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Abstract

:

Surface ozone (O3) pollution has not improved significantly in recent years. It is still the primary air pollution problem in many megacities in China during summertime. In high temperature and intense radiation weather, volatile organic compounds (VOCs) are easily oxidized and degraded to induce O3 pollution. In order to understand the impact of difference between photochemical initial concentration (PIC) of VOCs and the actual measured concentration on O3 formation, a campaign was carried out during O3 pollution in Chengdu (25 July–5 August 2021). During this O3 pollution episode, the maximum value of O3 concentration reached 335.0 μg/m3, and the precursor concentrations increased significantly. The mean values of VOCmeasured and VOCPICs were 19.7 ppbv and 30.7 ppbv, corresponding to O3 formation potential (OFP) of 175.3 μg/m3 and 478.8 μg/m3, respectively, indicating that the consumption of VOCs content could not be ignored. Alkenes accounted for 77.2% of VOCs consumption. Alkenes and aromatics contributed 63.0% and 29.2% to OFP values which derived from PIC of each VOC species. The relative incremental reactivity analysis based on PICs showed that the O3 formation was controlled by the cooperation of nitrogen oxides (NOx) and VOCs, and the effect of NOx emission reduction was better.
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1. Introduction


In recent years, air pollution has become the primary pollution problem in China. In summer, when the sun radiation is more intense, photochemical smog pollution is more likely to occur. Ozone (O3) is a symbolic product of photochemical smog. Due to its high oxidizing properties, O3 in the troposphere participates in heterogeneous chemical processes in the atmosphere, formation of secondary aerosols and other processes, and will directly affect the health of human respiratory system and the growth of crops [1,2]. Nitrogen oxides (NOx) and volatile organic compounds (VOCs) are precursors of O3. Furthermore, high temperature and intense radiation also affect the formation of O3. Coupled with the influence of regional transportation, it is more difficult to judge the cause of ozone pollution. Therefore, in addition to the temporal and spatial distribution characteristics of O3 concentration, it has become a research hotspot in this field to explore the control and emission reduction of O3 pollution by strengthening the distribution of precursor sources and their influence on the formation of O3.



The ozone formation potential (OFP) is widely used to estimate the relative contribution of VOCs to O3 formation. In the vast majority of studies, the measured value of VOC concentrations was used directly to calculate OFP [3,4,5,6,7]. Due to the high activity of VOCs, the photochemical aging rate is faster after being discharged into the atmosphere, resulting in a certain difference between the concentration and composition of VOCs monitored and the actual emission [8]. When considering photochemical consumption, the contribution of different VOC species to O3 generation varies greatly, especially for alkenes [9,10]. When studying O3 pollution, the concept of photochemical initial concentration (PIC) is introduced, which can be used to restore the content of VOCs in the real atmospheric environment. PIC was more consistent in the verification of the localized VOCs source spectrum emission characteristics and the source inventory, which can improve the reliability of the simulation results of the source analysis model [11,12]. Further calculation of OFP using the PIC of VOCs is very friendly to identify key active species that affect the formation of local O3, providing insight into the mechanism of O3 formation and evolution [10,13].



Chengdu, located in the western edge of the Sichuan Basin in China, is one of the typical megacities in this region. The climate and environment of the Sichuan Basin are self-contained. Due to the depression of the terrain, high humidity and calm winds are very common [14]. The special climate and high concentration of precursors’ emissions aggravate the O3 pollution in Chengdu, especially in summer [7,15,16,17]. O3 pollution in Chengdu has a strong seasonality (the seasons mentioned in this study are relative to the Northern hemisphere). The current researches focused on spring, summer, and autumn [18,19,20,21,22]. In spring, O3 pollution is mostly combined with PM2.5 to form double high pollution. The studies on the sensitivity of O3 found that in the spring and autumn, O3 generation at urban areas was usually determined by VOCs, and the emission of anthropogenic VOCs was the key factor for the formation of O3 pollution in these areas, while some suburbs were coordinated control regimes, which were affected by the combined effects of VOCs and NOx [21,23,24]. At present, the effect of photochemical aging has not been included in the VOC concentrations study in Chengdu, and the contribution of photochemically consumed VOCs to O3 formation is still unclear. Therefore, it is necessary to study it.



We selected an O3 pollution episode for research at the urban area in Chengdu in summer 2021, focusing on the characteristics of O3 and its precursors before, during, and after the pollution. The initial VOCs emission concentration was estimated by using the photochemical aging parameterization equation, which was used to judge the key VOC species in the O3 formation and sensitivity analysis. The purpose was to explore the effect of VOC consumption on the formation and control of O3. The results of this work can provide optimization ideas for the control strategy of O3 pollution in this area.




2. Methods


2.1. Monitoring Site and Instruments


The monitoring site is located on the roof of the Chengdu Academy of Environmental Sciences (30°56′ E, 104°05′ N), Qingyang District, and the sampling site is about 25 m above the ground. Located within the First Ring Road of Chengdu, the site is an excellent location for a comprehensive observation of the mixed environment of transportation, commercial and residential infrastructure in the central city. The specific position is shown as the red inverted triangle in Figure 1.



VOC species were analyzed by an automated online system using a gas chromatograph (GC955-611/811, Synspec, Groningen, The Netherlands) with a flame ionization detector (FID, measuring low carbon hydrocarbons, C2–C5) and a dual photoionization detector (PID, measuring high carbon hydrocarbons, C6–C12). Hourly concentrations of 56 non-methane hydrocarbons (NMHC) were measured. Previous works, including the operation processes, quality assurance/quality control procedures, detection limits, and precision for the determination of VOCs, provided a detailed description of this instrument [19,25]. In this study, 47 VOC species were finally obtained, including alkanes (we define the number of VOC species as n, n = 25), alkenes (n = 9), and aromatics (n = 13).



The hourly concentrations of nitric oxide (NO), nitrogen dioxide (NO2), NOx, carbon monoxide (CO), O3, and sulfur dioxide (SO2) were continuously measured by i-series instruments (42i, 42i, 42i, 48i, 49i and 43i, respectively) manufactured by Thermo Fisher Corporation (USA). Continuous measurements of wind direction (WD), wind speed (WS), temperature (T), relative humidity (RH), pressure (P), and precipitation (PRE) were performed using a micro weather station instrument (WS600-UMB, Lufft, Germany). In addition, solar optical data (e.g., ultraviolet intensity, photolysis rate constant) and aerosol lidar data were also acquired.




2.2. Data Analysis


2.2.1. Contribution to O3 Formation


VOCs can promote O3 generation, and different VOC species have significant differences in O3 formation potential (OFP). In order to determine the contribution of VOCs to O3 generation and identify the main VOC active species, the maximum incremental reactivity (MIR) method was used in this study to calculate the OFP of 47 VOCs with MIR coefficients. The calculation formula is shown in Equation (1):


OFPi = [VOCi] × MIRi



(1)







In the formula, i is a VOC compound; OFPi is the O3 formation potential, μg/m3; [VOCi] is the VOC concentration, μg/m3; MIR is the maximum reactivity increment, g·O3/g·VOCs, the MIR values of each VOC species are all from previous works [26,27]. The MIRs used in this study are summarized in Table S1 of Supplementary Materials.




2.2.2. Photochemical Initial Concentration (PIC)


The photochemical aging parameterization method can be used to calculate the photochemical reaction time. It is usually calculated by the ratio of two VOC species with strong correlation (similar sources) and large difference in OH reaction rates [28]. Pollutants released into the atmosphere will immediately mix with the aging air mass, which causes uncertainty in the determination of the photochemical aging time, but this method is still an effective measure for atmospheric photochemical treatment [29]. The OH exposure ([OH]Δt, [OH]: OH radical concentration, Δt: photochemical reaction time) can be used as a whole to calculate the initial emission concentration. Previous studies have shown that m,p-xylene and ethylbenzene are very suitable for the calculation of PIC in urban areas [10,11,30,31]. Figure S1 shows a high correlation between m,p-xylene and ethylbenzene (r = 0.97, p < 0.01). [OH]Δt can be calculated from Equation (2):


[OH]Δt = (ln[X]/[E]|t=0 − ln[X]/[E]|t=t)/(kX − kE)



(2)







X represents m,p-xylene, E represents ethylbenzene. kX and kE are the reaction rate constants of m,p-xylene and ethylbenzene, which are 19.85 × 10−12 cm3/molecule∙s and 7.51 × 10−12 cm3/molecule∙s, respectively. The diurnal variation of m,p-xylene/ethylbenzene ratio over the entire period is shown in Figure S1, and the nighttime ratio was relatively stable and remained at a high value. In this study, the method for determining the initial concentration ratio of m,p-xylene/ethylbenzene ([X]/[E]|t=0) referred to the study of Yuan et al. [32], and the calculation result in [X]/[E]|t=0 was 3.27 ppbv/ppbv. The initial concentration of VOC species can be described by the following equation [31]:


dVOCi/dt = kVOCi × [VOCi] × [OH]



(3)






[VOCi]initial, t=0 = [VOCi]measured, t=t × exp(−kVOCi × [OH]Δt)



(4)




where kVOCi is the reaction rate constant of [VOCi], cm3/molecule s, and the value of this constant refers to previous research [33].





2.3. Observation-Based Model (OBM)


The chemical mechanism is the core part of the observation-based photochemical box model (OBM). In this study, a detailed chemical mechanism model, namely, Master Chemical Mechanism (MCM), was selected for simulation. MCM was proposed by Jenkin et al. to describe the detailed chemical processes of single VOC species in the atmosphere in 1997 [34]. It has now been developed to the MCM v3.3.1 version, which contains more than 140 primary VOC species and approximately 17,000 reactions [35,36]. The input module introduced an hourly changing sequence of 37 VOC species, 4 trace gases (NO, NO2, CO, and SO2), meteorological parameters (T, RH, P), and NO2 photolysis rate constant (JNO2) as constraint parameters in the model. The start time of OBM-MCM model simulation was set as 7:00 Chinese National Standard Time (CNST, UTC + 8), and the output results were in hourly resolution.



Based on OBM simulation, the relative incremental reactivity (RIR) of each precursor can be calculated, which can effectively quantify which type of precursor is the dominant substance for O3 generation [11,37,38]. The following Equation (5) can be used to derive the RIR value:


RIR(x) = (ΔO3(x)/O3)/(ΔC(x)/C(x))



(5)




where x represents an O3 precursor; O3 represents the simulated O3 concentration in the base case; C(x) refers to the integrated source function (e.g., emission, transport) that affects the concentration of x species at the monitoring site. ΔO3(x)/O3 and ΔC(x)/C(x) represent the relative changes of O3 simulated concentration and x species concentration, respectively. In this study, we selected a 15% reduction in precursor emissions for RIR analysis.





3. Results and Discussion


3.1. General Statistics


3.1.1. Data Overview


In this study, polluted days were classified according to the secondary standard of O3 hourly mean (O3 ≥ 200 μg/m3) formulated in China’s National Ambient Air Quality Standard [39]. During this pollution episode, O3 pollution in Chengdu lasted as long as 9 days, of which 6 days were mildly polluted (200 ≤ O3 < 300 μg/m3) and 3 days were moderately polluted (300 ≤ O3 < 400 μg/m3) (Figure 2e). Meteorological conditions showed that during this round of O3 pollution, sunny and hot weather continued, with high temperature (Tmax = 39.8 °C), low humidity (RHmin = 24.0%), and intense radiation (UVmax = 55.1 W/m2). The horizontal diffusion was basically dominated by southerly winds, and the WS slightly increased in a short time in the afternoon. The meteorological situations of this pollution episode were similar to the two O3 pollution events that occurred in Chengdu in summer 2017 [40], but this pollution was more serious and persistent. The inversion results of vertical diffusion data of aerosol lidar (Figure S2) showed that the height of the boundary layer was basically maintained above 2 km during the day, and the boundary layer decreased significantly at night, even less than 200 m.



From the perspective of the development stage of the pollution episode, there was no precipitation and calm wind during the whole O3 polluted period. In daytime, the sky opened more thoroughly and the atmospheric boundary layer was higher. Abundant levels of O3 precursors (NOx and NMHC) and intense ultraviolet intensity (UV) promoted the rapid O3 generation and sustained peak. Especially on 2 August, the concentrations of NO2 (76.0 μg/m3) and NMHC (82.4 ppbv) both reached the maximum value in the whole pollution episode. These directly pushed up the further increase in the O3 peak on 3 August, reaching the O3 maximum (335.0 μg/m3) for the entire process. In the later stage of pollution, the prominent WS and PRE reduced the O3 concentration, which played a role in removal of O3.



Generally speaking, the area with higher VOC concentrations levels usually has stronger atmospheric oxidation and is more likely to have ozone pollution events [41]. NOx further determines the overall and peak levels of ozone. This was illustrated by the time series plots of NOx versus O3 in Figure 2e,f. For example, the accumulation of high NOx concentration at night in 27 July–29 July and 1 August–3 August drove the O3 concentration to continue to rise in the daytime the next day. In Figure 2e, the gray shaded area (NO2 = Ox − O3, Ox means atmospheric oxidation capacity) during ozone pollution was significantly higher than that before and after pollution. This was precisely because NO2 significantly participates in O3 photochemical reactions, resulting in the production of high O3 concentration. At the same time, the NMHC mixing ratio and NOx concentration were also higher than those during the clean period, especially the gray shadow between NOx and NO2 (NO = NOx − NO2) increased significantly. The NO2 generated by the reaction of NO with VOCs photolysis products (HO2 and RO2 radicals) was further reacted to generate O3, indicating that this O3 pollution episode was accompanied by high concentrations of O3 precursors’ substances participating in the reaction.




3.1.2. Diurnal and Nocturnal Variation


Figure 3 and Table 1 show the daily variation and average values of meteorological parameters and pollutants concentration before, during, and after O3 pollution over the observation period. The diurnal variation of O3 was unimodal (Figure 3e), indicating the same variation trend as the diurnal variation of temperature (Figure 3a), and a symmetric variation trend with RH, NO2, NO, CO, and VOC groups (Figure 3b,f–l). This reflected the apparent periodic variation between the precursor and its secondary contaminants.



In this study, 7:00–20:00 (CNST) was defined as daytime, and 21:00–6:00 (CNST) was defined as nighttime. O3 continued to oxidize NO at night, resulting in the gradual consumption of O3. Therefore, the concentration of O3 had a low value at sunrise. In the early morning, the light was weak, the photolysis rate of NO2 was slow, and O3 had just begun to accumulate. Between 7:00–10:00, human activities led to a large amount of VOCs and NOx entering the atmospheric environment, providing sufficient reaction precursors. With the increase of temperature, the solar radiation intensity increases. Under the irradiation of sunlight, the photochemical reaction became strong, and O3 showed a rapid upward trend. The O3 concentration peak value appeared around 14:00–17:00, while the NO2, CO, and VOC groups reached the minimum value. During the polluted period, the time of O3 concentration reaching the peak shifted forward, which might be due to the forward shift of radiation intensity and wind speed peaks, resulting in O3 concentration starting to fluctuate and decrease after 14:00. The peak values of O3 in the daytime were 169.0 μg/m3 (before the pollution), 242.8 μg/m3 (during the pollution), and 131.0 μg/m3 (after the pollution) in the three stages, respectively.



The mean values of NMHC before, during, and after the pollution were 15.0 ppbv, 21.7 ppbv, and 12.2 ppbv, respectively. During the polluted period, concentration of VOCs increased significantly. Alkanes, alkenes, and aromatics at different periods showed similar daily patterns to NMHC at each stage. Before the pollution, they all showed a bimodal shape, peaking at 5:00 and 12:00. Different from this, previous work in Chengdu showed that O3 was unimodal before the pollution [42]. In this study, the minima between the double peaks might be caused by VOCs participating in large number of ozone photochemical reactions, and the consumption rate of precursors was significantly higher than the emission rate. As the chemical reaction continued, the precursors involved in the reaction tend to be saturated, and the rate of feedstock consumption slowed down, resulting in formation of the second peak. Subsequently, with the sun set, the UV intensity gradually decreased, and the photolysis conditions of photochemical reactions decreased. Each precursor entered the night accumulation stage, so the concentration of precursors gradually rose at night.



The changes of VOC groups during ozone pollution were different from those before pollution, and they only formed a peak during the daytime. This indicated that the amount of VOCs as precursors in the ozone photochemical reaction was sufficient, and the consumption was less than the emission, so the valley between the two peaks could not be formed. However, the slight differences in the time span of the three stages could not cause significant differences in precursors emissions. The increase of VOC concentrations was caused by the adverse meteorological conditions (high temperature, low humidity, intense radiation, slow wind) and the reduction of atmosphere environmental capacity. After the pollution, the concentration of VOC groups was significantly lower than the previous two stages and started to accumulate again at night. It indicated that a large amount of precipitation in a short period of time (Figure 2c, from 2:00 to 6:00 on 5 August) played an absolute role in the removal of pollution in this round.



To further study the effect of VOC concentration changes on O3, this study plotted the diurnal and nocturnal variation of key VOC species with higher concentration and stronger activity, as shown in Figure S3. The diurnal trends of most components were the same as those of NMHC. It is worth noting that the concentration of isoprene rose rapidly after sunrise, remained at a high level between 11:00–20:00, and then decreased rapidly after sunset. It was consistent with the diurnal variation characteristics of isoprene in Nanjing in summer [43]. It showed that light had a great influence on the concentration of isoprene, and it was also one of the direct evidences for strong atmospheric oxidation in Chengdu. On the whole, by comparing the changes of meteorological parameters and precursor concentrations in the three stages, it was found that the O3 exceedance process in Chengdu presented the following two characteristics: (1) The temperature and solar radiation increased significantly, and the RH and WS decreased significantly, showing a static weather pattern; (2) the concentrations of NOx and VOCs increased significantly.





3.2. PICs and Consumed Concentrations of VOCs


The time series (a–c), diurnal variations (d–f), and proportions (g–i) of VOCs measurement, consumption, and photochemical initial concentrations during the observation period are plotted in Figure 4. The variation range of VOCs measurement, consumption, and initial mixing ratio were 6.0–44.5 ppbv, 0.0–66.5 ppbv, and 6.2–90.2 ppbv, with average values of 19.7 ppbv, 11.0 ppbv, and 30.7 ppbv, respectively. The measured VOC concentrations during this observation period increased by about 5 ppbv compared to the concentration obtained at the same site in August 2019 [19]. Compared with before O3 pollution, the consumption concentration of VOCs during the polluted period was greatly enhanced, indicating that the photochemical aging rate at Chengdu urban area was faster during the polluted period. Previous studies might have seriously underestimated the concentration of VOCs in O3-heavy pollution days in Chengdu. The ratio of PICs to measured concentration varied from 1.0 to 9.5 (Figure S4). The ratios of PICs to measured concentration for all alkanes and partial aromatics were between 1.0 and 2.0, with larger ratios for alkenes and other aromatics, especially isoprene (9.5). This result was similar to the study in summer in Beijing [30], and species with high reactivity and low mixing ratio would have larger differences between measured concentrations and PICs. Therefore, when studying O3 pollution, the photochemical aging of VOC species with large OH reaction rate constants was worth exploring.



In this study, the maximum and minima values of measured VOC concentrations appeared at 10:00 and 18:00, respectively, which was delayed compared with the studies in Chengdu and Wuhan in the summer of 2018 [22,44]. This was different from the previous observation that VOCs presented peak values in the morning and evening at Beijing [10,45]. PICs had been increasing since the night, with double peaks appearing at 13:00 and 17:00, indicating that the emission had been enhanced at these two time points, which might be related to alkenes such as 1-pentene and isoprene (Figure S3). The mixing ratio of consumed VOCs increased significantly in daytime, the positions of the double peaks were the same as that of PICs, and there were almost no VOCs consumed at night. It showed that temperature and solar radiation greatly affected the photochemical aging process of VOCs. This result was different from that found in Beijing where PICs and consumed VOCs had only one peak during the daytime [10], which might be caused by the difference in emission of precursors between the two regions.



From the measured VOCs’ mixing ratio, alkanes accounted for a very high proportion, exceeding 60%, followed by aromatics (19.5%) and alkenes (15.2%). In the calculated PICs, the proportion of alkanes dropped to 44.0%, and the proportion of alkenes increased to 37.5%. It indicated that more alkenes were released into the air in the initial stage of emission. The proportion of alkenes in the consumption of VOCs’ mixing ratio reached 77.2%. Because the reaction rate constants of OH with alkanes were small, the consumption of alkanes (6.1%) with OH was less than those of alkenes and aromatics (77.2% and 16.7%). Therefore, the concentration of alkanes in urban areas is always higher during monitoring [19,42,46]. When considering the photochemical reactions of VOC species, all the VOC concentrations we observed were underestimated, especially alkenes.




3.3. VOCs Reactivity Characteristics


Different VOC species have different abilities to affect ozone generation due to their different activities. The time series and proportion of OFP of each VOC group during the observation period are shown in Figure 5. We calculated the mean OFP of VOCs based on measurement (OFPm), consumption (and OFPc), and initial concentration (OFPPICs) to be 175.3 μg/m3, 303.6 μg/m3, and 478.8 μg/m3, with fluctuations ranging from 39.9–369.7 μg/m3, 0.1–1970.6 μg/m3, and 48.1–2094.2 μg/m3, respectively. A previous study in Chengdu urban area showed that the average value of OFP was 338.7 μg/m3 [22], which was close to twice the estimated concentration of VOCs measured this time. The time series trend of OFP was similar to that of VOC mixing ratio, but the contributions of alkanes, alkenes, and aromatics were quite different. The mixing ratio of alkanes was the highest in both the measurement and the initial concentration, but due to the MIR values of alkanes being relatively small, their contribution to OFPm and OFPPICs was only 19.7% and 7.8%. Aromatics accounted for the largest proportion in OFPm (49.5%), which was significantly different from OFPc and OFPPICs. Alkenes accounted for 30.8% and 63.0% in OFPm and OFPPICs, and even increased to 81.5% in OFPc. It could be clearly seen that the O3 composition calculated using the consumed VOCs and PICs was dominated by alkenes. Alkenes had great potential in O3 formation in Chengdu, followed by aromatics and alkanes.



At the same time, we also ranked the top ten VOC species in terms of concentration and OFP during the observation period (Figure 6). The concentrations and OFP values of specific VOC species can be queried in Table S1. Among the measured VOCs, the top three were ethane (2.79 ppbv, 14.1%), propane (2.37 ppbv, 12.0%), and isopentane (1.73 ppbv, 8.8%), which fully demonstrated that alkanes occupy the largest component of the VOCs detected. The top 10 components in PICs were the same as six species in the measured VOCs, only the ordering was changed. Especially for isoprene, its mixing ratio (measured: 0.55 ppbv; initial: 6.64 ppbv) and proportion (measured: 2.8%; initial: 23.3%) were significantly increased. Unlike VOCs consumption ranking, the top ten species were all alkenes and aromatics. The top ten species contributed more than 70% to the measured, consumed, and initial VOC concentrations, and even accounted for 88.1% of the consumed VOCs.



Among the top ten OFP contributors, isoprene accounted for a much higher proportion of OFPPICs and OFPc than other species (40.9% and 59.1%, respectively). The contribution value to OFPPICs was slightly higher than that reported in Beijing (27.7%) [10]. Isoprene acts as a marker of biogenic volatile organic compounds, suggesting that biogenic emissions might play an important role in the formation of ground-level ozone in Chengdu. In addition, m,p-xylene, o-xylene, ethylene, and trans-2-butene also showed high photochemical reactivity and contributed most of the OFP, which was similar to the previous studies in Chengdu [22,42]. It indicated that solvent usage and gasoline vehicles emission had important contributions to the formation of O3. The top ten species accounted for 77.3%, 94.8%, and 86.1% of OFPm, OFPc, and OFPPICs, respectively. Therefore, the key active compounds in the formation of O3 in this region could be better identified using OFPc than OFPm [13]. It could be seen that the control and emission reduction of key dominant compounds could have a positive impact on the control of near-ground ozone.



We divided the concentration of O3 into 50 μg/m3 intervals and discussed the change of OFP with the concentration of O3 (Figure 7). The OFPm of alkanes, alkenes, and aromatics were negatively correlated with O3 concentration below 175 μg/m3 and positively correlated when it was above 175 μg/m3. It showed that in the 0–175 μg/m3 stage, with the generation of ozone, the amount of remaining VOCs was less. At this stage, reducing the concentration of VOCs could not achieve ozone formation reduction. Aromatics and alkanes in OFPPICs and OFPc also had similar changing rules. Except at very low concentration of O3 (O3 < 75 μg/m3), OFPPICs and OFPc of alkenes had a stronger positive response to O3 concentration. Therefore, it is more appropriate to use OFP based on PICs or consumption concentrations to estimate O3 pollution, because it can better reflect the true potential of VOCs to form O3.




3.4. O3-VOC-NOx Relations


RIR is a parameter commonly used to describe the reactivity of O3 precursors. The absolute value of RIR represented the strength of sensitivity, and the positive and negative values indicated whether they promoted or inhibited the generation of O3 [47]. In this study, the monitored concentrations of VOCs (VOCm, defined as scenario 1) and PICs (VOCPICs, defined as scenario 2) were used as the input benchmark scenarios, respectively, and the concentrations of various precursors were reduced by 15% for the simulation of the OBM-MCM model. Isoprene was a typical natural-source VOC, and its concentration was kept constant when reducing alkenes and NMHC. The RIR values were calculated and plotted to obtain Figure 8.



The RIR values of the two scenarios were very different. Except for NOx in Scenario 1, RIRs of all precursors were greater than 0, and abatement of them could suppress the formation of O3. This means that when we used the monitoring values of VOCs to study ozone pollution, the generation of ozone was completely controlled by VOCs and exhibited the adverse effect of NOx reduction. The VOC group with stronger chemical activity (larger OFP) had a greater impact on ozone formation, and the absolute value of RIR should also be larger. The RIR values of alkanes, alkenes, and aromatics in both scenarios were in good agreement with their OFPs (Figure 5). The RIR of aromatics in the VOC sub-groups of Scenario 1 was the largest (0.27 %/%), which indicated that its reduction was the most effective for ozone pollution control in Chengdu. In the research of urban areas, it had been believed that NOx concentration was high and VOC concentration was low, and most urban areas were under the VOC-limited regime [21,48,49]. However, in this study, the RIRs of the three types of VOCs and CO in Scenario 2 were very small, which indicated that the impact of their emission reductions on ozone pollution control could be basically ignored. The RIR of NOx was the largest (0.40 %/%), indicating that when PICs of VOCs were considered, the sensitivity shifted significantly to the NOx-limited regime. During the ozone polluted period, due to the more intense photochemical reaction, the VOC concentrations we monitored consumed a lot compared with the initial emission concentration. When the actual concentration of VOCs was higher, NOx emission reduction had a certain effect. Our results suggested that it might be more reasonable to use PICs values rather than measurements to assess the sensitivity of O3 generation. This was consistent with the findings in Beijing [10].



We summarized the simulation results of the OBM carried out at the urban area of Chengdu (Table 2). It can be found that the previous studies generally believed that the urban area belongs to the VOC-limited regime, and the active VOC species were mainly alkenes [21,23,24]. In this study, the same results were obtained when VOC monitoring values were used, but the active species were changed to aromatics. Because the amount of VOCs consumed could not be ignored, it made more sense to estimate the initial concentration of VOCs. When using PICs of VOCs, Chengdu urban area was under the transition regime of VOCs and NOx and was more inclined to be NOx-limited. Therefore, in the O3 polluted period, moderate reduction of NOx had a better effect.





4. Conclusions


VOCs would be quickly consumed by oxidations in the condition of high temperature and intense radiation. In order to explore the influence of VOC consumption during the formation of O3, we selected an O3-heavy pollution episode from 25 July to 5 August, 2021 for analysis. The variation characteristics of pollutant concentrations before, during, and after pollution were discussed. During the polluted period, it was under high temperature (32.9 °C), intense radiation (23.9 W/m2), low humidity (50.8%), and slow wind (0.8 m/s), presenting stable weather. Meanwhile, the concentrations of NOx and various VOC species increased significantly, which was mainly attributed to the adverse meteorological conditions rather than the change of emission intensity. Comparing with the clean period, the consumption concentration of VOCs during the polluted period was greatly enhanced, especially the alkenes with strong reactivity. Previous studies might have seriously underestimated the concentration of VOCs in O3-heavy pollution days in Chengdu.



We calculated OFPm, OFPc, and OFPPICs based on the measured concentration and photochemical initial concentrations of VOCs. The proportion of aromatics contributing to OFPm was the largest, which was different from the other two. The contribution rates of alkenes and aromatics to OFPPICs were 63.0% and 29.2%, respectively. The key species affecting O3 formation were isoprene, m,p-xylene, o-xylene, ethylene, and trans-2-butene, indicating that biogenic emission, solvent usage, and gasoline vehicle exhaust played important roles in O3 formation. Isoprene, in particular, accounted for between 40–60% in OFPc and OFPPICs. Therefore, using OFPPICs or OFPc to estimate O3 pollution could reflect a proper potential of O3 formation through VOC oxidations.



The emission reduction simulation was carried out depending on measured VOC concentrations, and the urban area of Chengdu was under the VOC-limited regime. When PICs was used, it was changed to a transition regime. This indicated that when the actual concentration of VOCs in the environment was higher, the reduction of NOx had a significant effect, and the reduction of strongly active VOC species was also effective. It might be more reasonable to use PICs values rather than measurements to assess the sensitivity of O3 generation. In addition, it should be noted that it is necessary to evaluate the relative proportions, costs, and benefits of O3-VOC-NOx sensitivity continually based on long-term monitoring to optimize O3 pollution prevention and control measures.
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Figure 1. Schematic diagram of the observation location. 
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Figure 2. Time series of meteorological parameters (a,b), UVA (c), photolysis rate constants (d), and pollutant concentrations (e,f) in Chengdu during the observation period. The blue shading shows the polluted period. Before: 25 July–26 July; during: 27 July–4 August; after: 5 August. 
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Figure 3. Diurnal and nocturnal variation of meteorological parameters (a–d), gaseous pollutants (e–h), and NMHCs (i–l) before (25 July–26 July), during (27 July–4 August), and after (5 August) the O3 pollution. The gray shaded area indicates nighttime (daytime: 7:00–20:00 CNST; nighttime: 21:00–6:00 CNST). 
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Figure 4. Time series (a–c), diurnal variation (d–f), and proportion (g–i) of VOCs measurement, consumption, and photochemical initial concentrations during the observation period. The gray areas in panels (d–f) represent the VOCs’ mixing ratio between 25% and 75% percentiles. 
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Figure 5. Time series (a,c,e) and proportions (b,d,f) of measurement, consumption, and photochemical initial concentrations of OFP during the observation period. 
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Figure 6. Mixing ratio (a,c,e) and OFP (b,d,f) of the top ten VOC species during the observation period. 
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Figure 7. OFP of VOCs measured (left), consumed (middle), and initial (right) concentrations at different O3 concentration segments during the observation period. 
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Figure 8. RIR values for NOx, Alkanes, Alkenes, Aromatics, NMHC, and CO. 
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Table 1. Mean value of meteorological, O3 concentration, and ambient air pollutants before, during, and after polluted period at monitoring site.
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	Before (2 Days)
	During (9 Days)
	After (1 Day)





	T (°C)
	27.9 ± 2.2
	32.9 ± 3.5
	24.8 ± 1.6



	RH (%)
	77.3 ± 23.0
	50.8 ± 13.2
	85.5 ± 25.4



	WS (m/s)
	0.9 ± 0.7
	0.8 ± 0.6
	1.9 ± 1.1



	UVA (W/m2)
	14.5 ± 11.9
	23.9 ± 18.4
	5.6 ± 4.7



	JNO2 (/s)
	1.6×10−3 ± 2.0×10−3
	2.6×10−3 ± 3.0×10−3
	6.2×10−4 ± 8.2×10−4



	JO1D (/s)
	4.7×10−6 ± 7.2×10−6
	7.4×10−6 ± 1.0×10−5
	1.5×10−6 ± 2.5×10−6



	O3 (μg/m3)
	74.4 ± 37.0
	132.3 ± 84.0
	107.8 ± 40.4



	Ox (μg/m3)
	103.9 ± 32.3
	162.6 ± 77.1
	129.3 ± 39.9



	NO (μg/m3)
	2.7 ± 2.0
	3.9 ± 4.7
	1.8 ± 1.0



	NO2 (μg/m3)
	29.3 ± 11.1
	32.4 ± 16.3
	21.8 ± 12.9



	NOx (μg/m3)
	31.9 ± 13.3
	38.3 ± 21.1
	20.4 ± 15.5



	CO (mg/m3)
	0.5 ± 0.1
	0.6 ± 0.2
	0.6 ± 0.2



	Alkanes (ppbv)
	10.0 ± 3.9
	14.0 ± 6.2
	8.7 ± 3.4



	Alkenes (ppbv)
	2.6 ± 1.0
	3.3 ± 1.4
	2.1 ± 1.1



	Aromatics (ppbv)
	2.4 ± 1.3
	4.4 ± 2.4
	1.4 ± 0.8



	NMHC (ppbv)
	15.0 ± 5.7
	21.7 ± 9.1
	12.2 ± 5.0
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Table 2. Summary of the OBM studies in O3 formation regime at urban areas of Chengdu.
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Location

	
Time

	
VOC

	
Chemical

Mechanism

	
O3 Formation

Mechanism

	
Active VOC Species

	
Ref.






	
Wuhou

	
3 September 2016–2 October 2016

	
Measured

	
RACM2

	
VOC-limited

	
Alkenes

	
[21]




	
Wuhou

	
2 April 2018–30 April 2018

	
Measured

	
CB05

	
VOC-limited

	
Alkenes

	
[23]




	
Wuhou

	
1 April 2019–31 August 2019

	
Measured

	
CB05

	
VOC-limited

	
AVOCs*

	
[24]




	
Qingyang

	
25 July 2021–5 August 2021

	
Measured

	
MCM v3.3.1

	
VOC-limited

	
Aromatics

	
This study




	
PICs

	
transition

	
Alkenes








* AVOCs: artificial VOCs.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Measurement Consumption

[ Aromatics.
[ Alkenes

I Alkanes

o
25 75 125175 225 275 325 25 75 125 175 225 205 325 25 75 125 175 225 275 325
0, concentration (ug/m’)





media/file4.png
Before During After
40F 4100
O (@) \ 75 &
= 30F 1s0 =
- - ~
. | | 1 RH | | 25
= - Y60
\'g “H(b) TR 270
= 2r Y, 180 &
3“
= ol "‘s *"-mf "e""".a/‘v""\w/"‘ | 0 °
< 60_(C) — — .08 =
= a0k - J0.06 £
= _ E
= J0.04
s 2 o o ~
Doom_ Ve oo
ol ( ‘ ‘ A A Inozpg T Join T 3X10—§@
= | 1 2x107°&
;0005' / . 1 1107 £
- B ‘ Qo
0.000k oy i v o o e e e D s [ s s s B e 1%
400 —1x10™
< 300
S e}
© =100}
O_
120 120
() ——NMHC ——NO, ——NOx { "5
O 5 80F ] 180 S ¢
= £ wf ,54 AN Jug 2
E& 0 .".’p A \ W g 2 p '\ S ; g % s
L 1 | L | 1 | N al

07/24/21 07/26/21 07/28/21

07/30/21

08/01/21
Date

08/03/21

08/05/21





nav.xhtml


  atmosphere-13-01534


  
    		
      atmosphere-13-01534
    


  




  





media/file16.png
RIR (%/%)

0.6

0.4

0.2

0.0

0.2

I NOx
B Alkanes
I Alkenes
] Aromatics
L INMHC
[ Jco

VOC

measured

VOCPle






media/file2.png
< Do i
Vv b
S0 Corvns i

Aamns

FEER g

No.78 Guand
iy e

M el
- 5rulan e

¥ gt
¥ |Drgd By

Observati

Vi Fagran’

(o Sichan g Pocghs 5,
Uprirga

ocation

¥ Honptal d € wrgets

o

3,1N771y

1990

R Y

WO'E

ag b
M

)
Jrshu g
MResta. g upm ool
Jiki West Road No.111fl |
M |
e
1
g € 7 Stcie
E 60° 90* 20" T EI80*W T T. Gﬁ‘%”
2
22N AR rlc O\CE A 44/,,“
=y o B e fic O
s = ~ o
-~ [-¥ s
— X = g= « B
(7 R
i A N
PR i Q
UKRAINg ) i i}
& ) ISTAN | + Zhejiang Huiwang Wb
g i Cloth Ait
. URI ) |
- A e & Bejj | + Sichuan (ammnlullg_r!) | 9
P 7Y i 4 | *adminisuation | 2 No.78 Guand
LI | i H
s IRAN ; o G H T
s § [ umm - F CHI §, 8 Roay 0 [ e
= ~ @
AT suor £ ewtd | ‘ A Baixingyuan  i2)upian Hotel 2 E1¥ Dongleng 7~
& A INDIA / — = 4
S o > " il | ‘ =)Shulan Hotel ¥)Dingzi Bar 2 =
|
8a)
e _ g ”».[Obmtlo ocatlon - ~
B 3 .‘ | 10 Jinli West Road No.127 (% Busine}
R i “ 5 3 +)Gushi Clinics Yimei Fragrant a
wd | Jinshui Elegant
b | Eurasia Male e
Dhicspral ot Chengdu nvironmental Restaurant Ljin Cloy
‘ \ Baihua Protection Building
=00 Convenience Store rd
ZiL
Chunjiangge A AMERICA
No'S Cou :tyavd :
ou ) Yuxiuyuan Hotel
Xinlian Busi{ 8.
DEerhine auilding rasflia
i
+ Chengdu i East Road Tibpic of
= *Metecrological Bu Chengdu Older —
J @ ot ' No.7 Courtyard Cadre Tennis Club &
lond - - |
® EastRoad — —— - -
@ Bankof China =Hongqi Chain Store [y
\ ‘ = Qianxi Hotel \ ir
Chengdu Aerc .
2 Design Insitute .
{ Wouhouci Street No.89
= Jinjiang Inn i
et — ——— | _
o s






media/file5.jpg
R

(©

AR

O 1216 20

NO, (ugim’)

ol
o 6%

(0N

£ _%

NMHC (ppby)

SRR CIRERTE]
i _ |G ¢
£ 2 4
Ex gl I
i 7 ;
< 22 [
LR CL R CLREED TG 3
Time () beforo —— deriog ——afr






media/file3.jpg
Te0)
B
#g
z
¢

M/\/\/\AWE"‘?

Ivorg —Jow

P -
S §aol W~ =
S 2o
o
12 i

D) =IO —mor | i
wzk
o0 F

072421 072621 02821 073021 080121 080321 080521
Date

NMHC
(prby)
o888






media/file1.jpg





media/file7.jpg
100y

653%

B Alkanes [ Alkenes -/\Nm.mn

prmmmn; [ preomm N il
£« £ sl
£ £
1 o £
§ 2 )
g ) g
HaA720728730 51 §3 85 A6 81 85 85 AA72672875081 83 §5
Dute Due Due
3 z%
@ £ | (L
! Lol Sl
Thind Quarilc £ H
Median | 24 ‘g“[/v\/\ﬂ
£ 20} £ 2
5 ¢ g
e B B
506 05 13 15T AT T 06 05 T TS TR 4T CERERE T
Time () Time () Time (h
® 1679 61%
o ] frout |
1520 Qo2 o]
mw





media/file10.png
400

(a)

300t
200

100+

OFP measured (I-lg/ 1‘1‘13)

'?/24 7/26

Measurement

7/28 7/30  &/1 8/3 8/5

2000¢ ( C)

2 N
o 2
o O

800}
400+t

3
OFP consumption (ng/ m )

'?/24 7/26

Consumption (d) 175% 1%

7/28  7/30  &/1 8/3 8/5

2000 (C)

OFP ;i (Mg/m’)
% © o
&= B =
v R <o Y o

400+t

'?/24 7/26

Injtial (f) 7 8%
b7 4N 0

7/28  7/30  &/1 8/3 8/5
Date

- Alkanes - Alkenes - Aromatics






media/file12.png
Percentage (%)

(a) ) 4 8 12 0 (b)

Ethane | 2,79 m,p-Xylene
Propane | o-Xylene
Isopentane Ethylene
Ethylene | Isoprene
n-Butane | Toluene
m,p-Xylene | Isopentane
Isobutane | trans-2-Butene
Toluene | Ethylbenzene
Isoprene - @0.55 n-Butane
o-Xylene | @0,53 MleaSlllrement 1,2,4-Trimethylbenzene

I 24
Mixing ratio (ppbv)
P 0)

grecentage (

(c) )
Isoprene |

trans-2-Butene |
m,p-Xylene |
cis-2-Pentene §

1,2,4-Trimethylbenzene § Consumption

{08

(d) Isoprene

trans-2-Butene

m,p-Xylene

cis-2-Pentene
1,2,4-Trimethylbenzene

o-Xylene

cis-2-Butene

|-Pentene
trans-2-Pentene

cis-2-Butene 0,14,

Ethylene

0123456 7

Mixing ratio (ppbv)

Percentage (%)

(e) 0
[soprene | 26.64 Isoprene
Ethane } m,p-Xylene
Propane | trans-2-Butene
m,p-Xylene [ 0-Xylene
Ethylene | 2197 Ethylene
[sopentane } ?1.85 Toluene
n-Butane - |@1.71 cis-2-Pentene
trans-2-Butene = @ 1.21] 1,2,4-Trimethylbenzene
Isobutane  [@1.12 Initial Isopentane
Toluene  1@1,10, ., ., . .. I-Pentene

01 2 3 435 6 7

Mixing ratio (ppbv)

0

l)

ercentage (%)

4.50 Measurement
3 68 | | |

10 20 30 40 50
OFP (ug/m)

Percentage (%)

42

4.24 Consumption
303, ! '
0 50 100 150 200

OFP (pg/m’)

Percentage (%)

7.88 Initial
T o o g
0 50 100 150. 200

OFP (ug/m’)





media/file9.jpg
I

OFP e (/)

Measurement
00,
00|
100
f2a 26 728 730 8183 sis
0001 () Consymption| (d) 17.5% 1%
1600
800
400
81.5%
9/24 726 7728 730  8/1 83 8/5
000 -
! jtial| () .
£ 1600 © 2905 __T8%
1200 [l
00 4788
00,
63%

#2226 728 730 81838
Date

B Atkancs [ Atkenes (I Aromatics





media/file0.png





media/file14.png
1200

- Measurement

—

I Aromatics
[ Alkenes
I Alkanes

25 75 125 175 225 275 325 23 75 125 Yi5 225 275 325 25 75 125 178 225 275 325
O, concentration (ug/m°)

" Consumption

" Initial






media/file8.png
—_—
-
-
S
o
—
-
-

::- " O_(a) Measurement _c; g O(b) Consumption S g O-(C) [nitial
& =, =
560. é 60' i 60.
2 z 2
2 40} Z 40} 5 40
S 20) S 20f S 20|
>
%247/267/287/30 8/1 8/3 8/5 70/247/267/287/30 8/1 8/3 8/5 %247/267/287/30 8/1 8/3 8/5
Date Dat Dat
= 80 ~ 80 i ~ 80 L
£ L L
§60 @ §60 ©) §60 v
2 Third Quartile 3= =
< s 2
%o 40 Median %D i S:"D e
£ 20} g 20} & 20}
O . ‘ 2 &
o L FstQumie | o | TNyl S |
00 03 06 09 12 15 18 21 00 03 06 09 12 15 18 21 00 03 06 09 12 15 18 21
Time (h) Time (h) . Time (h)

(h)

B Alkanes [ Alkenes [ Aromatics





media/file11.jpg
soprae

a2 Bukene
mp-Xyleoe

a2 Pentenc

Styene|

Eiyene

oXlene|

Lpantenc

124 Ty loasene

b)
79 ® mp-Xylene.
oo

pri
e
T
e
ot
e
o=
[T

6 2%
Mixing ratio (ppby)

o

(@
s sopree
2B
mp-Xylere
cin2pentene
124 Trmehybenene
oXylene
2 Butene

1020 30 40 50

OFP (ug/m’)

Consumpion| Consumpion;
01234567 0 50 100 150 200
Mixing rato (ppov) OFP (g/m’

il

)
64 ( Isoprene.
e
wtys
e

e

o

so—
IR i
—

Initial

openene 776
01234567 0 S0 100150, 200
Mixing ratio (ppbv) OFP (ugim")





media/file6.png
40 ]

T (°C)

08 12 16 20

40 — — -

00 04 08 12 16 20

00 04 08 12 16 20

NO, (ng/m’)

Alkanes (ppbv)

| 0
0 500 04 08 12 16 20
| | :
| | | |
() @ .
40} | “ | |
59 .
| = |
20!t I ®, of I
| | Z |
I I 3
30OO 04 08 12 16 20 f;00 04 08 12 16 20
. I | |
(J) | | - (k) ! |
| Eie |
20 ' '3& : :
I R | I
| © 4 I
S5
10 =
<t2 ,
[ I I
0

00 04 08 12 16 20

-~

O c:gmgc/:‘mj)o

Time (h)

00 04 08 12 16 20

before

&

0.2}

0.0

A N ™

N

800 04 08 12 16 20
|

4 N

Aromatics (ppbv)
b

(0

(-

0

0 04 08 12 16 20

during

after





media/file15.jpg
RIR (%/%)

VOCpyc
VOCieasurea





