background concentration or a reduction of the inter-annual trend. Although SO2 showed a monotonic increase during the four stages of the study period, the concentration of SO2 was lower than the reconstructed value, except during P4.
[image: Figure 6]FIGURE 6 | Comparison of the 7-day moving average residuals of the six pollutants at different stages of the epidemic. Note: CO is multiplied by ten for clarity.
PM10 decreased during the COVID-19 lockdown, falling by 23.40% if only the P2 stage, with the strictest controls, is considered. PM10 decreased by 1.81 μg m−3 compared to pre-lockdown (Supplementary Table S1). The variation of PM10 differed between urban and suburban areas during the study period. The PM10 at urban sites during P2 increased by 9.79 μg m−3, an increase of 14.86%, compared with pre-lockdown. PM10 in the suburban site decreased by 13.56% compared to pre-lockdown. During the period when the COVID-19 lockdown was relaxed (P4) and the restrictions were lifted, the concentration of PM10 at the suburban site rebounded to the reconstructed value, although it did not reach the expected values.
NO2 was low during the Level Ⅲ response period (P3) (-5.91 μg m−3, -14.65%), while a slight decrease occurred during the strict lockdown period (P2). The decline during P3 was mainly at the suburban site. The NO2 in the suburban of Lanzhou decreased by 53.91% compared to the expected values. NO2 decreased more during P3 than during P2, which may be due to the overlap of the CNY and the epidemic during this period. We removed the New Year effect to determine the impact of the epidemic, but during CNY, people gather in families to celebrate the holiday, which is to some extent the same behavior as the response to the home isolation measures undertaken to control the epidemic. As a result, the impact of the epidemic may have been reduced by removing the effect of CNY. Ignoring the CNY holiday, it can be inferred that the NO2 concentration 14 days after CNY decreased by 0.48% compared to the 14 days before CNY, and by 8.63% compared to the reconstructed values during the same period. During the P3 stage, the difference between urban and suburban areas indicates that the suburban areas were more affected by the control measures implemented during the COVID-19 lockdown than urban areas. In general, for Lanzhou, the COVID-19 lockdown had a relatively small impact on NO2 concentrations.
Among the pollutants studied, O3 was the most obviously affected by the COVID-19 lockdown, and the difference in residuals between the urban and the suburban areas during the lockdown period was also the largest. During the strict lockdown (P2), the O3 concentration in Lanzhou increased by 19.14% compared to the reconstructed value. Both urban and suburban sites showed an increase during the P2 stage, with the urban areas increasing more, with an increase of 24.60%. This rise in O3 during the lockdown period has been widely reported in China and even globally (Silver et al., 2020; Grange et al., 2021). In particular, during the Level Ⅲ response (P3), the O3 concentration in Lanzhou decreased by 19.80% compared to the strict control phrase (P2). Both urban and suburban sites showed a decrease during P3. The O3 concentration in suburban areas decreased by -11.31 μg m−3 (-7.97%) compared with the reconstructed value during P3, and it decreased by 13.07% compared to P2. The O3 concentration in urban areas increased by 2.97 μg m−3 (3.54%) compared to the reconstructed value in P3, but it decreased by 21.06% compared to P2. The analysis of O3 is complicated by the spatio-temporal heterogeneity of its production and the nonlinear chemical response to NOX and VOC emissions (Jin and Halloway, 2015). Due to the influence of atmospheric chemistry, changes in the NO2 concentration do not reflect the same relative change in NOX emissions (Keller et al., 2021). Previous studies have reported that the elevated O3 during lockdowns was mainly attributed to the enhanced atmospheric oxidation capacity in northern China (Le et al., 2020), the North China emission reduction during lockdown (Zhu et al., 2021). Chemistry of secondary aerosols and ozone as well as the meteorological conditions may have contributed positively to the anomalous enhancement in O3 during the lockdown in Lanzhou, which merit further investigation.
3.3 Comparison of residuals between 2020 and 2015–2019
Figure 7 compares the 7-day moving average residuals during the study period with those of the same period of the previous five years. In addition to changes related to the inter-annual trend, the seasonal cycle and the CNY effect, there are complex interactions between atmospheric chemistry and meteorology. To assess the impact of the restriction measures after the COVID-19 outbreak, we consider the change in residuals during the same period of 2015–2019 as the normal range of fluctuation of the pollutants. A Student t test at the 0.1 significance level revealed a large negative SO2 anomaly and positive O3 anomaly during the lockdown (P2), with a large positive CO anomaly and a negative PM10 anomaly during the relaxation period, compared to the anomalies during the previous five years. A large positive SO2 anomaly (significant at the 0.25 level) and a negative NO2 anomaly (significant at the 0.25 level) were also observed during P4. This indicates that there was a reduction in the trend of decreasing CO and SO2 in 2020 compared with that during 2015–2019, while PM10 continued to decrease beyond expectations. This indicates the effectiveness of air pollution control measures, and it also shows that air quality management is a long-term process. The PM2.5, NO2 and O3 residuals maintained the same rate of change as during the previous five years. The increase in O3 in urban areas during the strict lockdown period and the decrease in NO2 in suburban areas during the Level Ⅲ response were significantly beyond expectations (Supplementary Figure S2).
[image: Figure 7]FIGURE 7 | Comparison of the residual concentrations of pollutants in 2020 with those for same period in 2015–2019. The 25th and 75th percentiles of averaged detrended concentrations for 2015–2019 (blue shading) are shown.
The impact of the COVID-19 lockdown measures on air quality was not as great as we expected. A similar conclusion was reached in other studies, although different methods were used. The results of Wang et al. (2021) showed that the lockdown temporarily improved the air quality in China, but the rate of reduction of SO2, NO2, and CO was very small. Pei et al. (2020) believed that the air quality in the urban areas of China did not improve overall during the lockdown. Under the restrictions imposed to reduce COVID-19 infections, there were several improvements in air quality, but they were not as effective as we expected. To further improve the air quality in Lanzhou City, detailed source-response studies are needed.
4 CONCLUSION
Time-series decomposition was used to quantify the changes in air quality in Lanzhou City during the COVID-19 epidemic. During the epidemic prevention and control period in Lanzhou, only PM10 decreased (by 23.40%) compared with the expected values over the same period, with a 1.80 μg m−3 decrease compared with that before the lockdown. The NO2 concentration 14 days after CNY fell by 0.48% compared with that 14 days before, and by 8.63% compared with the reconstructed value for the same period. The O3 response depends on the season, time scale, and environment. During the period of the COVID-19 lockdown, the O3 concentration in Lanzhou increased by 19.14% compared to the reconstructed value during P2, and it then decreased by 19.80% during the Level Ⅲ response (P3). Compared with the past five years, the changes during the COVID-19 epidemic were generally within the normal range of fluctuations. The PM10 concentration in Lanzhou continued to decrease, but there was a reduction in the rate of decrease in SO2 and CO, while PM2.5, NO2 and O3 maintained the same trend as during the previous five years. It is important to determine the cause of the widespread increase in O3 in future studies. In short, we believe that the COVID-19 lockdown did indeed reduce the levels of several air pollutants in Lanzhou, but the temporary social lockdown measures were insufficient to further improve the atmospheric environment. Atmospheric pollutants require comprehensive and coordinated mitigation measures, which highlights the importance of reducing the concentration of O3 in the future.
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