[image: image1]Changes in the height of the pollution boundary layer and their meteorological effects on the distribution of surface ozone concentrations

		ORIGINAL RESEARCH
published: 12 December 2022
doi: 10.3389/fenvs.2022.1094404


[image: image2]
Changes in the height of the pollution boundary layer and their meteorological effects on the distribution of surface ozone concentrations
Liangke Liu1, Xiaoye Zhang2, Jizhi Wang2*, Yuanqin Yang2, Wenxing Jia2, Junting Zhong2, Xiaofe Jiang3 and Yaqiang Wang2
1Department of Earth System Science, Tsinghua University, Beijing, China
2State Key Laboratory of Severe Weather and Key Laboratory of Atmospheric Chemistry of CMA, Chinese Academy of Meteorological Sciences, Beijing, China
3China Meteorological Administration Training Centre, Beijing, China
Edited by:
Zhiyuan Hu, School of atmospheric sciences, Sun Yat-sen University, China
Reviewed by:
Wei Han, CMA Earth System Modeling and Prediction Center, China
Hongsheng Zhang, Peking University, China
* Correspondence: Jizhi Wang, jzwang@cma.gov.cn
Specialty section: This article was submitted to Atmosphere and Climate, a section of the journal Frontiers in Environmental Science
Received: 10 November 2022
Accepted: 24 November 2022
Published: 12 December 2022
Citation: Liu L, Zhang X, Wang J, Yang Y, Jia W, Zhong J, Jiang X and Wang Y (2022) Changes in the height of the pollution boundary layer and their meteorological effects on the distribution of surface ozone concentrations. Front. Environ. Sci. 10:1094404. doi: 10.3389/fenvs.2022.1094404

Focusing on the key air pollution regions in China by using hourly automatic weather data, ground-based and high-altitude meteorological sounding data, and near-surface O3 monitoring data, here, we try to quantify the relationship between boundary layer meteorological condition and near-surface O3 concentrations. The key meteorological element includes changes in solar zenith angle, cloud height, atmospheric condensation rate, and the associated change in the boundary layer height. We also try to better understand the mechanisms by which meteorological conditions affect near-surface O3 concentrations, and it is found that the exponential increase in near-surface O3 concentrations after sunrise (called the O3 concentration entrainment, EZ) is meaningfully associated with exceeding the threshold of a water vapor condensation rate (fc) that is often closely linked to a significant rise in the pollution boundary layer and that this proves to be diagnostically important for understanding the O3 EZ. Diurnal variations in solar zenith angle and boundary layer height are key meteorological factors influencing the large increase in near-surface O3 concentration entrainment.
Keywords: entrainment ozone (EZ) effect, solar zenith angle changes, height of pollution mixing layer (H_PML), O3 growth by power exponential law, the conversion of precursor of O3
HIGHLIGHTS

• Threshold of fc for driving to the increments of O3 in the entrainment ozone (EZ) effect
• Combined spike of LCL and pollution mixing layers after sunrise favors the EZ effect
• Power exponential conversion is a favorable meteorological condition for O3 growth
1 INTRODUCTION
With the continuous reduction of fine particle concentrations, the air quality during heavy pollution in winter has improved significantly; however, the heavy pollution events of ozone (O3) in summer have gradually increased, causing widespread concern among the scientific and technological community, government, and the public. It is well-known that O3 is driven by photochemical reactions triggered by both direct and indirect solar radiation. Nevertheless, in most cases, there is some uncertainty in the calculation of the chemical mechanism compared to the actual O3 observations. Based on the long-term observational data during 2015–2022 in three representative regions, namely, Beijing, Hangzhou, and Guangzhou, this study attempts to discuss the influence of meteorological conditions on O3.
In recent years, surface O3 pollution has tended to increase. Some progress has been made with regard to the effects of meteorological conditions on O3 concentrations near the ground (Andreas and Jochen, 2004).
With rapid economic growth, increase in O3 in the troposphere is an evident trend. Air quality observations in 74 cities of China, in recent years, linked the rise in regional O3 concentrations to weather and climate factors. Under global warming, a high O3 concentration in the lower atmosphere becomes a frequent event in the North China, Yangtze, and Pearl River deltas. In the summer of 2017, the air temperature was higher than normal across most of China. Under the persistent high temperature, O3 pollution occurred in north, northeast, and northwest of China from 17–19 July. Particularly, it lasted longer over Beijing. Based on the data from the Beijing Environmental Protection Monitoring Center starting from May 2017, O3 concentration began to increase from between 08:00 and 09:00 a.m. in the Beijing–Tianjin–Hebei region, and sometimes it continued to increase even till 12:00 p.m. lasting for about a month from 1 July, the primary pollutant over Beijing was O3. At 14:00 on 25 June 2022, the O3 concentration increased as high as 297 μg/m3, which has been achieving record O3 concentration in June for the past 10 years. The “excessively high O3 readings” became a new focus of concern. Some studies claimed that sometimes PM2.5 concentration decreases with increasing O3 concentration at the same time. Although this assertion has given some food for thought, it still lacks in-depth studies and common understanding.
Therefore, the commonality interaction of the influence of atmospheric physical processes and photochemical reactions on ozone has made some progress. Recently, some studies on the contribution of meteorological conditions to O3 concentration increase apart from chemical processes have been recognized. Using meteorological data from the period of June 2004 to July 2004 from the national park of the Tunisian coast, it is found that O3 concentration variation in summer is closely related to weather elements such as air temperature, rainfall, and wind over the coastal region. Their experimental study suggested that the local environment and meteorological conditions significantly influence temporal and spatial variations in O3 distribution (Mechergui et al., 2009). Alghamdi et al. investigated the effects of relevant meteorological variables on frequently high NO2 and O3 concentrations in the coastal cities of Saudi Arabia in 2012–2013. They discussed the influence of seasonal variations under meteorological conditions on the O3 concentration and indicated that O3 concentration values peak in the summer and drop in the winter (Andreas and Jochen 2004). In recent years, observations and calculations of heavy O3 pollution in Hangzhou in YRD, Guangzhou in PRD, Chengdu in Sichuan, and Beijing in the North China Plain have shown the importance of meteorological conditions (Wang and Chai, 2002; Li CH. et al., 2015; Li J. et al., 2015; Hu YT. et al., 2016). Using data from two observing stations in the vicinity of Hong Kong (the stations represent an inland area and an offshore sea.), Wang et al. conducted an observational study on the concentrations of major air pollutants and secondary substances (O3, NO, NO2, and SO2) on a synchronous basis.
On the basis of further studies of the composite PLAM (parameter linking air-quality to meteorological condition) index of meteorological conditions for O3 pollution and via observational data analyses, we focused on the contribution of meteorological conditions to O3 pollution in four pollution-sensitive areas: YRD, PRD, North China Plain, and Sichuan, which are frequently exposed to pollution caused by high O3 concentrations, and investigated their commonalities and influence mechanisms, and an objective description of the regional and seasonal condition was given. Recently, this study explored how meteorological conditions contributed to O3 pollution in all seasons on the basis of further studies of the PLAM index (Wang et al., 2019). Although some progress has been made in investigating the influences of meteorological conditions on air quality, in recent years, it remains in the qualitative analysis stage; model-based studies are found lacking in the objective description of the possible mechanism of meteorological contributions to O3 pollution. It is particularly noteworthy that the mechanism of the influence of atmospheric microphysical processes on near-ground ozone needs to be further explored. In recent years, it has been necessary to analyze and study the influence of high-resolution atmospheric detection information on ozone concentration.
In densely populated areas with rapid economic growth, many hydrocarbons and nitrogen oxides are emitted into the atmosphere. As a strong oxidizing agent, O3 plays an important role in several processes of atmospheric chemistry. There are many research findings about the mechanism of O3 genesis from the perspective of atmospheric chemistry, making much progress in this aspect. For example, previous reports have linked O3 to the decomposition and oxidation of organic compounds, oxidation of SO2, and transformation of NO2. However, when NO2 exists in the troposphere, it is easy to observe O3 genesis under certain atmospheric conditions (Webb and Steven, 1986). Although the impacts of clouds and aerosols on the climate have been studied for decades, it remains a complex and unsolved problem. The aerosol effect on enhancing cloud albedo is often called the first aerosol indirect effect. For climate patterns with uncertainties, the impact of atmospheric clouds is important because it is difficult to exclude the influence of different surface fluxes on turbulence dynamics, including the impact of cloud characteristics on the O3 concentrations; therefore, the influence of meteorological conditions on atmospheric surface O3 concentrations needs to be carefully studied and diagnosed (Wang and McFarquhar, 2008).
From the perspective of the traditional photochemistry-based description of O3 generation mechanism, it is well-known that O3 is driven by photochemical reactions initiated by solar radiation (for sure including direct and indirect solar radiation). Most studies with a relatively higher citation rate suggest that the discussions on photo-dissociation dynamics based on solar radiation and diurnal variation of the O3 peak value in the lower atmosphere are closely related to specific values of volatile organic compounds (VOCs) and nitrogen oxides (NOX). The solar radiation causes photo-dissociation of NO2, which is the initial reaction to form haze. A steady-state concentration of O3 is expressed as follows (Eq. 1) (Madronich and Flocke, 1999; Textor et al., 2006):
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where j is the photolysis frequency of NO2, k is the rate coefficient for the NO reaction, and the brackets denote the concentrations of O3, NO2, and NO. The aforementioned relationship of NO, NO2, and O3 is called a steady-state relationship. Its dynamic equation is also given by Eq. 2 (Tang et al., 2006), which shows the solar radiation causes photo-dissociation of NO2, which is the initial reaction to form smog. Its dynamic equation is given also as follows (Tang et al., 2006):
[image: image]
Here, the basic photochemical cycle of NO2, NO, and O3 is the fundamental source for O3 genesis; k1 and k2 are the constants of transformation efficiency in chemical reactions; [image: image] = 0.01 × 10–6 can also be expressed as α = [image: image] ≈ 0.01 × 10–6 to describe the aforementioned transformation efficiency coefficient.
Nevertheless, recent findings show that the observed concentration of O3 transformed from NO2 is much larger than that given in Eq. 2. This allows us to speculate that some other factors beyond photochemistry in the troposphere may contribute to the high O3 concentration.
As mentioned previously, the chemical mechanism of O3 is an approximation. Values j or k and α depend on molecular parameters (absorption cross sections and photo-dissociation quantum yields) that are specific to the photo-reaction of interest, and on the availability of solar radiation at any specific location in the atmosphere (Tang et al., 2006).
Therefore, influenced by solar radiation, the diurnal change of the atmosphere is one of the important characteristics of the influence of meteorological conditions on the spatio-temporal redistribution of aerosols. The effect of the diurnal change of the solar zenith angle on the O3 generation efficiency of light radiation in a specific region is the influence of the regional solar zenith angle diurnal meteorological conditions.
It is worth noting that Wallace and Hobbs proposed for the first time in their second edition of < Atmospheric Science > that during the destruction of the temperature inversion layer before and after sunrise, a consistency concept that the atmospheric lifting condensation level (LCL) variation in line with the height of the boundary layer (the height of the pollution mixing layer) can be increased rapidly as the solar zenith angle changes to a particular stage. They pointed out why it is closely related to the entrained O3 layer (EZ) and the height of this polluting mixed layer (Wallace and Hobbs, 2006; Wang et al., 2017). However, research and observational information in this area are very scarce.
The intensity of solar ultraviolet radiation, the atmospheric channel of sunlight, and especially the impact of near-surface atmospheric meteorological conditions are extremely important factors affecting the troposphere O3. When the solar zenith angle changes, the reflection path length of solar radiation passing through clouds with different structures naturally changes, which affects the O3 content in the atmosphere (Browning, 1973; Bohn et al., 2008). Changes in cloud structure and solar zenith angles have superimposed and feedback effects on O3 concentration. It not only drives the height change of the mixed pollution layer before and after sunrise but could also likely accompany the “EZ” process to further update the spatio-temporal distribution and change of O3 concentrations. However, there is also a lack of data and research on these aspects.
In this study, we aim to explore the relationship between cloud height, atmospheric condensation rate, and solar zenith angle change based on the analysis of high-resolution information and calculation and explore the height change of the mixed layer of atmospheric pollution and its influence on the distribution of the surface O3 concentration.
2 DATA METHODOLOGY
2.1 Data
This study uses hourly resolution automatic weather station (AWS) data, ground and high-altitude observation data from the National Information Center (CMA) of the China Meteorological Administration, and atmospheric composition observations (http://www.zhb.gov.cn/hjzl/) of the Ministry of Ecology and Environment. In order to further study the spatio-temporal distribution of large-scale, persistent aerosol pollution, the parameters linking air-quality to meteorological conditions are discussed to indicate the spatial and temporal objective distribution of aerosol pollution (Wang et al., 2017). The parameters and calculation methods in this article are as follows.
2.2 Height of the pollution mixing layer
Hu et al. pointed out that while planetary boundary layer (PBL) parameterization is critical for air quality studies, constrained air quality simulations by PBL parametric schemes are not well-quantified under heavy fog pollution boundary layer conditions (Hu M. et al., 2016).
Currently, the way the boundary layer describes the effects of air pollution can be easily copied and can be confusing. For example, the PBL usually refers to the large-scale Ekman dynamic boundary layer. The concept of the PBL is simply used to assess the characteristics of air pollution associated with the near-surface boundary layer that may not be rigorous enough. For the measurement of heavy haze pollution, one of the selected functions of the parameterization scheme is to determine whether the air mass at a specific location meets the wet static stable state of “high humidity” but “rain is difficult to form” (Wallace and Hobbs, 2006; Wang et al., 2017). According to the definition of the wet potential temperature θe in Eq. 3, when the property in a particular layer (expressed by P coordinate) of the atmosphere reaches saturation, the saturation mixing ratio is W (W=Ws). Since Rd/Cp (0.288) is a constant in Eq. 3, under this height of the particular layer (expressed by P), it is very conducive for the continuous mixing of pollution when the condensation function fc reaches the critical value of condensation. It should be noted that this is the threshold that needs to be captured, under the condition that the raindrops are yet to be formed.
That is, one of the functions of the air pollution meteorological conditions index is to indicate whether the local air masses are “stationary” with little variability. θe is an important parameter to characterize air mass properties (Holmboe et al., 1952; Yang et al., 1982): 
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where Cp, L, ws, and Rd are the meteorological parameters of specific heat with constant pressure, latent heat of water vapor condensation, saturation mixing ratio, and gas constant of the dry air, respectively.
The processes and structures of the atmospheric micro-scale flow field, condensation, and mechanisms of clouds and precipitation are intrinsically linked. Much progress has been achieved in these aspects associated with air pollution contributions, as well as the emission disturbance changes under different meteorological conditions (Gao and Zhou, 2005; Wang et al., 2012). When the fc reaches the critical value of condensation, but without raindrop formation, the atmosphere is very favorable for the continuation of pollution mixing, for the wetting of particles, and accelerating the formation of new particles for the generation of secondary pollution (Kulmala et al., 2004; Shen et al., 2016). At this time, it is necessary to pay attention to capturing “the threshold” related to humidity for a value that is high enough, but not too high. At this atmospheric layer height, the height of pollution mixing layer (H_PML), a precursor signal of air pollution, will appear (Wang et al., 2017).
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where es is the saturation water vapor pressure, that is, the capturing and calculation of the precursory signal of atmospheric pollution mixing layer height.
Wallace and Hobbes proposed first in their second edition of < Atmospheric Science > that during the period before and after sunrise, destruction of the inversion layer due to warming of the strata near the atmosphere results in an increase in atmospheric lifting condensation levels (LCLs), which causes the height of the LCL and the boundary layer and the height of the pollution mixing layer to converge to the same height. The height of the pollution mixing layer increases rapidly again as the solar zenith angle changes. This illustrates why the efficiency of the EZ is closely related to the height of the contaminated mixed layer (Wallace and Hobbs, 2006; Wang et al., 2017).
Trousdell et al. (2016) pointed out that the photochemical productivity of O3 is closely related to the EZ rate of polluting mixed layers. EZ velocity is the parametric rate at which free tropospheric air is incorporated into the atmospheric boundary layer (ABL).
2.3 Atmospheric condensation and super-saturation
Zhang et al. (2005) discussed typical cases of heavy fog–haze processes and boundary layer characteristics in Beijing in 2001. The results showed that the threshold of condensation rate before and after the thick haze had a significant effect on the aerosol pollution of NO2 and SO2 concentration (see Figure 1).
[image: Figure 1]FIGURE 1 | Evolution of the hourly condensation function fc and NO2 during the severe fog–haze process in Beijing in February 2001, “[image: FX 1]” represents the solar zenith angle for the local time (Zhang et al., 2005).
The threshold of condensation rate was captured by the decrease of NOx as the O3 precursor in the hourly resolution observations. As shown in Figure 1, from Beijing local time of 02:00 on February 20 to 08:00 on February 22 in 2001, after a period of continuous elevation of the fc for 48 h, severe haze appeared, and at 13:00 on 21 February 2002, when the solar zenith angle peaked, NO2 was as high as 650, and fc continued to increase to a threshold of up to 1.11. Subsequently, it quickly dropped to the lowest. This so called threshold value was high enough, but yet not too high (Zhang et al., 2005).
The expression of the condensation function (condensation rate) mentioned previously is given by Eq. 5 (Zhang et al., 2005):
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where [image: image] is the dry insulation rate (C°m−1) and Cp, L, qs, and [image: image] are the meteorological parameters of the specific heat with constant pressure, latent heat of water vapor condensation, saturation specific humidity, and dry air condensation rate, respectively. The condensation function is a function of super-saturation (S). The super-saturation degree is a physical quantity that is expressed in percentage (Wang et al., 2017).
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where e and es are the water vapor pressure and saturated water vapor pressure, respectively. That is, for the nature of air quality, under the condition of large-scale processes, with “uniformity” and “static” (iso-θe), and associated with the microphysical process of atmospheric condensation described by the appropriate fc (threshold), the clouds, haze, and other weather conditions would occur differently. These parameters also coordinate with each other, creating a relationship of interdependence and mutual constraints (Wang et al., 2017). The studies have also suggested that the atmospheric condensation rate fc, as a wet driver of micro-meteorological conditions, can accelerate and catalyze O3 precursors to form secondary pollution. This power exponential conversion law describes changes in O3 concentrations due to special micro-scale meteorological processes that is given as (Wang et al., 2019)
[image: image]
χ represents the O3 precursor of NOx or VOCs, etc., ß is the condensation function (fc), and α ≈ 10.0×103
3 RESULTS AND DISCUSSION
3.1 Characteristics of polluted weather and H_PML in Beijing, North China, from February 11 to 13, 2022
Figure 2A shows the observed distribution of an hour-by-hour O3 in February 2022 and the hour-by-hour fluctuation in the pollution boundary layer height H_PML calculated by Eq. 4, and Figure 2B shows the observed distribution of hour-by-hour O3 and the amplified detailed distribution of the H_PML fluctuations of the pollution boundary layer in Figure 2A from February 10 to 11. Figure 2C shows a weather map of the surface at 14:00 (BJT) on February 11. The figures indicate that
1) there was a significant daily change in the H_PML (red line), that is, the H_PML increased during the day and decreased at night. The peaks of the diurnal variation corresponded to the peaks of the O3 concentration observed (green line).
[image: Figure 2]FIGURE 2 | (A) Hour-by-hour O3 and H_PML changes in February 2022 in Beijing, (B) hour-by-hour detailed distribution of O3 and the height of H_PML fluctuations from December 10–11 in (A), and (C) ground weather map at 14:00 (BJT) on February 11 in Beijing.
As shown in Figure 2A, during the period February 10–15 and February 24–28, 2022, Beijing experienced two cases of smog (see the haze weather symbol at the bottom of Figure 2A), in which O3 and PM2.5 concentrations increased. There were two significantly polluted weather processes in February 2022 in Beijing, where the air quality dropped significantly. At 15:00 on 10 February 2022, an O3 concentration of 96 μg/m3 was observed, and at 14:00 on 11 February 2022, an O3 concentration of 98 μg/m3 was observed (see Figure 2B), and PM10 increased significantly. From February 8 to 13, the intermittent fog–haze weather in Beijing lasted for 120 h, and drifting snow was observed (large area of haze or snow weather occurred in and around Beijing) (see the surface weather map of Figure 2B). Beijing’s fog–haze, gloomy low-visibility conditions affected the official schedule of some of the Winter Olympics events. At that time, the schedule of some events, including the women’s U-shaped ski competition, was affected and got appropriately delayed.
2) In February 2022, in addition to the significant daily changes in the height of the boundary layer (H_PML), a long period of continuous increase was noted. For example, at 05:00 on 10 February 2022, the peak with the H_PML continued to increase from 2,400 m to 2,900 m till 15:00 on February 10. Also, from 05:00–14:00 on February 11, it increased again to 3,252 m (see the dotted line arrow in Figure 2A).
3) It can be seen from Figure 2B that from the afternoon to evening the pollution developed rapidly and the air quality dropped significantly. In Figure 2B, the detailed distribution of day-to-day fluctuations in the H_PML of the pollution boundary layer from February 10 to 11 can be seen, and pollution developed rapidly from afternoon to evening, deteriorating the air quality significantly. On February 10, at 15:00, the O3 concentration was observed to be 96 μg/m3, and from 0:00 to 10:00 on February 10, Beijing experienced continuous haze for 10 h. On February 11, from 4:00 to 23:00, the haze weather continued for nearly 20 h, the O3 concentration observed at 14:00 was 98 μg/m3 (see the weather symbol note at the bottom of Figure 2B and the haze weather symbol note at the bottom of Figure 2C, the ground weather map), the haze weather in Beijing and North China continued, and the sky conditions were obscure.
3.2 Analysis and calculation of the entrained ozone (EZ) rate and its associated increase in O3 concentration by H_PML changes before and after sunrise
Studies indicated that during daytime over continents, when near-surface ozone (O3) usually peaks, the convective thermal energy generated by surface heating rises and penetrates into the stable layer, which divides the interface attachment between the turbulent atmospheric boundary layer (ABL), or the so-called pollution mixing layer (PML), and the free troposphere (FT) (its height is so-called LFC) above it. The continuous action of these heats permeates the laminar-covered air and falls back to the pollution boundary layer, producing an irreversible mixing process that causes the layer to grow with the layers of LFC, i.e., the H_PWL is consistent with the height of the free troposphere (LFC). The whole process is called entrainment. When the two layers contain different amounts of any scalar quantities (e.g., ozone concentration, water vapor, and entropy), this mixture is often an important contributor to scalar PWL budgets (Albrecht et al., 2016).
Lenschow et al. argued that calculating the change in mixed layer height (zi) before and after sunrise can derive the entrainment velocity of increasing O3, considering the relationship between the observed local ABL lifting rate and the average vertical velocity at the height of temperature inversion (Angevine, 1997; Lenschow et al., 1999). The aircraft-based study shows that ABL budgeting can help check regional emission rates and photochemical production rates. However, for the O3 budget, a detailed comparison with the photochemical model reveals the obvious weaknesses in the current model, including an indication about whether the difficulty lies in the kinetics (transmission) or in the chemical aspects of numerical work. Evaluation of detection accuracy and associated huge cost are also among the constraints. However, as Wallace et al. mentioned previously, during the destruction of the temperature inversion layer around sunrise, the LCL variation in line with the height of the boundary layer and the height of the pollution mixing layer increases rapidly with a change in the solar zenith angle. It is convenient and reasonable to calculate the height changes of this polluting mixed layer. Eq. 4 (for calculating the H_PML) can be used to link with the entrainment velocity of O3 growth. By using Eq.7, the increasing O3 driven by the threshold fc before and after sunrise can be calculated so that it can also be reasonable to calculate the EZ rate of polluting mixed layers, which is associated with the increased O3 concentration.
3.2.1 Correlation characteristics between O3 pollution and H_PML in Beijing in February 2022
Figure 3A is a comprehensive analysis of an hour-based resolution of daily-evolution of O3 in the local time, as well as H_PML in February 2022 in Beijing, while Figure 3B shows the correlation between hourly O3 and H_PML in February 2022 in Beijing. From Figure 3, we can see the following:
1) in the winter of February 2022, the comprehensive correlation analysis of daily local-time hourly O3 and H_PML shows that as the change of the solar zenith angle has a remarkable and instant effect on the O3 concentration, H_PML increased from 2,500 m (positive anomaly 500 m, for average 2000 m) at 7:00 a.m. to 3,200 m (i.e., positive anomaly 1,200 m) at 12:00 noon (indicated by a blue dot in Figure 3A), with increase in the solar zenith angle during sunrise. Accordingly, O3 concentrations increased from 65 μg/m3 at 7:00 to 80 μg/m3 at 12:00 p.m. Peaks at nearly 100 μg/m3 were reached at 14:00 p.m. Such an O3 concentration value is not common in Beijing in February during winter. It was shown that the EZ effect contributed significantly to the increase in O3 concentrations with the sharp rise of the pollution mixing layer after sunrise.
2) Correlation analysis of H_PML and O3 concentrations in an hourly resolution in February (Figure 3B) shows that H_PML significantly positively correlated with O3 concentrations. The correlation coefficient (R2) was 0.44, which was significant at 0.001. A direct influence of the EZ effect on O3 concentrations was further confirmed by the sharp rise of the concomitant pollution mixing layer after sunrise (Figure 3A).
[image: Figure 3]FIGURE 3 | (A) Comprehensive analysis of O3 and δH_PML at hourly resolution in Beijing in February 2022, where the δH-PML is the anomaly labeled as the average value of 2000 m. (B) Analysis of O3 and H_PML with hourly resolution in Beijing in February 2022.
3.2.2 Correlation characteristics between O3 pollution and H_PML in Beijing in June 2022
Figure 4A shows the hourly variations of O3 in June 2022 and the daytime fluctuations in the H_PML calculated by Eq. 4, as well as the hourly change in PM2.5. Figure 4B shows the comprehensive analysis between hourly O3 and δH_PML in June 2022 with the left ordinate being δH-PML, where the δH-PML is the anomaly labeled as the average value of 1000 m. Figure 4C is a correlation analysis of O3 and H_PML based on the hourly resolution in local time in June 2022. Figure 4 indicates that
1) the solar altitude angle changed considerably with local time daily in the summer of June 2022. O3 concentrations increased during the day and decreased at night.
2) For the typical month of heavy O3 pollution in summer, the relevant comprehensive analysis of the daily local-time hourly resolution of O3 and H_PML in June 2022 showed that the daily change of the solar zenith angle had a significant effect on the O3 concentration than those in winter. H_PML of 1,600 m at 7:00 a.m. (600 m for the positive anomaly, the average value is for 1,000 m) reached 4,200 m (namely, 3,200 m for the positive anomaly) at 12:00 noon (Figure 4A blue dot), which was 1,000 m higher than that in February, and it further rose to 4,800 m again after 3 h. During sunrise, with the change in the solar zenith angle, the height of the pollution mixing layer H_PML sharply increased, which was calculated according to Eq. 4.
3) Correspondingly, O3 concentrations increased from 150 μg/m3 at 7:00 a.m. to 220 μg/m3 at 12:00 p.m. A peak at nearly 300 μg/m3 was observed at 20:00 p.m. This O3 concentration value is rare, in recent years, in Beijing in June. It was shown that in summer, with the sharp rise of the pollution mixing layer after sunrise, the EZ effect contributed significantly to the increase in O3 concentrations.
4) Correlation analysis of H_PML and hourly O3 concentrations in June (Figure 4C) shows that H_PML significantly positively correlated with O3 concentrations. The correlation coefficient (R2) was 0.14, and it was significant at level 0.01. It is further confirmed that (Figures 4A,B) there is a sharp rise in the height of the sewage mixed layer after sunrise in summer.
5) The superimposed effect of the EZ contribution on the O3 concentrations, driven by the changes in the local solar zenith angle, is an important reason for the ultra-high O3 concentration in the summer of 2022. In Figure 4A, the increase in O3 concentration driven by the change in solar zenith angle is synchronized with the increase in O3 concentration due to the sharp rise in H_PML, and the proliferation of O3 concentration is superimposed during the second half of June. At 14:00 on June 24, at the peak moment of the solar zenith angle, the H_PML sharply rose to 3,861 m, and 24 h later, at 14:00 on June 25, the O3 concentration increased as high as 297 μg/m3, achieving the record high O3 concentration in June in the past 10 years.
[image: Figure 4]FIGURE 4 | (A) Observed distribution of hour-by-hour O3 in June 2022 in Beijing and daytime fluctuations in the pollution boundary layer height H-PML calculated by Eq. 4, as well as hourly changes of PM2.5. (B) Comprehensive analysis of O3 and δH_PML at the local time of hourly resolution in June 2022 in Beijing, The ordinate (left) is for δH-PML, where the δH-PML is the anomaly labeled as the average value of 1000 m. (C) Correlation between the hourly O3 and H_PML in June 2022 in Beijing.
3.2.3 Seasonal and regional characteristics of the contribution of EZ effect and solar zenith angle to the increase in O3 concentration
To explore the universal significance of the contribution of the EZ effect on the enhancement of O3 concentrations by solar zenith angle change to the height change of the pollution mixed layer, this section discusses the contribution characteristics of the EZ effect of each season at selected stations at Beijing, Hangzhou, Guangzhou, and Chengdu, which are representatives of the four typical polluted areas, i.e., North China, Yangtze River Delta, the Pearl River Delta, and Sichuan Basin. Figure 5A shows a comprehensive analysis of O3 and δNO2 in Beijing in February 2022 at local hourly resolution. The contents in Figures 5B–D are the same, showing haze in Guangzhou in the winter of 2015, Chengdu in December 2015, and the transition season (autumn) in Hangzhou in September 2015. Figure 5 shows
1) the mega-cities such as Beijing, Hangzhou, Guangzhou, and Chengdu are densely populated and are representative stations of typical areas of air pollution in China, including O3 pollution (Zhang et al., 2012). Figure 5 shows that the effects of the solar zenith angle diurnal changes to the height change of the pollution mixing layer on O3 concentration hyperplasia are common in these four typical areas. The red dot indicates the O3 concentration, and the high value appeared 3–5 h after the peak of the solar zenith angle.
2) O3 concentration as high as 100 μg/m3 in Beijing, North China, was observed in early spring and February, and in the typical winter of December 2015, O3 pollution was heavier in Chengdu Basin area, reaching 140 μg/m3 and in the Pearl River Delta reaching 90 μg/m3.
[image: Figure 5]FIGURE 5 | (A)Correlation comprehensive analysis of O3 and δNO2 in February 2022 hourly resolution local time in February 2022 in Beijing, (B) content is the same as (A), the place and time of the shift is Hangzhou, September 2015, (C) content is the same, but the place and time are Guangzhou, December 2015, and (D) content is the same as (A), the place and time are Chengdu in December 2015.
However, in the autumn, the concentration of O3 in the Hangzhou region of the Yangtze River Delta reached 300 μg/m3.
3) An important common feature during the temperature inversion at night is that as the NO2 concentration decreases, the O3 concentration gradually increases, and during the peak period of the solar zenith angle (at 12:00 local time), the temperature inversion is destroyed, the O3 jump is extremely rapid, and the peak of the O3 appears at 15:00–17:00 p.m. This explains the link between the high degree of the pollution mixing layer and the solar zenith angle change.
The contribution of EZ effect to the increase of O3 concentration due to the change of H_PML in the above-mentioned major impact regions of China (North China Plain, Yangtze River Delta, Pearl River Delta and Sichuan Basin), including the increase magnitude and lag time, is consistent with the variation of solar zenith angle. Thus, the meteorological impact has universal characteristics.
3.3 Correlation analysis of the power-exponential increase in O3 concentration driven by the condensation function threshold
3.3.1 Contribution of NO2 as an O3 precursor on the power-exponential growth of O3 concentration and the threshold of condensation function fc
As mentioned previously, previous studies showed that solar radiation causes photo-dissociation of NO2. However, thorough understanding on how NO2 is influenced by meteorological conditions to generate O3, the power exponent law of NO2 conversion to O3, and the driving mechanism of the fc threshold is very important.
As given in Figure 5, an increase in O3 concentration is caused within a few hours after sunrise. According to an analysis of the meteorological conditions after sunrise, the initial decrease and subsequent increase in NO2 versus O3 concentration satisfy the law of exponent power rule, according to which seasonal and regional differences in coastal and inland areas depend on coefficients α and β (Wang et al., 2019).
3.3.2 The driving mechanism of meteorological conditions for the EZ effect on the power-exponential growth of O3 concentration
As can be seen from the discussion in Sections 3.3 and 3.3.1, the power exponential increase in O3 concentration is due to the decrease of NO2 as a precursor, that is, the EZ effect that occurs near the boundary layer under the corresponding meteorological conditions. To further reveal the contribution mechanism of the EZ effect and explore the driving factors of meteorological condition, Figure 6A shows the correlation analysis of hourly O3 and pre-6 h NO2 concentration in February 2022 in Beijing, and Figure 6B shows the correlation analysis between hourly O3 and fc in February 2022 in Beijing. Figure 6 shows the following:
1) Figure 6A shows that February is the winter representative month. As an O3 precursor, NO2 showed a significant power exponent negative correlation with O3 concentration, and the correlation coefficient (R2) reached 0.33, with a significance level exceeding 0.001, that is, the low value of NO2 corresponded to the increase in O3 concentrations after 6 h, which coincides with the period of rise in the height of the mixed layer after sunrise (Figure 6). This implies that the EZ value-added effect is closely related to the exponential increase of O3 supported by the reduction of NO2 concentrations.
2) The correlation analysis of the February 2022 hourly resolution O3 and the fc observed synchronously (Figure 6B) shows that O3 increase and fc positively correlated with the e-exponent, with correlation coefficient (R2) 0.15, and significance level exceeding 0.01. The threshold (lowest value) of the fc was 0.7, which coincides with the increase in the O3 concentration as calculated in Figure 6A, and the decrease in the concentration of the precursor NO2, whose power exponent value was 0.73. Comparison of Figures 6A,B shows that, the threshold of fc 0.7 is the key value of the O3 precursor NO2 to the O3 concentration, that is, to support the value-added EZ effects.
3) As shown in Figure 6C, June is the summer representative month. It is well-known that summer is characterized by a high value of O3 concentrations everywhere. In June 2022 in Beijing, the O3 precursor NO2 was still inextricably bound to the O3 concentration, the correlation coefficient (R2) was 0.05, and the level of significance was lower than that in winter. The period of increase in the height of its mixed layer after sunrise also appeared consistently after 6 h. This shows that in summer, even if the O3 concentration increases considerably, the value-added effect of EZ and the power-exponential growth law of O3 supported by the reduction of NO2 concentration still have distinct consistent characteristics.
4) As shown in Figure 6D, the threshold (lowest value) of the fc in June was 1.85, which is more consistent with the increase in the O3 concentration calculated in Figure 6C and the decrease in the concentration of the precursor NO2, and its power exponent value of 0.21 is also more consistent. It shows that the summer threshold of fc was 1.85 in the hot, high-temperature, and high-humidity summer in Beijing, which is the key value of the O3 precursor NO2 to the O3 concentration and supports the value-added effect of EZ.
[image: Figure 6]FIGURE 6 | (A) Correlation analysis of the hourly resolution O3 and NO2 before 6H in Beijing in February 2022, (B) correlation analysis between the hourly resolution O3 and condensation function (fc) in February 2022, (C) content is the same as (A), but the time is June 2022 in Beijing, and (D) content is the same as (B), but the time is June 2022 in Beijing.
Comparative analysis of winter and summer confirmed that the contribution of O3 precursor NO2 to the power-exponential increase of the O3 concentration, as well as the fc threshold of the adhesion function of the pollution boundary layer, were of great significance in supporting the value-added effect of EZ (Figures 6, 7).
[image: Figure 7]FIGURE 7 | Comprehensive physical images of key meteorological factors affecting large increases in the near-surface O3 concentration entrainment (O3 EZ) due to variations in solar zenith angle and boundary layer height serve.
4 CONCLUSIONS
The preliminary findings of the current study are as follows.
In this study, the relationships among cloud height and atmospheric condensation rate and solar zenith angle change were discussed by the analysis of information based on the hourly resolution and calculation, and the height change of the mixed layer of atmospheric pollution and its influence on the distribution of the tropospheric O3 concentration was explored.
1) The results showed that the contribution of O3 precursor NO2 to the power-exponential growth of the O3 concentration is driven by the threshold of fc growth, due to the lifting of the pollution boundary layer, which has a significant impact on the value-added effect of supporting the EZ.
2) The local day–day cycle change of the height (H_PML) of the atmospheric low-altitude pollution mixing layer and the change during the solar zenith angle contributed significantly to the sharp increase in the surface O3 concentration. This is the process of photochemical O3 generation and the cross-effect with the influence of meteorological conditions, resulting in an increase in O3 concentrations.
3) Another finding of this study provided insight about the development and mechanism of the increase in O3 concentrations, that is, with the sharp increase in the height of the pollution mixing layer after sunrise, the contribution of the EZ effect (the entrained O3 layer) to O3 deposition is actually driven by the high condensation rate (fc) threshold, which helps the humidification process of O3 precursors (NOx), resulting in an enhanced O3 concentration by the power-exponent law. As shown in the graphical abstract, the process can be summarized as follows: ① atmospheric lifting condensation level (LCL) variation in line with the height of the pollution mixing layer (H_PML) increases rapidly as the solar zenith angle changes. ② As the height of the H_PML increases after sunrise (due to the change of solar zenith angle) and the increase in the rate of atmospheric condensation fc, the EZ effect is supported, resulting in the appreciation of O3.
4) The analysis of information during spring, summer, autumn, and winter seasons of the representative stations of Beijing, Hangzhou, Guangzhou, and Sichuan Basin in China further confirmed that with the daytime change of the solar zenith angle, the effect of the micro-physical processes (including the condensation rate threshold drive and the EZ effect) near the pollution mixed-boundary layer (H_PML) on the O3 concentration increases, thereby indicating its universal significance.
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