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Abstract

:

Associated with the outbreak of new coronavirus in 2019 (COVID-19), lockdown measures were taken in spring 2020 in China, providing an ideal experiment to investigate the effects of emission controls on air quality. Using the observation data at 56 stations in Hebei province from the China National Environmental Monitoring Center from January 2019 to May 2020, along with the reanalysis meteorology data from ERA5, this study investigates the spatial and temporal variations of six air pollutants, and the clean and pollution events in COVID-19 period. Compared with the same periods in day and month in 2019 (SP19), the concentrations of sulfur dioxide (SO2), nitrogen dioxide (NO2), particulate matter with an aerodynamic diameter of less than 10 μm (PM10), particulate matter with an aerodynamic diameter of less than 2.5 μm (PM2.5), and carbon monoxide (CO) decreased by 39.2%, 38.2%, 42.1%, 39.8%, and 24.8% for lockdown period, respectively; and decreased by 13.7%, 8.9%, 16.8%, 13.4%, and 10.6% for post-lockdown period, respectively. In contrast, ozone (O3) increased by 8.0% and 5.5% for lockdown and post-lockdown periods, respectively. The diurnal variation analysis shows that the air pollutants other than O3 decrease more in the morning time (6:00–10:00 local time) than in the afternoon time (14:00–18:00 local time) during both lockdown and post-lockdown periods compared to SP19, implying the potential contribution from pollution-meteorology interaction. After lockdown period, SO2 and NO2 resumed quickly in most cities other than in Zhangjiakou, which is a city with few industries making it more sensitive to meteorology. The significant improvement of air quality during the lockdown period suggests that the whole air quality is highly dependent on the pollutant emissions, while the relatively weak reduction of pollution events imply that the pollution events are more dependent on adverse weather conditions.
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1. Introduction


After Wuhan as the first city put on lockdown on 23 January 2020 to prevent the spread of the new coronavirus in 2019 (COVID-19), almost all Chinese cities launched lockdown measures starting from different dates [1]. These measures have put the society of China on hold, significantly reducing emissions of air pollutants [2,3,4]. The lockdown period provides us an ideal experiment to examine the effects of emission controls on air quality. The resultant dramatic changes in the atmospheric environments have been of great concern to researchers [5,6].



Air pollutants can affect human health by entering the human body and harming human tissues and organs [7,8]. A large number of studies have found the correlation between air pollutants and infected persons by epidemic [9,10,11,12,13]. Thus, it is necessary for us to understand the characteristics, formation, and evolution of air pollutants, along with the mechanism behind. Many previous studies have investigated the formations, characteristics, and sources of air pollutants [14,15,16,17,18,19], but the challenges to untangle the effects of emissions, meteorology and topography make the science community still lack sufficient understanding about the formation and development of air pollution. In addition, the air pollutants could be removed from the atmosphere by dry and wet depositions [20,21,22], and get dispersed by increased winds and planetary boundary layer heights [14]. The lockdown measures during the COVID-19 period provide us an opportunity to investigate the potential effects of emission reduction on air quality, along with the effects of meteorology on air pollution events.



Many studies have shown that the changes of air pollutants are different for periods before, during and after the outbreak [e.g., 23,24,25], and the changes of pollutants are also diverse in different stages of lockdown periods [26]. Globally, as summarized by Lee et al. [27], there are a consensus about the significant impacts of COVID-19 lockdown on air quality, while with different magnitudes of changes around the word. Particularly, almost all studies showed significant decrease in NO2 during the lockdown time period, with decreasing amount of 42% in UK [27], 50% in Spain [28], 46% in Rome, 30% in Turin, 63% in Nice [29], 54% in New Delhi [30], 24–33% in Rio de Janeiro, Brazil, 54% in Sao Paulo [31], 21% in the whole of China [32], and 53% in Northern China [33]. There are also short time period studies, which show even larger reduction of NO2 [34]. In contrast, almost all studies also found increases of O3 during the COVID-19 lockdown period, which was largely attributed to the reduction in NO emissions [27]. Note that these studies have taken use of different observations with various analysis methods over different locations. In China, previous studies have used satellite and ground-based remote sensing observations to study the changes of air pollutant concentration during lockdown period in Yangtze River Delta, East China, Hubei, Guangzhou, and other cities. These studies found that air pollutants other than ozone (O3) decreased significantly during lockdown period and showed an increasing trend after reopening over most regions in China, particularly for NO2 [35,36,37].



Almost all studies about the air quality during the COVID-19 lockdown period have shown that air quality has improved. However, few studies have investigated the relative changes of the air pollutant variables at different time (such as morning and afternoon) and the variations of pollution events during the COVID-19 lockdown period. In this study, using the air quality observation data at 56 monitoring stations in Hebei Province from January 2019 to May 2020 and the meteorology reanalysis data of ERA5, we make a comprehensive analysis about the spatial and temporal variations of six air pollutants, particularly their relative variations in the morning and afternoon during the COVID-19 lockdown period, along with the variations of clean and pollution events. The six air pollutants investigated here are sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), particulate matter with aerodynamic diameters less than 10 μm (PM10), particulate matter with aerodynamic diameters less than 2.5 μm (PM2.5), and ozone (O3). Based on the quantitative analysis results, we further analyzed the potential causes of air quality improvement and pollution events.




2. Data and Method


2.1. Data


The study area is Hebei Province and its 11 prefecture-level cities. The full names and acronyms of the 11 prefecture-level cities are listed in Table 1, along with the ground station number in each city. There are 56 ground stations in the study area, and their distribution is shown in Figure 1. These ground stations are all within cities while there are few emission sources generally within 0.5 km around them. The air quality data used in this study are the hourly concentrations of six air pollutants from the China National Environmental Monitoring Center (https://quotsoft.net/air/ (accessed date 11 February 2021)) during the periods from January to May in 2019 and 2020, which are SO2, NO2, CO, PM10, PM2.5, and O3. SO2 concentrations are measured by ultraviolet (UV) fluorescence; NO2 concentrations are measured by a molybdenum converter and chemiluminescence; PM10 and PM2.5 concentrations are measured by the micro-oscillating balance method and the β absorption method; CO and O3 concentrations are measured using infrared and UV absorption, respectively [2,36].



The meteorological data include 10 m U-wind, 10 m V-wind, vertical profiles of temperature and relative humidity, boundary layer height (BLH), and 2 m air temperature from ERA5 (https://cds.climate.copernicus.eu/cdsapp#!/dataset (accessed date 11 February 2021)). Hourly meteorological data from ERA5 over the study region for periods from January to May in 2019 and 2020 have been adopted in this study with a horizontal spatial resolution of 0.25° × 0.25° and a vertical resolution of 25 hPa for the atmospheric layer between 1000 and 500 hPa. Note that both the spatial distribution and regional average of meteorology have been used in this study, instead of just using the meteorology over the grid closest to the ground station. The reason for choosing ERA5 data is its high data quality and high time resolution (hourly) [38,39].




2.2. Study Periods


To investigate the variations of air pollutants, this study classifies six time periods, pre-lockdown, lockdown, post-lockdown, and their corresponding same periods in 2019 (SP19), which are defined as SP pre-lockdown, SP lockdown, and SP post-lockdown, respectively. A similar comparison method has also been used by previous studies over other locations [33,40]. Note that the lockdown period used here is exactly the date period of lockdown over the study region, which provides the basis for our study period selection. The exact time ranges for these six time periods are listed in Table 2.




2.3. Pollution Classification


According to the China “Ambient Air Quality Standard (GB3095-2012)” on the PM2.5 mass concentration limits for the first and second air quality levels, this study uses the following criteria to define pollution event: the PM2.5 mass concentration exceeds 75 μg m−3 for 24 h and above. On the other hand, when the PM2.5 mass concentration for 24 h and above is less than 35 μg m−3, it is defined as a clean event. When the PM2.5 mass concentration is between 35–75 μg m−3, the air quality condition is defined as moderate. This pollution classification method has also been used by previous studies (e.g., [36]). Using this method, we can investigate the changes of clean and pollution events with the COVID-19 lockdown and then identify their potential causes.




2.4. Statistical Analysis


2.4.1. Decreasing Ratio (DR) of Air Pollution


For each air pollutant, the decreasing ratio (DR) is defined and calculated with the following equations,


  D R =  (   C   −  C  S P    )  /  C  S P    



(1)




where C and CSP represent the mass concentration of air pollutants during the study period (pre-lockdown, lockdown, and post-lockdown) and its SP19, respectively. The DR values can let us quantitatively know the reduction of air pollutants during the study period compared to their SP19.




2.4.2. Probability Distribution Function (PDF)


We also analyzed the probability distribution function (PDF) in this study. The specific formula for the PDF is as follows,


  P  (  a ≤ x ≤ b  )  =   ∫  a b   f X   ( x )  d x  



(2)




where   P  (  a ≤ x ≤ b  )    is the probability of occurrence for air pollutant  X  with values between a and b, and    f X   ( x )    is frequency of occurrence of air pollutant at a specific value of x between a and b. Note that the air pollutant  X  can be SO2, NO2, CO, PM10, PM2.5, and O3.




2.4.3. Significance Test


With the two-sample t-test, the significance of the difference of various air pollutants between two particulate periods has been tested. Note that a significance level of 0.05 has been chosen in this study. Based on the definition of two -sample t-test, the t values are calculated as


  t =      x 1   ¯  −    x 2   ¯       σ 1 2  /  N 1   +  σ 2 2  /  N 2      



(3)




where      x 1   ¯   ,      x 2   ¯    are the mean values of the two set of samples,    σ 1   ,    σ 2    are the standard deviations of the two set of samples, and N1, N2 are the sample volume of the two set of samples. After knowing the t value, the p value can be obtained using the t distribution calculator. If p value is less than 0.05, then significant difference between two sets of samples exists. In other words, a confidence level of 95% is used in this study for the significance test.



In this study, we do the t-test when comparing the changes of a given air pollutant between two study periods. We use the hourly average concentration dataset in two periods as the two samples, and calculate the t value using Equation (3) and obtain the p value from the t distribution calculator.



We should note that the air quality data might not follow a normal distribution, which may cause uncertainties to our significance t-test. In other words, the significance t-test here just gives a rough estimation about the significance with potential uncertainties from the sample distribution.




2.4.4. Occurrence Frequency


With the pollution classification shown in Section 2.3, we define the occurrence frequency of clean, moderate, and pollution events during the study periods of pre-lockdown, lockdown, and post-lockdown in 2020 and their SP19. First, we calculate the day number for clean, moderate, and pollution events in a given study period, which are denoted as Nc, Nm, and Np. Then the occurrence frequency OF for any event (a) is calculated as


  O  F a  =    N a     N c  +  N m  +  N p     



(4)




where a can be c, m, or p dependent on the event considered.






3. Analysis and Result


3.1. Temporal and Spatial Distribution of Air Pollutants


3.1.1. Statistical Status of Air Pollutants during Six Time Periods


Figure 2 shows the average values of six air pollutants along with their standard deviations during the six different time periods examined. Note that these statistical values are calculated based on the time series of hourly regional averages over all stations within Hebei province for every air pollutant during each study period.



From SP pre-lockdown, SP lockdown, to SP post-lockdown, O3 increases, and the rest of pollutants decreases. This is consistent with our expectation that the gradually increased planetary boundary layer height will make the air pollutants other than O3 decrease from January to May, while the increased solar radiation will make O3 increase instead of decrease from January to May. In contrast, from pre-lockdown to lockdown period, the concentrations of SO2 and NO2 decrease; and from lockdown to post-lockdown period, the concentrations of SO2 and NO2 showed opposite trends, implying the significant reduction of SO2 and NO2 during the lockdown period along with a pickup after the lockdown period. Differently, CO, PM2.5, and PM10 decrease during the three periods.



Table 3 shows the DR values for all air pollutants. By Comparing the concentrations of six air pollutants between pre-lockdown period and its SP19, it shows that SO2, NO2, CO and PM10 decreased as 34.3%, 14.9%, 3.2%, and 9.3% and PM2.5 and O3 increased as 8.0% and 32.7%, respectively. Compared to their SP19, the concentration of SO2, NO2, CO PM10, PM2.5 during lockdown and post-lockdown period decreased by 39.2% and 13.7%, 38.2% and 8.9%, 24.8%, and 10.6%, 42.1% and 16.8%, 39.8%, and 13.4%, respectively. Compared to the SP19, O3 during lockdown (post-lockdown) period increased by 8.0% (5.5%). The reduction of NO2, CO, PM10, and PM2.5 is much larger between lockdown period and SP19 than that between pre-lockdown period and SP19, which should be strongly related to the reduction of emissions from traffic and anthropogenic activities [2,37,41,42]. In contrast, the similar reductions of SO2 during these two periods compared to their SP19 imply the continuous emissions from power plants and heating boilers in winter. For comparison, Higham et al. [43] found significant reduction in NO2 while a double increase of SO2 in United Kingdom.



The above phenomenon indicates the air quality improvement contribution from lockdown measures, with relatively weak variation of meteorology as indicated later in Section 3.2.2. We should note that the SO2, NO2, CO, PM10, and PM2.5 has decreased continuously from 2014 with annual reduction rates around 13%, 6.3%, 5%, 5%, 5.6%, respectively [14]. This is mainly associated with the strict national environmental protection policy and measures in China. In other words, preexisting local environmental policy regulations also contribute to the declining air pollutants. However, the much larger reduction during the lockdown period in 2020 compared to that in SP19 implies the strong air quality impacts by the lockdown measures.




3.1.2. The Probability Density Function of Air Pollutants


Figure 3 shows the probability density function (PDF) of six air pollutants in pre-lockdown, lockdown, and post-lockdown periods. Note that the PDF analysis in this section is only for data in 2020. In pre-lockdown period, the concentrations of SO2, NO2 and CO are concentrated in 10–20 μg m−3, 40–60 μg m−3 and 1–1.5 mg m−3, respectively. However, in lockdown (post-lockdown) period, the concentrations of SO2, NO2 and CO are mostly concentrated in smaller values, at 8–10 (8–10) μg m−3, 20–40 (20–40) μg m−3, 0.5–1 (0.5–0.7) mg m−3, respectively. Figure 3 shows that PM2.5 and PM10 demonstrate a right skewed distribution in all three periods, and the concentrations are mostly smaller values. The PDF of O3 is also right skewed in pre-lockdown and lockdown periods. Differently, the PDF of O3 is normal distribution in post-lockdown period.



The PDF of air pollutants except O3 in pre-lockdown period is wider than that in lockdown and post-lockdown periods, implying much better air quality caused by reduced anthropogenic activities in lockdown and post-lockdown periods. In general, all of the pollutants except O3 should decrease from January to May associated with increase of boundary layer height and winds. Thus, a PDF shifted to the left should be expected for all air pollutants other than O3, which is exactly what we got in Figure 3. One thing we note is that the CO, PM2.5, and PM10 show the highest frequency at similar concentrations during lockdown and post-lockdown periods, while CO, PM2.5, and PM10 are more with small values during post-lockdown period than during lockdown period. More important, the PDF of both SO2 and NO2 are similar in lockdown and post-lockdown periods. Considering the meteorology variation from February to May, these results most likely imply that emissions during post-lockdown period have not yet reached the level before the lockdown.




3.1.3. Diurnal Variation of Hourly Mean Air Pollutants


Figure 4 shows the diurnal variation of mass concentrations of six air pollutants (SO2, NO2, CO, PM10, PM2.5 and O3) during the six study periods. Significance tests are carried out between each of the three periods in 2020 and its corresponding SP19 for the air pollutants (not shown here). They show that except O3 (lockdown and post-lockdown), NO2 (post-lockdown) and PM10 (pre-lockdown), other cases have all passed the significance test. The hourly concentrations of SO2 and NO2 in pre-lockdown period are both lower than those in SP19, which is consistent with the results shown in Fig. 3. Compared with SP pre-lockdown period, CO, PM2.5, and PM10 have relatively weaker diurnal variation during the pre-lockdown period. Note that the difference of air pollutants between pre-lockdown period and SP19 is likely a combination effect of continuous reduction of air pollutant emission in China and the changes of meteorology, while other factors such as data uncertainties could also contribute. The comparison analysis between lockdown (post-lockdown) period and the SP19 shows even much larger reductions of air pollutants other than O3, as indicated in Section 3.1.2.



Figure 4 also shows that there are more reductions in relative amount in the morning time from 6:00 to 10:00 local time (LT) than in the afternoon from 14:00 to 18:00 LT for all air pollutants except O3 during both lockdown and post-lockdown periods compared to their SP19, particularly for post-lockdown period. One likely reason is the rapid formation and growth of fine aerosol particles. Specifically, it is hypothesized that the reduction in emissions allows more solar radiation to reach the near-surface air layer, thereby increasing the gas-particle conversion rate in the morning (9:00–11:00 LT) and accelerating the production of large particles in next several hours by rapid growth [44]. Therefore, the improvement of air quality could be larger in the morning than in the afternoon during the lockdown and post-lockdown periods.



Different from other air pollutants, O3 increased in the afternoon, showing a single peak. The peak of O3 occurs at 15:00 LT with values of 60.1 μg m−3 and 50.6 μg m−3 during the pre-lockdown period and its SP19, respectively. In contrast, the peak of O3 occurs at 16:00 LT with peak values of 83.4 μg m−3 and 84. 5 μg m−3 during the lockdown period and its SP19, respectively. The peak of O3 occurs at 17:00 and 16:00 LT with values of 109.9 μg m−3 and 113.7 μg m−3 during the post-lockdown period and its SP19, respectively. The later occurrence time of peak O3 but with higher values from pre-lockdown to post-lockdown periods might be related to the increased daytime length. It is clear that peak value of O3 concentration increased during the pre-lockdown period, but slightly decreased during both the lockdown and post-lockdown periods, which implies the reduction of precursor gases (NOx and VOCs) during the lockdown and post-lockdown periods [35,45].




3.1.4. Variation of Air Pollutants in Different Cities


In order to explore the variation characteristics of air pollutants in different cities in Hebei Province, we compared the average concentrations of six air pollutants during the three periods of pre-lockdown, lockdown, and post-lockdown in 2020 for 11 cities in Hebei province, which is shown in Figure 5. Figure 5 shows that except Zhangjiakou (ZJK), Chengde (CD) and Baoding (BD), the concentrations of SO2 and NO2 in other cities show significant reduction from the pre-lockdown to lockdown periods and from the pre-lockdown to post-lockdown periods (passing the student-t significance tests which is analyzed based on hourly average data between two study periods). Note that the concentration of SO2 also showed U-shaped temporal variation among the three periods in Baoding, and the concentration of NO2 showed U-shaped temporal variation among the three periods in Chengde. Among all variables, the SO2 and NO2 have more obvious increase from lockdown to post-lockdown periods. The CO, PM2.5, and PM10 showed a decreasing trend for almost all cities (except PM10 in ZJK, CD, and Qinhuangdao, and PM2.5 in ZJK), which might be related to the increasing meteorological dispersion condition from lockdown to post-lockdown periods, such as the general increase of atmospheric boundary layer height from February to May. Different from other types of air pollutants, O3 in each city increased gradually in these three periods, consistent with the increasing solar radiation.



The variation trend of air pollutant concentration in Zhangjiakou is different from that of other cities in Hebei Province during the three study periods. The mass concentration of PM10 in Zhangjiakou is the largest in spring and the smallest in winter due to strong wind, dust transport and less precipitation in spring [14]. Moreover, CO and PM2.5 even increase slightly from pre-lockdown to lockdown period and then decrease afterward, and SO2 and NO2 show continuous decreasing trend. As known, Zhangjiakou is a clean city with few industries, making the air quality there much more sensitive to the meteorology. With the increases of winds and BLH (from ERA5), SO2 and NO2 show continuous decreasing trend. However, the reason for the slight increase of CO and PM2.5 during the lockdown period is not clear which need further investigation in the future.





3.2. Analysis of Pollution Events


3.2.1. Temporal Variation of Air Pollution Events


Figure 6 shows the time series of PM2.5 concentration along with the identified pollution and clean events during the pre-lockdown, lockdown, and post-lockdown periods. As shown, the pollution events occur three times both in pre-lockdown and lockdown periods in 2020, and the clean events occur four and nine times, respectively, in lockdown and post-lockdown period in 2020. The same analysis has also been carried out for the corresponding three same periods in 2019, with results shown in Figure S1. Table 4 shows the proportion of clean, moderate, and pollution events in the six time periods. The occurrence probability of clean events in lockdown period (34.1%) is significantly higher (student-t test) than that in pre-lockdown (0%) and SP lockdown periods (11.6%). In contrast, the occurrence frequency of clean days in pre-lockdown is even less than that in corresponding SP19. While the occurrence probability of clean days in post-lockdown period (51.9%) is also higher than that in its SP19 (42.6%), the increasing amount is less than that increase from SP lockdown to lockdown period. The occurrence probability of pollution events in lockdown period (20.5%) is found lower than that in pre-lockdown (32.3%) and SP lockdown periods (23.4%). However, the reduction of pollution events is not as obvious as the increase of clean events during the lockdown period. These results most likely imply that the strong reduction of emission plays the dominant role to the clean air quality, while the meteorology plays a more important role to the formation of pollution events.




3.2.2. Meteorological Analysis


We found that emissions have been greatly reduced during the lockdown period, but pollution events still occurred. In this study, the differences of meteorological elements (BLH, 10m wind, temperature, and humidity profile) under clean and polluted conditions are compared and analyzed, so as to obtain the causes of pollution events during lockdown period. Table 5 shows the statistical information of pollution events and clean events during lockdown period. Generally, the lower the BLH, the more possibility the pollution events [46]. We also find that the duration time length of pollution (clean) events is more likely longer (shorter) when the BLH decreases while the peak values could vary case by case. For example, the duration time for P4 incident is 4 days with BLH as 268.5 m, and for P5 and P6 incidents are 3 and 2 days with BLH close to 500 m; and the duration time for C1 and C4 incidents are 4 days with BLH more than 700 m, and for C2 and C3 incidents are 3 days with BLH slightly above 500 m.



Figure 7 shows the 10 m winds in Hebei Province and its surrounding areas during the lockdown period. The average wind speeds for clean conditions of Figure 7a–c in the study area are 3.4 m/s, 3.7 m/s, and 2.3 m/s, respectively. The average wind speeds for pollution conditions of Figure 7d–f in the study area are 1.6 m/s, 2.3 m/s, and 2.0 m/s, respectively. We clearly found that the average wind speed under clean conditions is generally higher than the average wind speed under polluted conditions. At cases with wind speeds not too high or not too low (such as 2.3 m/s in Figure 7c,e), both pollution and clean events could occur since the air pollution could be more sensitive to factors other than the winds (such as high BLH for C3 incident and low BLH for P5 incident) at these cases. This shows that despite the reduction in pollutant emissions during the lockdown period, a smaller wind speed is still not conducive to the diffusion of air pollutants and may lead to pollution event. For the meteorology during pollution events as shown in Figure 7d–f, convergence of winds which can help air pollutants accumulate also occurs. For example, Figure 7d shows a convergence of winds in Shijiazhuang and Xingtai, and Figure 7e shows a convergence of winds in the southeast of Hebei province.



We also investigated the spatial distribution of hourly average precipitation for both clean events and polluted events (not shown here). It is found that the hourly average precipitation is generally low (<0.015 mm/hour) for both clean and pollution events. The hourly average precipitation during the pollution events is slightly lower than that during the clean events, which might imply a slightly stronger precipitation scavenging effect during the time for clean events. However, the light precipitation during the study periods could also cause a positive effect to air pollution due to the aerosol hygroscopic growth [21,22]. It is challenging to quantify the influence of precipitation, however, it might be reliable to assume a weak or even negligible influence from precipitation considering its low amount.



Although during the lockdown period the emission of pollutants reduced, the frequency of pollution events did not significantly reduce in Hebei Province. This is most likely related to the BLH, wind field, temperature and humidity which are not conducive to the diffusion of pollutants. In contrast, the frequency of moderate events decrease, resulting increase of clean event occurrence frequency. The obvious increase in the frequency of clean conditions during the lockdown period is more caused by the reduction of pollutant emissions, while the frequency of pollution events is not significantly reduced, which is more caused by adverse meteorological factors.






4. Summary and Discussion


Based on the observations at 56 stations, this study analyzes the variation characteristics of six pollutants (SO2, NO2, CO, PM10, PM2.5, O3) in Hebei Province during six periods, and compares the average values of pollutants in each city for the three study periods (pre-lockdown, lockdown, and post-lockdown period). Moreover, by analyzing the clean and pollution events occurred during the lockdown period, the causes are discussed, respectively.



Compared with the SP19, the SO2, NO2, PM10, PM2.5, and CO concentrations during the lockdown (post-lockdown) decreased by 39.2% (13.7%), 38.2% (8.9%), 42.1% (16.8%), 39.8% (13.4%), and 24.8% (10.6%), respectively. In contrast, O3 increased by 8.0% (5.5%). This is consistent with the finding in many places of the word. The concentration of NO2 decreased a lot and O3 increased. The increase of O3 can be attributed to the increase of solar radiation due to reduction of aerosol particles and photochemical repartitioning due to the reduction in NOx [27]. The results about the temporal variation of air pollutants during the lockdown period are consistent with the findings from previous studies over other locations [35,36,37]. Particularly, various studies have found the significant reductions in NO2 and significant increase in O3 while with different magnitudes over different locations in the world [23,24,25,26,27,28,29,30,31,32,33,34]. Moreover, these previous studies have shown no consistent results about the changes of other air pollutants, while more of them show reductions. Although previous studies have checked the impacts on the changes of air pollutants by COVID-19 lockdown, few of them have examined the changes in diurnal variations.



Different from previous studies, we found the different changes of air pollutants during both lockdown and post-lockdown periods between morning and afternoon time. Compared with SP19, the results show that the hourly concentrations of pollutants except O3 decreased more in the morning (6:00–10:00 LT) than in the afternoon (14:00–18:00 LT) during the lockdown and post-lockdown periods, particularly for post-lockdown period. One potential reason is that the formation and growth of fine aerosol particles is more prominent during cleaner time periods or under strong solar radiation conditions. Another potential reason could be related to the more reduction of traffic in the morning time (6:00–10:00 LT) than in the afternoon time (14:00–18:00 LT), as explained by Singh [47] for significant air pollution reduction at normal traffic hours during lockdown period in India.



For 11 cities in Hebei province, the average concentrations of SO2 and NO2 during lockdown period are lower than the pre-lockdown and post-lockdown periods, indicating that emission reduction has an important impact. Differently, CO, PM2.5, and PM10 decrease continuously for these periods, which might be associated with the combination effect of relatively weaker reduction of CO, PM2.5, and PM10 particles during the lockdown period and the continuous increase of mixed BLH during these three periods, while other factors such as data uncertainties could also contribute. Different from other cities, Zhangjiakou is a clean city with few industries, making it much more sensitive to meteorology. Correspondingly, the SO2 and NO2 show a continuous decreasing trend in Zhangjiakou among the three study periods.



We also found that there is a clear increase in clean air events during the lockdown period compared to that during both SP lockdown and pre-lockdown periods, implying the dominant role of emission reduction in whole air quality. This is consistent with previous findings that the emissions are the dominant factor of air quality in east Asia [14,24]. In contrast, the occurrence frequency of pollution events only decreases slightly during the lockdown period compared to that during its SP19, which confirms the dominant role of meteorology in the formation of pollution events. Similarly, Shen et al. [36] also found the significance of meteorology on the pollution events during the city lockdown in Hubei province. We should note that the secondary formation of aerosol particles might also play a role [48].
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Figure 1. The study region along with the cities and ground station locations in China. The abbreviations of each city are the first alphabet of the city, which is listed in Table 1 in detail. 
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Figure 2. The average values (colored columns) and standard deviations (black bars) of six air pollutants during the six different time periods examined. The red and blue colors represent the air pollutant concentrations during the three study periods in 2020, and during the same periods in day and month while in 2019, respectively. 
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Figure 3. The probability density function (PDF) of six types of pollutants during the three study periods of pre-lockdown (black color), lockdown (red color), and post-lockdown (blue color). 
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Figure 4. Diurnal variation of six types of pollutants during the six study periods. The lines represent the mean values. The red and blue colors represent the air pollutant concentrations during the three study periods in 2020, and during the same periods in day and month while in 2019, respectively. Each row of subgraphs is for the same pollutant while with different study periods. 
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Figure 5. The average values (colored columns) and standard deviations (black bars) of six types of air pollutants during the three study time periods of pre-lockdown (blue color), lockdown (red color), and post-lockdown (orange color) in 2020 for 11 cities in Hebei province in China. See Table 1 for details about the city names. 
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Figure 6. The time series of PM2.5 during the three study periods of pre-lockdown (first panel), lockdown (second panel), and post-lockdown (third panel) in 2020, along with the classification of pollution (above the threshold 75 line with 24 h), moderate (between the threshold 75 and threshold 35 lines), and clean days (below threshold 35 lines with 24 h). Prepresents pollution events and C represents clean events with the event numbers indicated. 






Figure 6. The time series of PM2.5 during the three study periods of pre-lockdown (first panel), lockdown (second panel), and post-lockdown (third panel) in 2020, along with the classification of pollution (above the threshold 75 line with 24 h), moderate (between the threshold 75 and threshold 35 lines), and clean days (below threshold 35 lines with 24 h). Prepresents pollution events and C represents clean events with the event numbers indicated.



[image: Atmosphere 12 00267 g006]







[image: Atmosphere 12 00267 g007 550] 





Figure 7. Distribution of the 10m winds averaged for clean events C1 (a), C2 (b), and C4 (c), and pollution events P1 (d), P2 (e), and P3 (f) during lockdown period. The red part is the research area of this study, and the reference wind speed is 4 m/s. 
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Table 1. The full name and acronym of the 11 prefecture-level cities, along with the ground station number in each city.






Table 1. The full name and acronym of the 11 prefecture-level cities, along with the ground station number in each city.





	City Name.
	City Acronym
	Station Number





	Zhangjiakou
	ZJK
	6



	Chengde
	CD
	5



	Baoding
	BD
	6



	Qinhuangdao
	QHD
	5



	Tangshan
	TS
	6



	Langfang
	LF
	5



	Cangzhou
	CZ
	3



	Hengshui
	HS
	3



	Shijiazhuang
	SJZ
	8



	Xingtai
	XT
	4



	Handan
	HD
	4
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Table 2. The time range for 6 study periods.
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	Name.
	Time





	pre-lockdown
	1–31 January 2020



	lockdown
	1 February–15 March 2020



	post-lockdown
	15 March–8 May 2020



	SP pre-lockdown
	1–31 January 2019



	SP lockdown
	1 February–15 March 2019



	SP post-lockdown
	15 March– 8 May 2019
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Table 3. Decreasing ratio (DR) values for all air pollutants during pre-lockdown period (DR1), lockdown period (DR2), and post-lockdown period (DR3) compared to their SP19.
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	DR.
	SO2
	NO2
	CO
	PM10
	PM2.5
	O3





	DR1
	−34.3%
	−14.9%
	−3.2%
	−9.3%
	8.0%
	32.7%



	DR2
	−39.2%
	−38.2%
	−24.8%
	−42.1%
	−39.8%
	8.0%



	DR3
	−13.7%
	−8.9%
	−10.6%
	−16.8%
	−13.4%
	5.5%










[image: Table] 





Table 4. The occurrence frequencies of clean days, moderate pollution days and pollution days for the 6 study periods.
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	Percentage
	Clean
	Moderate
	Pollution





	SP pre-lockdown
	6.5%
	71.0%
	22.6%



	Pre-lockdown
	0%
	67.8%
	32.3%



	SP lock-down
	11.6%
	65.1%
	23.3%



	Lockdown
	34.1%
	45.5%
	20.5%



	SP post-lockdown
	42.6%
	57.4%
	0%



	Post-lockdown
	51.9%
	50.7%
	0%
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Table 5. The information of time period, duration days, and boundary layer height averaged for each clean and pollution event during the lockdown period, along with the peak value of PM2.5 during pollution events. Note that P means pollution event and C means clean event. D is the duration days and PV is the Peak value of PM2.5 during pollution event.
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	Incidents
	Time
	D
	PV (μg m−3)
	BLH (m)





	P4
	2.11–2.14
	4
	116.2
	268.5



	P5
	2.19–2.21
	3
	115.6
	497.4



	P6
	3.8–3.9
	2
	122.2
	476.7



	C1
	2.15–2.18
	4
	-
	723.6



	C2
	2.21–2.23
	3
	-
	537.7



	C3
	3.3–3.5
	3
	-
	534.7



	C4
	3.12–3.15
	4
	-
	720.9
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