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COVID-19 has a tremendous impact on both human life and the environment due to the unprecedented large-scale shutdown of economic activities at the beginning of 2020. While it was widely expected to see a dramatic reduction in air pollution, reality appears to be much more complex due to the joint influences of emissions and meteorology in dictating air pollution. By analyzing ample meteorological and environmental observational data, this study attempts to evaluate the contribution of an economic lockdown or at a well-below normal level across China to air pollution during the COVID-19 pandemic in the Beijing-Tianjin-Hebei region. Besides the unprecedented emission reductions that helped to improve air quality, multiple other factors came into play, such as high humidity and low wind speed that are favorable for haze formation. After separating long-term trends, seasonal signals, holiday effects, and meteorological contributions concerning climatology, we estimated that the relative contributions of human activities to changes in particulate matter with a diameter of less than 2.5 μm and nitrogen dioxide during the epidemic were −17.13 μg/m3 and −0.03 μg/m3, respectively, with negative quantities denoting reductions to air pollution. Furthermore, comparing the changes in PM2.5 and NO2 concentrations after lockdown revealed that for short-term control measures, meteorological factors mainly affected pollutant particles.
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INTRODUCTION
COVID-19 has been the most detrimental public crisis affecting mankind thus far in the twenty-first century. Shortly after its outbreak in Wuhan, China, the Chinese government took the exceptional measure to lock down Wuhan city beginning on January 23, 2020. Meanwhile, most economic activities elsewhere were also paused or at a much lower level. The move greatly reduced emissions of pollutants from vehicles, factory production, and human activities (Wang P. et al., 2020). At the beginning of the lockdown, the number of commercial vehicles and private cars on the road in North China dropped by 77 and 39%, respectively (MEP, 2020). Since then, the epidemic has been greatly suppressed (Wang C. et al., 2020; Chinazzi et al., 2020; Tian et al., 2020), and isolation has proved to be one of the most effective large-scale preventative measures taken over much of the world (Kraemer et al., 2020), triggering a wave of studies on its impact on the environment.
Previous studies have stated that air pollutant concentrations are dictated by both anthropogenic emissions and meteorological factors (Wu et al., 2008; Jhun et al., 2015; Li et al., 2017). Even if emissions were to remain consistent, unfavorable meteorological conditions, such as weak wind and circulation (Yang et al., 2018), low planetary boundary layer (PBL) (Liu et al., 2018; Su et al., 2020b), a stable atmosphere especially temperature inversion (Guo et al., 2020) also lead to the formation of heavy pollution (Mahmud et al., 2012; Ghude et al., 2016). Exceptionally high concentrations of particulate matter with a diameter of less than 2.5 μm (PM2.5) were often observed in winter (Zhang et al., 2018). There have been several studies on the impact of some major social events in China during which strict emission control measures were enforced, such as during the Beijing Summer Olympics, the Asia-Pacific Economic Cooperation, and the China Victory Day Parade (Witte et al., 2009; Wang et al., 2010; Huang et al., 2015). As natural experiments, these studies reinforced the impact of meteorology on air quality (Wang et al., 2009; Zhang et al., 2012; Liang et al., 2017). On the other hand, air pollution rarely happens in regions with little emissions. Therefore, it is thus important to differentiate the impact of meteorology and anthropogenic emission controls on air quality for improving emission-control strategies.
One of the aftermaths of the lockdown was that air pollution levels in many areas greatly reduced (Bao and Zhang, 2020; Liu et al., 2020; Sharma et al., 2020; Shehzad et al., 2020). Data obtained by satellites reveal that nitrogen dioxide (NO2) levels in eastern China dropped by 71.9% during the epidemic, compared with the same period in 2019 (Le et al., 2020). The TROPOspheric Monitoring Instrument revealed a 40% reduction (Bauwens et al., 2020). Through the analysis of real-time monitoring data, similar reductions in multiple pollutants have also been reported (Bao and Zhang, 2020). Despite the drastic reduction in precursor gases, a severe smog episode erupted after the lockdown (Sun et al., 2020). This was attributed to the formation of secondary pollution (Huang et al., 2020; Le et al., 2020), while others believed that it was caused by regional transport (Chang et al., 2020) and a low PBL height (Su et al., 2020b).
Given the complex meteorological changes witnessed during this period, the aforementioned processes may all have played some roles, but their relative contributions are unclear. As a method to eliminate meteorological effects, some previous studies have compared the same period with that of climatology (Bauwens et al., 2020; Shi and Brasseur, 2020). Su et al. (2020b) revealed that compared with PM2.5 concentrations during other similar shallow PBL periods in climatology, the average PM2.5 concentration during the lockdown period was the lowest and pointed out the impact of aerosol-PBL interactions on pollution. Sun et al. (2020) further found that the reduction in primary aerosols was higher than that of secondary aerosols at the same relative humidity (RH) level during the Lunar New Year (LNY). However, in these studies, the threshold of meteorological conditions was determined subjectively, and meteorological factors were analyzed individually. Considering these limitations, some studies have applied models to simulate pollution changes caused by lockdown and meteorology. Wang P. et al. (2020) used a model to show that in Beijing, unfavorable weather conditions caused a 40% increase in PM2.5. However, the model assumed constant emissions, incurring some uncertainties. In general, meteorological variables (such as RH, temperature, and wind speed) that affect pollution are usually interrelated, and to a certain extent, are controlled by synoptic circulations (Zhang et al., 2012). Therefore, the classification of circulation patterns can be adopted as a downscaling tool to evaluate the effects of lockdown control measures under different meteorological conditions (Demuzere et al., 2009; Liao et al., 2017).
The research aims to isolate the effect of lockdown control strategies in the short term rather than interannual trends, seasonality, LNY, and meteorology on changes in pollutant concentration. More specifically, its objective is to find the characteristics of pollutants under different meteorological conditions and the variation in pollutants under similar meteorological conditions. This study identifies the role of meteorology in the formulation of emission-control strategies in the future. In Data and Methods Section, various datasets and the methods used in this study are briefly introduced. Results Section shows the air quality and meteorological factors in different synoptic circulation patterns, trying to single out the role of meteorology. Conclusion Section summarizes the findings.
DATA AND METHODS
Data
The study used real-time and continuous measurement of the daily average PM2.5 and NO2 concentrations in the Beijing-Tianjin-Hebei (BTH) region from January 2015 to December 2020. Supplementary Figure S1 provides the digital-elevation-model-derived topography of the study area and locations of the monitoring stations. The China National Environmental Monitoring Center provided the pollutant concentration data measured at the surface (Wang et al., 2014; Wang et al., 2017). Cross-validation with data collected by United States embassies demonstrated their reliability (Hu et al., 2015; Liang et al., 2016). In this study, the stations with valid data of duration shorter than 90% of the total duration have been eliminated. Taking into account the availability of pollutant observational data, the effective data period is 2015–2020. The National Climate Data Center provided daily meteorological observations, including RH and maximum wind direction and wind speed at 10 m. Other parameters from the European Center for Medium-Range Weather Forecasts reanalysis considered in this study include sea-level pressure (SLP) and PBL height (PBLH). Horizontal winds in the reanalysis dataset are daily averages. PBLH and SLP were both measured at 1,400 h, Beijing time (BJT = UTC +8 h) because the strong turbulent mixing, which occurs at noontime, best represents daily atmospheric mixing patterns (Su et al., 2020a; Shi and Brasseur, 2020).
Synoptic Circulation Patterns
In the study area (30°N-50°N, 107°E-127°E), a self-organizing map (SOM) cluster analysis (Liang et al., 2016) was used to analyze large-scale abnormal atmospheric circulations in the BTH region. Compared with the subjective circulation-classification method, SOM can help study the continuity and evolution of daily weather events in two-dimensional space through unsupervized learning algorithms (Hewitson and Crane, 1996; Hewitson and Crane, 2002; Horton et al., 2015). It is also an effective method to directly link-local pollution parameters with atmospheric circulation (Liu et al., 2006; Sheridan and Lee, 2011; Bei et al., 2016). A typical SOM network structure consists of an input layer and a competing layer (output layer), as shown in Figure 1. The variable [image: image] represents the number of neurons in the input layer (climatological days), and the competition layer consists of [image: image] neurons (i.e., nodes). It enables the neurons in the competition layer to match the input patterns through competition, and with much training, it is possible to find the clustering center of the input vector, with the winning neuron representing the classification of input patterns.
[image: Figure 1]FIGURE 1 | The schematic plot of a self-organizing map (SOM) cluster analysis model with its input and output layers. The input layer is the normalized sea level pressure. Through the unsupervized learning algorithm, each neuron in the output layer is matched with the input sample. The finally winning neuron is the classification of sea level pressure, and the nodes in the output layer represent the types of circulation.
HYSPLIT Model
For the analysis of the local source and regional transportation of pollutants in the BTH region during the lockdown period, the HYSPLIT model uses NCEP/GDAS reanalysis data with a spatial resolution of 1° × 1° to simulate a 24-h backward trajectory. During the lockdown periods, the backward trajectories of PM2.5 were calculated at the height of 10 m, beginning at 00:00, 06:00, 12:00, 18:00 BJT every day. The potential source contribution function (PSCF) and concentration weighted trajectory (CWT) based on the HYSPLIT model are used to analyze the local sources of pollutants and the relative magnitudes of the contributions from different regions, respectively. As a conditional probability function, PSCF gives the probability of wind from each wind direction associated with the specific pollutants (here defined as PM2.5[image: image] 75 μg/m3). As a conditional probability method, PSCF cannot determine the level of pollution, but by calculating the weighted concentration of airflow trajectories in the potential source area, CWT can further determine the level of pollution along different trajectories. The CWT is determined as follows:
[image: image]
[image: image] is the 1h PM2.5 concentration of the grid corresponding to the arrival of backward trajectory [image: image]; [image: image] is the residence time of trajectory [image: image] To reduce uncertainty, it is usually necessary to multiply PSCF and CWT by a weighting function [image: image] (Polissar et al., 2001), which are WPSCF and WCWT, respectively.
[image: image]
[image: image] is the total number of cell endpoints and [image: image] is the average number of the cell endpoint.
RESULTS
Distributions of Air Pollutants and Meteorological Quantities
Following the positive response to COVID-19, air quality has greatly ameliorated over China. Satellites have monitored a significant reduction in anthropogenic emissions over the BTH region (Le et al., 2020). Is this change solely related to the economic slowdown? Here, we mainly focus on the BTH region, which experiences high aerosol loading. Figure 2 shows the fractional differences in PM2.5 concentration, i.e., differences between mean values in 2020 and mean values from the same periods in the climatology for the years 2015–2019, from 1 to January 20, 2020 (before the COVID-19 lockdown), 21 January to February 9, 2020 (the start of the COVID-19 lockdown), and 10 to February 29, 2020 (during the COVID-19 lockdown). Perplexedly, PM2.5 concentrations did not decline as expected at the beginning of the lockdown but increased by 23.38% compared with the same period in the climatology (Figure 2B).
[image: Figure 2]FIGURE 2 | The anomaly of PM2.5 in 2020 relative to the same period in 2015–2019 for 1–20 January (A), 21 January to 9 February (B), and 10–29 February (C).
Fractional Changes in near-surface wind speed and RH are shown in Figure 3 based on observations. At the beginning of the lockdown, high RH and relatively low wind speeds occurred simultaneously, conducive to the retention of pollution. We averaged the WS and RH anomalies at the observation site from January to February 2020. During the first 20 days of the city lockdown, the average RH was 62.6%, an increase of 33% from the same period in climatology. The frequency of RH levels higher than ∼60% was significantly higher (Figure 3D), which promoted the multiphase reaction of aerosol formation and growth (Huang et al., 2020; Le et al., 2020). In a humid environment, high RH can promote the conversion of gaseous pollutants into particulate pollutants through an aqueous reaction, thereby increasing PM pollution (Wang et al., 2016). In the BTH region, the average wind speed dropped by 28.9%. We also checked the pressure field anomalies (Supplementary Figure S2). At the beginning of the lockdown, BTH was located between a low-pressure system and a high-pressure system. The warm-air advection brought by the southwest wind heated the upper atmosphere, stabilizing the atmosphere (Su et al., 2020b). Over the next 20 days, the increase in wind speed led to the removal of pollutants from the region.
[image: Figure 3]FIGURE 3 | Fractional changes in RH (A–C) and in wind speed (E–G) wind speed. (A, E) before the lockdown; (B, F) at the beginning of the lockdown; (C, G) during the lockdown. Panels (D) and (H) show the probability density functions (PDFs) of RH and wind speed, respectively. Blue and red shaded areas represent the beginning of the COVID-19 lockdown and the climatology, respectively.
Considering that long-distance transportation is an important factor altering pollutant concentration, the distribution and contribution of potential pollution sources in Beijing were calculated using PSCF and CWT models. The potential sources of pollutants are shown in Figure 4A. Generally, when the winds come from southwest, southeast, and south, the possibility of increasing PM2.5 concentrations is highest. The WCWT plots in Figure 4B highlight key pollution source areas affecting PM2.5 concentrations in Beijing. The WCWT [image: image] 100 μg/m3 in the purple-red area represents the potential main pollution source area. The WCWT of PM2.5 shows that the main source areas are potentially at the junction of Beijing, Tianjin, and Hebei region. Previous studies used 380 km as a threshold to distinguish local and regional transport. The backward trajectory was basically smaller than this threshold during the lockdown period, so local pollutants are more dominant. The increase of secondary aerosols caused by high RH during the lockdown period may be the driving force for local pollution (Sun et al., 2020), separate from the long-range transport.
[image: Figure 4]FIGURE 4 | (A) WPSCF and (B) WCWT (μg/m3) for PM2.5 in Beijing from January 21 to February 29, 2020.
The Impact of Meteorology on PM2.5 and NO2
In recent years, China has committed to reducing air pollution (Jin et al., 2016; Wei et al., 2019). From 2013 to 2018, the annual trend in PM2.5 in the BTH region reached −6.23 μg/m3 (Wei et al., 2020; Wei et al., 2021) and the lockdown happened to be the LNY holiday period exactly. Therefore, to gain the effect of meteorology on air pollution during COVID-19, the 2015–2019 pollutant concentration time series were successively extracted as interannual trends, seasonality, and LNY, same as Silver et al. (2020). Figure 5 shows the climatological trend, climatological seasonal cycle, and climatological LNY effect of PM2.5 in the BTH region. Although not shown, the same trend analyses were done for NO2 in the same way. PM2.5 and NO2 are reduced by 7.3 and 2.04 μg/m3 per year, respectively. The daily average of climatology is used to extract seasonal signals. The pollutant concentration during the Lunar New Year has been deleted, and interpolated data are used, avoiding double-counting the LNY effect. LNY is defined as two weeks before and three weeks after the Lunar New Year. In the two weeks before LNY, PM2.5 usually declines over BTH regions due to muted economic and human activity (clearer plot in Figure 5C). On the first day of LNY and the day after the Lantern Festival, the PM2.5 concentration increased by 79.89 and 44.68 μg/m3, respectively, which may be caused by fireworks.
[image: Figure 5]FIGURE 5 | Time series of (A) inter-annual trends, (B) seasonal signals and (C) LNY for PM2.5 (µg/m3). A 30-days smoothing window is applied to (A) and (B), and a 7-days smoothing window is applied to (C). The graph in (C) is the PM2.5 concentration two weeks before and three weeks after the Lunar New Year.
Residuals of interannual trends, seasonality, and LNY continue to be used to estimate the impact of meteorology on pollutants. Here, SOMs were used to identify 12 major circulation patterns in the climatological SLP over the BTH region during the same period of the lockdown (January and February of 2015–2019). After testing different map sizes, 4 × 3 nodes were selected in this study, best reflecting the impact of circulation patterns on air quality and providing an appropriate reasonable compromise between complex circulation patterns and air pollution. Figure 6 shows the 12 circulation types identified in this study. There are three circulation types associated with higher levels of pollution in the BTH region (Supplementary Figure S3): 1) Type 7, denoted as T7 (Figure 6G), when a weak pressure field was present, and 2) T8 and T12 (Figures 6H,L), before the passage of a cold front. T7, with its relatively weak pressure gradient, resulted in the lowest wind speed and the most stable noontime PBLH among the 12 circulation types (Supplementary Figure S4). Under these weather conditions, weak vertical mixing forms a strong barrier to inhibit aerosols in the PBL. By contrast, T6 had high wind speeds and a higher noontime PBLH. According to Zhang et al. (2009), for the T6 circulation type, i.e., a high-pressure system, vertical mixing, and horizontal transportation are rapid, diluting aerosols in both vertical and horizontal directions, resulting in clean air. Based on the observations, Supplementary Figure S5 shows the wind rose diagrams of the twelve circulation types for climatological samples. T11 and T12 bring in moist air via the easterly wind, facilitating pollution. The t-test revealed that air pollution parameters among the different circulation types generally had statistical differences (Supplementary Figure S6) at the 0.05 level, suggesting that this circulation classification is effective. Then the classification is applied to 2020.
[image: Figure 6]FIGURE 6 | Mean patterns of normalized SLP and frequencies of occurrence (numbers above each panel) of 12 circulation types (A–L) based on ERA5 reanalysis data for the climatology. All samples are normalized before being input into the input layer.
It is assumed that for any given predetermined circulation type [image: image], the air quality variables can be estimated by meteorological factors determined by the circulation. We input the SLP during the lockdown period as a test sample into the SOM to obtain its corresponding [image: image]. For the COVID-19 period, we define the emission anomaly as the relative deviation of the residuals from the corresponding [image: image] mean in climatology. Figure 7 shows daily deviations of PM2.5, and NO2 from 21 January to February 29, 2020. The contribution of lockdown measures to changing PM2.5 and NO2 concentrations were estimated to be −0.03 and −17.13 μg/m3 during the lockdown, respectively. At the beginning of the epidemic, the concentrations were estimated to be 31.1 and −1.33 μg/m3, respectively. As shown in the red shaded area in Figure 7B, the decreasing NO2 concentrations driven by lockdown factors were evident in this period. As for the changes in the concentration of particulate pollutants PM2.5, it is more complicated. The reduction of precursor (NO2) and the “ozone positive” of secondary pollutant (O3), as well as the increasing aqueous reaction in the moist environment, make it difficult to track changes in PM2.5. Similar to Wang P. et al. (2020), this study emphasizes that in China, reductions in transportation and industrial emissions will not help avoid severe air pollution, especially under adverse meteorological conditions. More measures should be employed to mitigate severe air pollution.
[image: Figure 7]FIGURE 7 | Changes in PM2.5(A) and NO2(B) concentrations driven by the lockdown. The red (blue) area shows the decreasing (increasing) concentrations. For the lockdown period, Met is defined as the residuals from the corresponding [image: image] mean in climatology.
CONCLUSION
Since the outbreak of the epidemic, almost all non-essential human activities in China have been suspended. However, serious pollution incidents still happened in North China during this period, instigating extensive investigations. To further understand the role of anthropogenic emissions and meteorology in regulating air pollution during this period, we quantified the contribution of control strategies in reducing pollutants by comparing pollutant concentrations under similar synoptic circulation conditions.
The abnormal PM2.5 in the BTH region was 31.1 and −0.03 μg/m3 at the beginning of and during the lockdown. At the beginning of the lockdown, the formation of secondary aerosols was caused by heterogeneous chemistry promoted by the increase in humidity, which eventually exacerbated PM2.5 (Le et al., 2020). During the next period, favorable weather conditions enabled control strategies to improve PM2.5 pollutions. Concerning NO2, lockdown drives a continuous reduction. From −1.33 μg/m3 at the beginning of the lockdown to −17.13 μg/m3 during the lockdown period, indicating that the lockdown did drive negative anomaly.
Moreover, results reveal that in the short term, at the beginning and during the lockdown, changes in gaseous pollutants had the same sign, and changes in particulate pollution had opposite signs. The difference confirms that lockdown helps improve air quality, especially gaseous pollutants. Our work emphasizes the importance of meteorological conditions because even if NOx-enhanced ozone concentrations during the epidemic were consistent with those at the beginning of the epidemic, PM2.5 concentrations did not increase due to favorable meteorological conditions. The role of the synergy between meteorological conditions and heterogeneous chemistry in particulate pollution formation is currently uncertain. This requires further study.
The COVID-19 lockdown in China provided a natural experiment to study the impact of emissions control on air quality. The reported studies mainly focus on individual meteorological factors, but it is still not enough to understand the synergistic effects of various meteorological factors in reducing pollution. Even if satellite observations, such as those from the European Space Agency and NASA, have provided evidence of unprecedented reductions in NO2 concentrations during the epidemic (Bauwens et al., 2020), in the long term, pollutant concentrations are still subject to long-term emission measures, seasonal changes, LNY and meteorological effects. This study emphasizes that under adverse meteorological conditions, the role of short-term emission control strategies is limited in improving particulate pollution. More research is still needed to explore the impact of meteorology and emissions on PM composition.
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