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The 24th Winter Olympics was held in Beijing, and the air quality in the Beijing area has become the focus of the world’s attention. The Beijing government has taken a series of strict measures to control pollutant emissions during the Winter Olympics, which also provides us with a valuable opportunity to study the impact of meteorological conditions on pollutants. We defined November, December, January, February, and March as the polluted period in Beijing, and used the T-PCA method to divide the circulation types (CTs) affecting Beijing into six kinds (CT1-CT6). It was found that under the control of the western high pressure (CT1) and the northwest high pressure (CT4), the concentrations of PM2.5, NO2, SO2 and CO in Beijing were lower; while under the control of the northern high pressure (CT2), eastern high pressure (CT5), southeast high (CT3) and northeast low pressure (CT6), the concentration of PM2.5, NO2, SO2 and CO is higher. By analyzing the daily CTs, wind field and pollutant concentration changes in the Beijing area during the Beijing Winter Olympics, it was found that when two pollution events occurred during the Winter Olympics, the Beijing area was mainly prevailed by CT2, CT3, and CT6. Comparing the frequency of occurrence of six CTs during the 2022 Winter Olympics and the same period from 2014 to 2021, it was found that the proportion of CT1 and CT4 increased significantly during the Winter Olympics. Finally, the FLEXPART-WRF model was used to analyze the 48-h backward footprint distribution of pollutant particles in Beijing during the Winter Olympics. It further showed that the circulation in the Beijing area during the Winter Olympics was generally conducive to the dispersion of pollutants, and the air quality was better.
Keywords: 2022 Beijing Winter Olympics, T-mode PCA, air quality, FLEXPART-WRF model, meteorological conditions
1 INTRODUCTION
The 24th Winter Olympics was held in Beijing, China, from February 4 to 20, 2022 (Wang et al., 2022b; Zhang et al., 2022). Being China’s capital city, the air quality in Beijing during the Winter Olympics has become the focus of global attention. In recent years, under the guidance of the Beijing-Tianjin-Hebei coordinated development strategy, the Beijing Municipal Government has further strengthened the governance of the air quality in the region (Chen et al., 2008; Cao et al., 2015; Miao et al., 2017; Zhai et al., 2019; Gong et al., 2022a; Gong et al., 2022b). It has taken a series of measures such as shutting down high-energy-consuming enterprises, restricting the use of motor vehicles, and widely using new energy (Miao et al., 2015; Su et al., 2015; Su et al., 2015; Ye et al., 2016; Yang et al., 2018; Sun et al., 2021). However, the emission of air pollution precursors from the Yangsha and North China Plain in the central and western regions of Inner Mongolia in autumn and winter still seriously affects the air quality in Beijing, resulting in the frequent occurrence of severe haze events in the region (Miao et al., 2020; Miao et al., 2021; Zhang et al., 2022). Air pollution remains one of the greatest challenges in the process of environmental improvement in the region.
Large-scale synoptic circulation determines the specific climate background of a region and provides the basic dynamic field for regional dispersion and transport of particulate matter (Zhao et al., 2019; Zhao et al., 2021a; Zhao et al., 2021b; Wang et al., 2022a; Wang et al., 2022b; Wang et al., 2022c). Several studies reveal the significance of weather circulation on air quality (Zhang J.P et al., 2012; Russo et al., 2014; Zhou et al., 2018; Zhou et al., 2019; Zhou et al., 2019; Zong et al., 2021). Studied the relationship between large-scale synoptic circulation and particle concentration in the Yangtze River Delta region and found that certain specific circulation conditions (such as weak high-pressure front, saddle field, and offshore low pressure) are not conducive to the dispersion of pollutants and caused poor air quality. studied the effects of weather circulation and straw burning on the PM2.5 concentration in Northeast China. It was found that a weak and stable high-pressure system led to poor dispersion conditions that increased the PM2.5 concentration, and the front of the trough increased the PM2.5 concentration. The southwest warm and humid airflow enhanced the hygroscopic growth ability of aerosol particles, which also led to an increase in PM2.5 concentration. Miao et al., 2020 studied the relationship between severe haze events in the Beijing-Tianjin-Hebei region and the planetary boundary layer and weather circulation and found that under the influence of the southeast high, northern low, and eastern high-pressure systems, warm air often suppresses the development of the boundary layer hight, resulting in the deterioration of air quality in the Beijing-Tianjin-Hebei region. Several studies have shown that local meteorological conditions have a strong dependence on weather circulation, which will affect the specific distribution of pollutants (Levy et al., 2008a; Levy et al., 2008b; Levy et al., 2010; Russo et al., 2016; Ye et al., 2016; Russo et al., 2018; Liu et al., 2019; Xu et al., 2019; Xu et al., 2020; Li X et al., 2021; Li Y et al., 2021; Sun et al., 2021; Wang et al., 2022a; Wang et al., 2022d). Sun et al., 2021 studied the formation and dissipation mechanism of pollution events and found that the wind speed and temperature in the formation stage of the pollution events were much lower than that in the dissipation stage. Additionally, the changes in pollutant concentrations were significantly affected by changes in relative humidity. Liu et al., 2019 studied the relationship between haze and meteorological conditions in Shanghai in autumn and winter and found that strong local atmospheric inversions often occurred, which inhibited the development of the boundary layer and caused the accumulation of pollutants under the influence of high pressures in the south and southwest region. When studying the causes of haze events in the North China Plain, Ye et al., 2016 found that local meteorological conditions with weak wind speed and high relative humidity often occur under the northern high, northeast high, and southeast high pressures. And the specific meteorological conditions are not conducive to the diffusion of matter but are conducive to the hygroscopic growth of particulate matter, resulting in serious and persistent haze events.
Several studies (Zhang Y et al., 2012; Zhai et al., 2019; Zhai et al., 2019) have shown that the autumn and winter seasons (November to March) are periods of poor air quality in Beijing (referred to as the polluted period in this study). In this study, the meteorological conditions in the Beijing area over the last 20 years were considered as the research objects, and the T-mode principal component analysis (T-PCA) method was used (Richman, 1981; Compagnucci and Richman, 2008; Huth et al., 2008). The circulation patterns that primarily affected the area during this period were classified into six types. The FLEXPART-WRF model was used to analyze the footprint distribution of pollutants in the areas under the six circulation patterns. Combined with local meteorological conditions, the pollutant concentrations corresponding to each circulation pattern were analyzed, and the relationship between weather circulation, local meteorological conditions, and air quality in Beijing was studied. The study also explored the positive impact of weather conditions on the improvement of air quality in the Beijing area during the Beijing Winter Olympics. The distribution of pollutant imprints during the Winter Olympics was simulated using the FLEXPART-WRF model, where it was found that favorable meteorological conditions were significant for the improvement of air quality in the area during the Beijing Winter Olympics.
2 DATA, METHODS, AND MODELS
2.1 Data
2.1.1 ERA5 reanalysis data
This study used mean sea level pressure field data (SLP) from the ERA5 reanalysis dataset from the European Centre for Medium-Range Weather Forecasts (ECMWF)to determine the diurnal circulation pattern (Kalnay et al., 1996). The data’s spatial range was within 32°N-48°N, 108°E-124°E, and the time range considered was from 1 November 2000, to 31 March 2022. The ERA5 reanalysis data assimilates radiosonde data and other data at 00:00 UTC every day, and has the best reduction effect on the weather field. The study, therefore, used the SLP data at 00:00 UTC to determine the daily circulation pattern (Zhang J.P et al., 2012; Zhao et al., 2019).
At the same time, the daily data of the ERA5 boundary layer height at 00:00 UTC was used to analyze the characteristics of the boundary layer height of each circulation pattern in the study area. The data’s spatial range was within 36°N-45°N, 111°E-121°E, and the time range considered was from 1 January 2014, to 31 March 2022.
2.1.2 Local meteorological data
The local meteorological conditions under each circulation pattern were statistically analyzed using the temperature, humidity, wind direction, and wind speed data from the weather station at Beijing Capital International Airport from 2015 to 2022. These observational data are released with high precision after quality control (https://quotsoft.net/air/). Additionally, considering the geographical location of the selected station is far from the urban area and is less affected by urban buildings and human factors, the data accurately reflects the meteorological elements in the area. Figure 1 presents the specific locations and surrounding topography of the meteorological observation stations in Beijing.
[image: Figure 1]FIGURE 1 | The location of Beijing (A) and the surrounding terrain of Beijing (B). The black dots represent the locations of the environmental monitoring stations, and the red star represents the location of the meteorological observation stations.
2.1.3 Air quality data
The air quality data were extracted from the China National Environmental Monitoring Centre (http://www.cnemc.cn). Due to the low ozone concentration in winter, there is generally no ozone pollution. Therefore, only four types of atmospheric pollutants were considered in this study (PM2.5, NO2, SO2, and CO), using hourly monitoring data and daily average data from 2015 to 2022. The air quality monitoring stations are located in representative locations such as the suburban and urban areas of the city. These stations observe and record the air quality parameters at their locations hourly and are released after quality control by the Air Quality Monitoring Center of the Ministry of Environmental Protection, China. Figure 1 presents the specific locations of the air quality monitoring sites in Beijing.
2.2 Circulation classification method
The principal component analysis of T-mode tilt rotation (T-PCA) was used to carry out the circulation classification of the daily sea level pressure field in Beijing and its surrounding areas from 2000 to 2022. Compared with other objective circulation classification methods, T-PCA can better generalize the main modes contained in the data, and the classification results obtained have higher temporal and spatial stability. The circulation patterns that primarily affect Beijing were divided into six types based on the main weather characteristics in autumn and winter in Beijing. At present, the T-PCA method has been integrated into a software package cost733class, which can be downloaded from the website http://cost733.met.no/.
2.3 WRF model and FLEXPART-WRF model
The WRF model provides accurate weather field variables for the FLEXPART-WRF model in particle trajectory simulations. Two levels of nesting were used in this simulation. The first level comprised a horizontal resolution of 15 × 15 km, covering the entire North China Plain, and the second level comprised a resolution of 4 × 4 km, covering the entire Beijing and surrounding areas. The main parameterization schemes considered were the Mellor-Yamada-Janjic (Eta) TKE boundary layer parameterization scheme (Janjic, 2001), Noah land surface scheme (Chen et al., 2006), WSM 3-class simple ice microphysical process scheme (Hong et al., 2004), Kain-Fritsch (new Eta) cumulus convection parameterization scheme (Kain, 2004), Monin-Obukhov (Janjic Eta) near-surface layer parameterization scheme (Nakanishi and Niino, 2006), RRTM longwave radiation scheme (Mlawer et al., 1997) and Dudhia shortwave radiation scheme (Dudhia, 1989). The initial and boundary conditions of the model used the NCEP FNL reanalysis data prepared operationally every 6 hours (horizontal resolution 0.25×0.25), and the model outputs results every 30 min.
The study uses the FLEXPART-WRFV3.3 version (Brioude et al., 2013) of the Lagrangian particle diffusion model that uses the function of backward simulation of particle trajectories. The center of Beijing was selected as the particle release point (38.9°N, 116.4°E). First, the heavy pollution periods (PM2.5 concentration is greater than the national primary standard of 75 μg/m3) in Beijing were screened under six circulation patterns from November 2021 to March 2022. The model releases particles evenly every 1 h during the heavy pollution period (48 h) under six circulation patterns in Beijing and releases 50,000 particles throughout the simulation period. A total of five vertical layers (10, 100, 500, 1,000, and 5,000 m) were set up, where the particle cluster release height was 10–1,000 m, and the horizontal resolution was 0.125◦×0.125◦. The model comprehensively considers the process of emission transport, turbulent diffusion, and wet and dry deposition and simulates particle dispersion and aggregation, possible source distribution, etc., by calculating the backward transport trajectory of large-scale particles. In this study, the 48-h particle imprints (Zhang Y et al., 2012; Shen et al., 2021) of the entire atmosphere were superimposed under several circulation patterns to obtain a comprehensive imprint distribution which helps in analyzing the source of pollutants and determining the factors affecting the diffusion of pollutants.
3 ANALYSIS AND RESULTS
3.1 Relationship between circulation patterns and pollutant concentrations in Beijing
3.1.1 Characteristics of circulation patterns in the Beijing area
Figure 2 presents the proportions of the six circulation patterns in the 5-months polluted period from 2000 to 2022. Figure 3A presents the results of the weather circulation classification in Beijing during the polluted period from 2000 to 2022. The six circulation patterns are recorded as high pressure in the west with a large pressure gradient (CT1), high pressure in the north (CT2), high pressure in the south (CT3), high pressure in the northwest (CT4), high pressure in the northeast (CT5), high pressure in the southeast and northeast Low-pressure with small pressure gradient (CT6). Among them, CT1 was the most common type, with a frequency of 23.76%, followed by CT2 and CT4, demonstrating a frequency of 23.32% and 21.09%, respectively. From Figure 2 and Figure 3A, it may be observed that CT1, CT2, and CT4 often appear in winter (CT1 often appears in December, CT4 in January, and CT2 in February). The Beijing area was primarily affected by the cold high-pressure system under the control of the three CTs (CT1, CT2, and CT4). The high-pressure centers were located in the west (CT1), north (CT2), and northwest (CT4) of Beijing, far from the Beijing area. The frequency of CT3, CT5, and CT6 demonstrated an initial decreasing and then increasing trend from November to March and often appeared in late autumn (November) and early spring (March). The Beijing area was primarily located at the back of the cold high pressure and was closer to the high-pressure center under the control of CT3, while the area was primarily affected by the offshore high-pressure system and was located at the back of the high-pressure area with a small pressure gradient under the control of CT5 and CT6.
[image: Figure 2]FIGURE 2 | The monthly proportion of six circulation patterns in Beijing during the polluted period from 2000 to 2022.
[image: Figure 3]FIGURE 3 | (A) Six main weather circulation patterns affecting the Beijing area, (B) local wind field under the six circulation patterns (unit: m/s), (C) height (unit: m) distribution of planetary boundary layer under the six circulation patterns, (D) 48 h backward footprint (unit: [image: image] ) under the six circulation patterns simulated by FLEXPART-WRF.
3.1.2 Characteristics of local meteorological elements under six CTs
Figure 3B presents the distribution of the local wind directions and wind speeds under six CTs in Beijing from 2014 to 2022, and Figure 3C presents the distribution of the boundary layer height under the six CTs from 2014 to 2022. Table 1 presents the temperature, relative humidity, wind speed, and boundary layer height under the six CTs from 2014 to 2022. CT1 and CT4 were mainly associated with strong northwesterly wind (average wind speed was 2.3 m/s (CT1) and 2.55 m/s (CT4), respectively). And at this time, the average boundary layer height in the Beijing area was higher (average boundary layer height was 591.97 m (CT1) and 458.46 m (CT4)). Low temperature (average temperature of -2.06 (CT1) and -0.78 (CT4), respectively), dry environment (average relative humidity of 39.47% and 41.86%, respectively), and good horizontal and vertical diffusion conditions make pollutants less likely to accumulate when CT1 and CT4 prevailed. CT2, CT3, CT5, and CT6 were mainly related to the weak northeasterly winds (average wind speeds were 1.69 m/s, 1.36 m/s, 1.54 m/s, 1.34 m/s, respectively), which are not conducive to the horizontal diffusion of pollutants. At the same time, under CT2, CT3, CT5, and CT6 prevailed, the average boundary layer height in the Beijing area was lower (the average boundary layer heights were 104.44 m (CT2), 62.5 m (CT3), 67.31 m (CT5) and 66.32 m (CT6), respectively), which would cause pollutants to accumulate on the surface layer and is not conducive to vertical diffusion. Among them, CT3, CT5, and CT6 are also related to the southwest warm and humid airflow. The temperature in Beijing (average temperature -0.30, 1.01, and 2.04) and the relative humidity (average relative humidity is 60.89%, 66.43%, and 65.25) are therefore relatively higher under CT3, CT5, and CT6 prevailed, respectively, which promotes the hygroscopic growth of particulate matter. The Beijing area was more prone to the accumulation of pollutants under CT3, CT5, and CT6 prevailed.
TABLE 1 | The average concentrations of four major pollutants (PM2.5, NO2, SO2, and CO) as well as the average values of temperature, humidity, wind speed, and boundary layer height under the six circulation patterns from 2014 to 2022.
[image: Table 1]3.1.3 Relationship between pollutant concentrations and circulation patterns
Figure 3D presents the 48-h backward imprint distribution of pollutants simulated by FLEXPART-WRF when severe pollution occurred under the six circulation patterns in Beijing from November 2021 to March 2022. Figure 4 shows the concentration distribution of the four major pollutants under the six circulation patterns in Beijing from 2014 to 2022. Combining Table 1 and Figure 3D, and Figure 4, it may be observed that the concentrations of PM2.5, NO2, SO2, and CO in Beijing are 48.75 μg/m³, 35.81 μg/m³, 7.85 μg/m³ and 0.87 mg/m3, respectively, under the CT1 prevailed, while the concentrations were 50.07 μg/m³, 38.23 μg/m³, 9.01 μg/m³ and 0.88 mg/m³, respectively under the prevail of CT4. Under the prevail of the above two circulation patterns (CT1 and CT4), most of the pollutants traveled from the north-northwest of Beijing, and the residence time was generally relatively small (less than 20 min). The concentrations of pollutants in the Beijing area were relatively low under the prevail of CT1 and CT4. The concentrations of PM2.5, NO2, SO2, and CO were 87.42 μg/m³, 54.24 μg/m³, 14.94 μg/m³, and 1.37 mg/m³, respectively, under CT2 prevailed and the concentrations were 90.54 μg/m³, 55.02 μg/m³, 12.75 μg/m³ and 1.30 mg/m³, respectively under CT6 prevailed. Under the above two circulation patterns (CT2 and CT6) prevailed, the pollutants generally traveled from two directions in the west and east of Beijing, and the pollutant residence time was long (approximately 1 h). The concentration of pollutants in Beijing was the highest at this time. Under CT3 prevailed, the residence time of pollutants was longer (more than 1 h), and the pollutants primarily traveled from the northwest direction. The concentration of pollutants was also relatively high at this time. The average concentrations of PM2.5, NO2, SO2, and CO were 82.67 μg/m³, 50.35 μg/m³, 16.01 μg/m³, and 1.29 mg/m³, respectively. Under CT5 prevailed, the pollutants primarily traveled from the east of Beijing, and the residence time was short (less than 40 min). The concentration of pollutants in Beijing was lower under CT5 prevailed at this time. The average concentrations were 76.12 μg/m³, 52.15 μg/m³, 11.02 μg/m³ and 1.25 mg/m³, respectively.
[image: Figure 4]FIGURE 4 | Concentration distributions of PM2.5, NO2, SO2, and CO under the six circulation patterns in Beijing from 2014 to 2022. The red triangles represent mean values. The bottoms and tops of the lines represent the values of the 5th and 95th percentiles, respectively; the lower sides of the rectangle represent the 25th percentile, the middle line represents the median, and the top lines represents the 75th percentile. The black dots represent the discrete values which are considered outliers to the distribution.
In general, the relationship between the concentrations of the four major pollutants and the CTs in Beijing was relatively consistent. The residence time of the pollutants was relatively small under CT1 and CT4 prevailed, and they traveled from the north-northwest direction. The diffusion conditions were better, and the average concentrations of the pollutants were the lowest. Under CT2 and CT6 prevailed, the pollutants in Beijing traveled from two directions at the same time, and the residence time was long, the diffusion conditions were poor, and the average concentration was high.
3.2 Analysis of CTs and changes in pollutant concentration during the Winter Olympics
3.2.1 Description of the weathering process and the change of pollutant concentration during the Winter Olympics
Figure 5 presents the concentration trends of the four major pollutants before, during, and after the Beijing Winter Olympics in February 2022, as well as the CTs and wind field variation time series. As presented in Figure 5, it can be observed that in February 2022, the overall air quality in Beijing was good, and the pollutant concentration was maintained within the national first-level standard for most of the time. Considering the changes in the concentrations of the four pollutants are similar, PM2.5 was taken as an example to explain. Although there were two pollution incidents (PM2.5 concentration exceeding 35 μg/m³) during the Winter Olympics (gray sections) from 9 February to 13 February and 17 February to 19 February, the PM2.5 concentration only briefly exceeded 75 μg/m³ on 11 February. The air quality was good throughout the Winter Olympics. To further study the influence of meteorological conditions on the changes in pollutant concentrations, a specific analysis of the changes in circulation patterns and wind fields was introduced during the Winter Olympics.
[image: Figure 5]FIGURE 5 | Hourly concentration changes of the four major pollutants (PM2.5, NO2, SO2, and CO) as well as the time series of circulation patterns and wind fields in Beijing in February 2022. The gray sections represent the Beijing winter Olympics (from 4 February 2022 to 20 February 2022), and the red sections represent the period of pollution events.
As can be seen from Figure 5, that before 8 February, the Beijing area was mainly prevailed by CT1 and CT4. The high-pressure area was located in the northwest of Beijing, far from the capital. The pressure gradient was large, and the pollutants would not accumulate under the north westerlies. At this time, the PM2.5 concentration was maintained below 20 μg/m³, the CO concentration was maintained below 0.4 mg/m³, the SO2 concentration was maintained below 3 μg/m³, and the NO2 concentration was maintained below 30 μg/m³. The overall air quality at this stage was considered to be good. The Beijing area was located at the rear of the high-pressure area from 8 February to 11 February under the CT3 and CT6 prevailed. The pressure gradient weakened, the wind speed became lower, and the southwest airflow appeared due to the high pressure at sea at this time. The meteorological conditions were favorable for the accumulation of pollutants. At this time, the PM2.5 concentration exceeded 35 μg/m³, the NO2 concentration exceeded 60 μg/m³, and the air quality was considered to be poor. From 11 February to 13 February, the Beijing area was prevailed by CT2. The high-pressure area was located in the north of Beijing. The east wind brought pollutants back to the capital. The accumulation of pollutants in a short period caused the pollutant concentration to rise. The PM2.5 concentration was maintained at a level higher than 35 μg/m³ for part of the period, and the CO concentration was higher than 1 mg/m³. The Beijing area was first prevailed by CT4 and then by CT2 from 14 February to 17 February. The air quality, therefore, deteriorated again, and the PM2.5 concentration gradually increased from below 20 μg/m³ to nearly 35 μg/m³. During the period from 17 February to 19 February, the southwesterly and northeasterly winds appeared when prevailed by CT2 and CT5, which once again caused a short-term accumulation of pollutants. The CO concentration was maintained at 0.4–0.8 mg/m³, PM2.5 concentration exceeded 50 μg/m³ for a short time, and NO2 concentration exceeded 35 μg/m³. From 19 February to 23 February, the air quality in Beijing was good and remained constant, with the PM2.5, NO2, SO2, and CO concentrations maintained within 20 μg/m³, 35 μg/m³, 3 μg/m³, and 0.4 mg/m³, respectively, when prevailed by CT1 and CT4. From 23 February to 25 February, the southwest airflow caused the pollutants to accumulate continuously under the influence of CT2, CT3, and CT6. The pollutant concentration peaked during the night of February 25, when the PM2.5 concentration reached 120 μg/m³, the NO2 concentration was close to 65 μg/m³, and CO concentration exceeded 1 mg/m³. On February 26, the strong northwest winds under the control of CT1 caused the accumulated pollutants to dissipate rapidly, and the concentrations of PM2.5, NO2, SO2, and CO remained within 10 μg/m³, 10 μg/m³, 2 μg/m³ and 0.2 mg/m³, respectively. From 27 February to 28 February, under CT3 prevailed, the northeasterly and southeasterly winds alternated, and the air quality deteriorated, with PM2.5 and NO2 concentrations approaching 80 μg/m³ and 70 μg/m³, respectively. Soon after 28 February, under CT4 prevailed, the pollutant concentrations decreased rapidly, the air quality improved, and the concentrations of PM2.5, NO2, SO2, and CO remained within 10 μg/m³, 10 μg/m³, 2 μg/m³, 0.1 mg/m³, respectively.
During the period of poor air quality during the Winter Olympics, the corresponding circulation patterns were found to be CT2, CT3, and CT6, indicating that unfavorable dispersion conditions were the main reasons for the poor air quality in some periods during the Winter Olympics.
3.2.2 Variation characteristics of circulation patterns in the past 9 years (2014–2022)
Figure 6 presents the comparison of the frequency of the six circulation patterns during the Beijing Winter Olympics and during the same period from 2014 to 2021. As observed in Figure 6, the frequency of CT1 and CT4 (corresponding to good air quality) from February 2014 to February 2021 accounted for approximately 17% each, while the frequency of CT1 and CT4 during the 2022 Winter Olympics were approximately 25% and 28% (CT1 and CT4 occurred 7 and 8 times, respectively) each. CT1 and CT4 appeared for a total of 15 days during the Winter Olympics, accounting for more than 50% of the total. The frequency of CT2, CT5, and CT6 demonstrated a significant downward trend compared with the same period of the previous years. Among them, the proportion of CT2 and CT6 (corresponding to poor air quality) decreased by 11.6% and 3.6%, respectively.
[image: Figure 6]FIGURE 6 | Comparison of the frequency of the six circulation patterns during the 2022 Beijing Winter Olympics and the same period in 2014–2021.
In general, during the Winter Olympics, the total frequency of CT1 and CT4 increased significantly, and that of CT2, CT3, CT5, and CT6 decreased significantly compared with the same period of the previous years.
3.2.3 48 h footprint distribution during the Winter Olympics
Figure 7 presents the contaminant backward footprint distribution during two small-scale pollution events (from 9 February to 13 February, from 17 February to 19 February), throughout the Winter Olympics, and during February 2022. It can be seen from Figure 7 that the pollutants during the period from 9 February to 13 February primarily traveled from the southeast, while those during the period from 17 February to 19 February mainly traveled from the southwest. This proves that the long-distance transport of pollutants from the sea and central China is the primary cause of these two pollution incidents. During the two small-scale pollution incidents, the particle residence time was generally longer, and the residence time was greater than the retention time during the entire Winter Olympics and February 2022. This proves that the pollutants from the southwest and southeast are affected by weather conditions that are not conducive to rapid transport, resulting in the accumulation of pollutants. During the entire Winter Olympics and 2022.02, the footprints were distributed in the northwest, southwest, southeast, and northeast, and the residence time was generally short (much less than 20 min). In particular, the residence time in the north to northwest was very short. This proved that the pollutants diffused quickly and did not accumulate during most of the period, leading to better air quality.
[image: Figure 7]FIGURE 7 | FLEXPART-WRF backward trajectory simulation of the entire Winter Olympics, 9 February to 13 February, 17 February to 19 February, and February 2022 48-h footprint distribution. The unit is s*kg/m3.
4 DISCUSSION AND CONCLUSION
This study first defines the polluted period in the Beijing area. According to the sea level pressure field from 2000 to 2022, six weather circulation patterns were determined in the Beijing area that affected the polluted period. The local meteorological conditions of these six circulation patterns and their relationship with the concentrations of the four pollutants were analyzed. Finally, the changing trend of pollutants during the Winter Olympics was analyzed by combining the circulation pattern changes and footprint analysis. The following conclusions were drawn:
1) Higher pollutant concentrations are associated with specific circulation patterns. The concentration of pollutants was generally relatively low when the Beijing area was prevailed by CT1 and CT4. The footprints primarily traveled from the north-northwest direction, and the residence time was short. On the contrary, the air quality was poor when this area was prevailed by CT2, CT3, and CT6. The footprints traveled from both the western and eastern directions during this time, with the residence time being longer.
2) The obvious increase in the frequency of CT1 and CT4 during the Beijing Winter Olympics is the main reason for the overall improved air quality during that time.
3) Small-scale pollution events during the Beijing Winter Olympics were related to CT2, CT3, and CT6. The pollutants traveled through long-distance transportation in central China and the sea. The blocking conditions caused by the southwest and the eastern offshore airflow are the main reasons for the formation of pollution events.
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