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Abstract


Over recent decades, China has achieved significant progress in reducing haze pollution, yet photochemical pollution, primarily characterized by elevated ozone (O3) levels, has intensified, posing severe ecological and public health risks. The “holiday effect”—periodic changes in human activities during holidays such as weekends and the Spring Festival—provides a critical lens to evaluate anthropogenic influences on O3 pollution, particularly under scenarios of reduced anthropogenic emissions driven by the carbon neutrality pledge. However, a comprehensive summary of this phenomenon remains lacking. This review systematically examines spatial–temporal variations and driving factors, including precursor emissions, atmospheric oxidation capacity (AOC), and meteorological conditions, of the holiday effects across China. Key findings reveal that reduced nitrogen monoxide during holidays weakens its titration effect on O3. Additionally, decreased particulate matter on holidays leads to improved atmospheric visibility and a corresponding enhancement in AOC and biogenic volatile organic compound emissions, all of which boost the photochemical formation capacity of O3. Furthermore, solar radiation and temperature positively correlate with O3 pollution during holidays, whereas rainfall and cloud cover suppress it. This review also provides suggestions for future research regarding mechanistic studies on photochemistry, machine learning for pollution drivers, radical roles in O3 formation, and health impact assessments.
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1. Introduction


With rapid economic growth and the steady progress of industrialization and urbanization, air pollution in China has increasingly become a serious issue, particularly in densely populated megacity clusters such as the Beijing–Tianjin–Hebei (BTH), the Yangtze River Delta (YRD), and the Pearl River Delta (PRD) regions [1,2]. The initiation of the state-initiative “Action Plan for Air Pollution Prevention and Control” (referred to as the National Ten Measures for Air) since 2013 resulted in a rapid reduction in heavy pollution and a significant improvement in air quality, with a general downward trend in the concentrations of key pollutants such as fine particulate matter (PM2.5), nitrogen oxides (NOx), and sulfur dioxide (SO2) [3,4]. However, photochemical pollution, primarily characterized by elevated ozone (O3) levels, has grown increasingly severe. O3 has emerged as the primary pollutant in many regions of China [5,6,7]. As the third most significant greenhouse gas in terms of radiative forcing, rising O3 concentrations directly impact climate change [8]. Moreover, O3 is highly oxidative and irritating, posing significant risks to human health [9]. Severe O3 pollution has been linked to increased health risks, including cardiovascular and respiratory diseases, hypertension, strokes, and chronic obstructive pulmonary disease [9]. Additionally, O3 can also harm vegetation, affecting plant growth and crop yield, posing a negative impact on ecosystems and food security [10]. Thus, a comprehensive investigation on the formation mechanisms, influencing factors, and trends of O3 pollution can provide a scientific basis for developing more effective pollution control and emission reduction strategies, ultimately protecting the ecological environment and public health [11].



Ground-level O3 formation is primarily driven by photochemical reactions involving NOx and volatile organic compounds (VOCs) [12]. As a secondary pollutant, O3 is generated through complex chemical processes and is influenced by many factors [12]. Studies have revealed that variations in O3 concentrations exhibit a distinct “Holiday Effect” whereby changes in human activity during holidays lead to significant shifts in precursor emissions (i.e., NOx and VOCs) [13,14]. Typically, these precursors tend to decrease during holidays due to reduced industrial activity and anthropogenic emissions. However, O3 concentrations often rise despite the reduction of its precursors. This phenomenon has spurred extensive studies on the weekend effect on O3 pollution [15,16]. Due to China’s traditional culture and diverse holiday customs, there are significant differences in human activities during holidays, which in turn affect traffic loads and industrial emissions. These factors exert a substantial influence on atmospheric chemistry and O3 formation. Investigating the holiday effect is therefore essential for developing more precise and effective control strategies [17].



The holiday effect not only impacts the precursor emissions but also varies across different regions [18]. Even within the same region, its manifestation can differ depending on temporal and meteorological conditions [17]. Two key mechanisms underpin the O3 holiday effect: the NO titration effect and the nonlinear relationship between O3 and its precursors. These mechanisms are pivotal in explaining the observed fluctuations in O3 levels during holidays compared to regular days [17]. Environmental factors such as solar radiation intensity and temperature can affect the rates of atmospheric chemical reactions [19], thus playing a crucial role in the formation and variations of O3 [20,21,22,23]. In conclusion, addressing O3 pollution requires a comprehensive understanding of its formation mechanisms, the influence of holidays, and the interplay of environmental and human factors.



Current studies on the holiday effect of O3 pollution primarily focus on developed urban agglomerations such as the BTH, the YRD, and the PRD, with particular attention given to weekends (WENDs) and the Spring Festival (SF, also known as the Chinese Lunar New Year) [24]. However, there is limited research on other holidays, such as May Day (MD), Chinese National Day (CND), Tomb Sweeping Day (TSD), and Mid-Autumn Festival (MAD). Furthermore, the impact of pandemic control measures on the holiday effect has yet to be fully explored. The holiday effect is a complex and intriguing phenomenon that is closely linked to human work patterns. As demonstrated by the 2023 cultural and tourism data (Table 1) from the Ministry of Culture and Tourism of China (https://www.mct.gov.cn (accessed on 10 April 2025)), holidays comprise a mere 8% of the total annual days, but contributed 32.5% of all tourist trips. This indicates a significant surge in tourism activities, abrupt increases in visits to scenic spots, and heightened traffic pressure during holiday periods. It not only highlights the profound influence of human activities on air quality but also offers valuable insights for improving urban air pollution forecasting, control strategies, and the formulation of targeted emission reduction measures [25].



Herein, we systematically reviewed available studies over the past two decades and summarized the temporal and spatial characteristics as well as the influencing factors of holiday-induced changes in O3 pollution across China. Recommendations and future research directions for mitigating the holiday effect of O3 pollution were also proposed. This review can help develop more effective O3 pollution control strategies in China, particularly under scenarios of reduced anthropogenic emissions driven by the carbon neutrality pledge.




2. Search Strategy


The holiday effect denotes the way people’s travel and vacation activities throughout holidays cause shifts in their modes of production, daily routines, and travel customs, consequently exerting a considerable impact on air quality [17]. In China, short legal holidays mainly include WENDs, New Year’s Day (NYD), TSD, Dragon Boat Festival (DBF), and MAD. Long legal holidays, varying from a minimum of one day up to a maximum of seven days, provide the context to examine the influence of the holiday effect on O3 pollution [17]. Each traditional festival carries distinct cultural significance and entails differing trip behaviors; generally, people opt to gather with family during SF, TSD, and MAD, while they tend to travel during CND and MD.



In this study, peer-reviewed scientific publications were retrieved from the CNKI and Web of Science (WOS). Our search query in the databases was ‘TS = (“Ozone” OR “O3” OR “Air pollution” OR “Volatile organic compounds” OR “VOCs” OR “Atmospheric pollution”) AND TS = (“Holiday effect” OR “Weekend” OR “holiday” OR “Vacation” OR “Leave” OR “Golden Week” OR “National Day” OR “Spring Festival” OR “Chinese New Year” OR “New Year” OR “May Day” OR “Labor Day” OR “International Workers’ Day” OR “New Year’s Day” OR “Tomb Sweeping Day” OR “Dragon Boat Festival” OR “Mid-Autumn Day”)’. “TS” represents the terms that were contained in titles, abstracts, and keywords. The selection of search terms underwent a rigorous iterative process: initial searches were conducted using core terms (“Ozone”, “O3 pollution”, “Air pollution”, “Holiday effect”, “Weekend”, “Spring Festival”), which helped identify relevant research. Subsequent analysis of these publications and their references further uncovered additional key terms. A total of 130 publications published in 2004–2025 were considered for bibliometric analysis in this study. Keyword co-occurrence analysis was conducted using VOSviewer (Figure 1), whereby the size of each keyword node illustrates its frequency of occurrence, and the spatial distance between two nodes quantifies their degree of association. Studies on the weekend effect of O3 are highly prevalent. Burst detection analysis of keywords was conducted using CiteSpace (Figure 2), revealing that recent studies on the holiday effect have shown a significant burst in intensity and high attention towards O3 pollution and the weekend effect.




3. Temporal Variations


3.1. Overall Characteristics


This study analyzed the interannual variations and regional distributions of the literature related to the “holiday effect” on O3 pollution in China over the past two decades (2004–2025), as illustrated in Figure 3. The findings reveal a noteworthy number of studies exploring the holiday effect during WENDs, SF, and CND, whereas investigations into other holidays, such as TSD, DBF, MD, and MAD, are comparatively sparse [26,27]. Moreover, studies have experienced a marked increase post 2013, with particularly prolific years identified as 2020, 2021, 2023, and 2024.



To provide a comprehensive overview of the temporal dynamics of O3 and its key precursors NO2 and CO during key holidays, as well as their comparison with non-holiday periods, publicly available data (https://quotsoft.net/air/ (accessed on 10 April 2025)) of hourly averaged concentrations from national monitoring stations over a decade spanning 2015 to 2024 were analyzed (Figure 4).



Holiday-specific mean concentrations during the past decade are summarized in Table 2, with the data derived from the 24 h average concentrations during the holiday periods. In addition, we also present the Pearson correlation coefficients (r) between NO2, CO, and O3 concentrations in different holidays from 2015 to 2024 (Figure 5). In the relationship between NO2 and O3 (Figure 5a), most holiday periods exhibit a negative correlation, especially in MAD. However, during the SF, a slight positive correlation between NO2 and O3 is observed. Regarding the relationship between CO and O3 (Figure 5b), the correlation during holidays is more complex, with some years exhibiting a positive correlation and others showing a negative correlation. For example, during CND, a positive correlation between CO and O3 is observed. In contrast, the correlation between CO and O3 is weaker on weekdays, while the correlation becomes significantly stronger during holidays. As indicated in Table 2, the concentrations of these pollutants exhibit significant variations across different holidays. For instance, during the SF, the average O3 concentration was 57.23 μg/m3, which is notably higher than that (34.34 μg/m3) in NYD. The NO2 concentrations also showed distinct differences, with SF at 19.68 μg/m3, much lower than the 82.70 μg/m3 observed during MD. Additionally, the mean CO concentration during SF was 0.97 mg/m3, which is higher than the 0.71 mg/m3 during MD. These differences in pollutant levels are likely influenced by reduced traffic and industrial activities during the holidays, as well as the specific behaviors associated with each holiday period. Through correlation analysis of holiday and workday periods, a general negative correlation between NO2, CO, and O3 was observed (Figure 5), with notable holiday effects during the summer–autumn seasons encompassing MD, DBF, MAD, and CND, as well as during the winter season (i.e., SF) (p < 0.05). During winter, NO2 and CO concentrations tend to be comparatively higher (Table 2), while O3 concentrations are relatively lower. Notably, only during MD do both NO2 and O3 concentrations reach elevated levels concurrently (p < 0.05). In contrast, for holidays such as NYD, SF, MAD, and CND, O3 concentrations exhibit inverse trends to those of NO2. When comparing O3 concentrations during WENDs and weekdays (WDAYs) across various seasons, it becomes evident that during the summers and autumns of many years (e.g., 2015, 2016, 2018, 2020, and 2021), O3 concentrations on WENDs were consistently higher than those on WDAYs (p < 0.05). Notably, 2015 and 2021 demonstrated a pronounced weekend effect throughout the year (p < 0.05).



The impact of holidays on O3 pollution varies by season. During the spring and summer holidays, the strong sunlight and higher temperatures, combined with reduced traffic and industrial activity, lead to a decrease in NOx concentrations, which weakens the titration effect of NO on O3, typically increasing O3 levels [14,17]. In contrast, during the autumn holidays, especially the CND, O3 pollution tends to be more severe due to increased human activity, including tourism, which raises the concentrations of NOx and VOCs from traffic and industrial emissions [5]. Winter holidays generally see lighter O3 pollution due to lower temperatures and weaker sunlight, although during the SF, the large amounts of NO2 and PM2.5 produced by fireworks cause a temporary increase in O3 concentrations [22]. The seasonal variations underscore the complex interplay of meteorological conditions, anthropogenic emissions, and temporal factors on O3 concentrations during specific holiday and non-holiday periods, with statistical tests confirming significant seasonal differences (p < 0.05).




3.2. Weekend Effect


The “weekend effect” of O3 pollution, a common phenomenon observed in numerous urban areas globally, is characterized by elevated O3 concentrations but relatively lower precursor concentrations on WENDs. Cleveland et al. (1974) first introduced the concept of the weekend effect [28], with subsequent observations in American cities such as Washington, Los Angeles [29,30], Tucson [31], California [32,33], and some European cities [34,35]. In recent years, with the accelerated urbanization in China, the cyclical fluctuations in air pollutants have also drawn significant attention. Studies across various regions consistently reveal that the concentrations of those pollutants, such as PM2.5, PM10, NO2, SO2, and CO, tend to be higher on WDAYs compared to WENDs, driven by reduced vehicle traffic and human activities on WENDs, while O3 exhibits higher levels on WENDs [36,37], highlighting a unique response pattern to these periodic shifts in urban activity.



To evaluate the presence of the “weekend effect”, the formula U = (CWENDs − CWDAYs)/CWDAYs is widely used [26,38,39], where U represents the percentage of the weekend effect, and CWENDs and CWDAYs denote the average O3 concentration on WENDs and WDAYs, respectively. If U > 0, it indicates higher O3 concentrations on WENDs compared to WDAYs, thereby implying a weekend effect [26,36,37,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68]. For example, the weekend effect of O3 in Liuzhou is characterized by consistently higher concentrations on weekends compared to weekdays throughout the year, with the most pronounced increase observed in autumn (+11.29%, 76.70 vs. 68.92 μg/m3, p < 0.05) and the smallest variation in summer (+0.74%, 56.18 vs. 55.77 μg/m3) [39]. If U < 0, it indicates lower WENDs O3 concentrations, suggesting a reverse weekend effect [27,50,69,70,71,72,73,74,75,76,77,78,79,80,81]. For example, in Tai’an, the weekend effect of O3 exhibits an inverse pattern characterized by significantly lower concentrations on weekends (−75.8%, 14.1 vs. 58.1 μg/m3, p < 0.05) [73]. When U = 0, it indicates that WENDs O3 concentrations are close to those on WDAYs, suggesting that the weekend effect is insignificant [77,82,83,84].



A prominent weekend effect was identified in Suzhou during the summers of 2016–2019 [85]. In this case, higher O3 concentrations were observed during the night and early morning on WENDs compared to WDAYs. In the Lin’an district of Hangzhou [86], a weekend effect was observed in the summer, while a reverse weekend effect occurred in the winter. In Shenzhen [87], a reverse weekend effect was noted during the summer, whereas Guangzhou exhibited a weekend effect during autumn [88]. This variation can be attributed to the control of different precursors in these regions, e.g., Guangzhou operates under a NOx-limited regime during the summer and a VOC-limited regime in the fall. Overall, the weekend effect of O3 pollution exhibits spatial (e.g., urban and suburban) and temporal (e.g., season) variations even within the same region [38,85,88,89,90,91,92].



Numerous studies [36,37,42,44,48,49,51,53,93] have demonstrated that lower anthropogenic emissions on WENDs weaken the titration effect of NO on O3, which leads to higher O3 concentrations. Furthermore, the accumulation scale and formation rate of O3 are often greater on WENDs than on WDAYs [44,51,93,94].




3.3. Spring Festival Effect


During the SF, noticeable alterations occur in various aspects of people’s lives, including production activities, daily routines, and travel patterns. Dai et al. (2021) [95] used machine learning methods to quantify the impact of meteorological factors on air quality data from 31 major cities in China. They found that during the 2020 SF, NO2 concentrations decreased by 14.1% and O3 concentrations increased by 6.6%, indicating that the activities during the SF had a significant effect on air quality. Commonly, this period is characterized by factory closures and employee vacations, leading to a substantial reduction in urban traffic congestion. In contrast, intercity travel experiences a surge at the beginning and end of the festival due to the homecoming and reworking wave [95]. This surge results in elevated traffic loads on highways, while the traffic burden on major urban roads diminishes [27,96,97]. Notably, massive fireworks and firecrackers throughout the SF release significant amounts of pollutants such as NO2, SO2, and PM2.5, thus exacerbating particulate pollution. This causes a decrease in atmospheric visibility, inhibits photochemical reactions, and markedly influences the O3 formation [98,99]. In addition, for VOCs that contribute to O3 formation potential (OFP), olefins are notably prevalent, significantly exceeding the levels of other VOC species, while aromatics and alkanes play a less significant role [100].



Numerous studies have identified a robust negative correlation between O3 and primary pollutants (e.g., SO2, NO, PM10, and PM2.5) during the SF [97,98,101,102,103,104]. Low-level O3 appears to align with the high peak period of SO2, which may be related to the SO2 conversion into secondary sulfate; namely, SO2 can be readily oxidized into sulfate by O3 or atmospheric free radicals [101]. Other studies propose that following the ignition of firecrackers, NO and SO2 are initially emitted into the atmosphere, which subsequently react with O3 to yield NO2 and SO3, respectively, leading to a decrease in O3 levels, while the emitted PM10 and PM2.5 contain reducible substances that further consume O3 in the atmosphere [98,99,105]. For example, during the SF in 2014 in Jinan, a valley city in NCP, the O3 concentration began to rise from midnight as the number of fireworks increased. However, during the peak of firework burning at night, the O3 concentration dropped sharply and returned to normal levels within 8 h [105]. Interestingly, Shen et al. (2016) [74] found that O3 concentrations during the SF are higher than those during non-SF periods, particularly at night. This night-time elevation may be attributed to the radiation generated by the large amount of bright light, with wavelengths below 240 nm, produced during the ignition of fireworks and firecrackers. This radiation decomposes O2 into O, thereby promoting the night-time generation of O3 [74]. In summary, O3 pollution during the SF is influenced by a complex interplay of factors, encompassing traditional customs and other contributing elements. This multifaceted influence underscores the need for comprehensive strategies to mitigate O3 pollution and associated air quality challenges during this period.




3.4. Chinese National Day Effect


Research on the holiday effects of O3 pollution in China has mainly focused on WENDs or the SF, with the important holiday of CND receiving comparatively less attention. CND occurs in autumn, a season that offers favorable meteorological conditions conducive to photochemical reactions. Furthermore, factory shutdowns during this period coincide with a surge in public travel [14], making CND a topic of considerable research significance. Studies by Su et al. (2017) [106] revealed that extensive human activities during holidays can, to some extent, exacerbate urban traffic burdens, thereby influencing urban air quality. During CND, the influx of tourists (e.g., Shantou City received 3.789 million visitors, with over 12,000 vehicles entering Nan’ao Island daily) and the resulting rise in traffic loads contributed to elevated concentrations of O3 precursors, which began increasing from the day before CND and remained persistently high throughout the period [107]. Moreover, the prevalence of clear skies during CND further enhances photochemical reactions. These factors cumulatively result in a notable increase in O3 levels during CND (Figure 4), with peak O3 concentrations closely aligning with intensified human activities [36,107].



Su et al. (2017) [106] highlighted that the variation in O3 during CND is quite complex. In cities within the BTH region, O3, NO2, and other key pollutants exhibit a single-peak pattern, with an initial increase followed by a decrease. However, in other cities, O3 shows an opposite trend to NO2, CO, and other gases, aligning more closely with the characteristics of weekend effects. Xu et al. (2017) [18] reported that the combined influence of intensified human activities, favorable weather conditions, and enhanced traffic emissions during CND makes alkenes the most sensitive precursors for O3 formation. Wang et al. (2022) [14] found that during CND, limiting industrial aromatic hydrocarbon emissions from solvent usage resulted in an O3 decrease of about 20%. Studies by Chen et al. (2023) [108,109] captured a downtrend of O3 levels across CND at a regional background site of PRD. Although anthropogenic contributions showed a holiday effect of “decreasing during CND and rebounding after CND”, biogenic contributions to O3 formation significantly enhanced during CDN. Notably, isoprene and its oxidation product formaldehyde consistently ranked among the top OFP contributors during both polluted and non-polluted periods, underscoring the significant role of biogenic volatile organic compounds (BVOCs) in O3 formation. Wang et al. (2016) [22] further emphasized that the sky conditions and meteorological patterns during CND, including fewer maritime air masses and more continental flows coupled with unfavorable dispersion conditions, collectively contribute to elevated O3 levels during CND. In conclusion, the marked increase in O3 during CND is primarily driven by amplified human activities and altered meteorological conditions, which warrants further in-depth investigations.




3.5. Pandemic Effects


In 2020, the coincidence of the pandemic lockdown with the SF brought about a temporary halt to factories and various industries, significantly reducing traffic loads in many regions (e.g., a 50% reduction in the YRD) [110,111,112]. This led to a significant decrease in NO2 emissions. However, several regions in China (such as the BTH) faced severe O3 pollution during this period [113]. The pandemic control measures inadvertently strengthened the O3 concentration during SF, making it much higher than that on WDAYs. After the COVID-19 lockdown began in 2020, the average NO2 concentration across 31 cities in China decreased by 29.5%, the average O3 concentration increased by 31.2%, and the average PM2.5 concentration decreased by 7.0% [95]. Many studies identified that during the pandemic, the substantial reduction in primary emissions weakened the titration effect of NO, while increased temperatures collectively contributed to a rise in O3 concentration [110,114,115,116,117,118]. This enhancement in O3 levels elevated the atmospheric oxidation capacity (AOC) and amplified photochemical reactions [96]. Wang et al. (2022) [119] further suggest that when O3 reaches a certain concentration, its impact on PM2.5 becomes more pronounced, indicating a synergistic pollution effect between O3 and PM2.5. In summary, the pandemic control measures during the SF in 2020 significantly influenced the traditional “Spring Festival effect” on air quality. Lin et al. (2023) [43] reveal that the COVID-19 lockdown in large cities might amplify the weekend effect of O3 pollution. During the COVID-19 pandemic, industrial and traffic emissions significantly decreased, resulting in a notable decline in NO2 levels and a noticeable rise in O3 concentrations. During the pandemic, the BTH region remained highly sensitive to VOCs and experienced severe smog episodes accompanied by significant O3 pollution [120]. Zhang (2023) [121] reveals that Shenyang city did not exhibit the weekend effect in the past few years, but during the COVID-19 control measures in 2020, the weekend effect was significantly amplified. During the pandemic lockdown, the average concentration of urban NOx was 49% lower than in previous years on WENDs (p < 0.05), and the lockdown also impacted O3 formation, with WENDs O3 concentrations in Wuhan during the lockdown period being 38% higher than on WDAYs [118]. Yu et al. (2022) [122] reported that the O3 concentrations in the PRD generally show higher levels during holidays than on WDAYs, with those on non-pandemic WDAYs being higher than those on pandemic WDAYs, but with those on non-pandemic holidays being lower than those on pandemic holidays. In summary, the COVID-19 lockdown significantly altered the conventional ‘Holiday Effect’ on air quality. Despite substantial emission reductions, decreased industrial activity, temperature variations, and increased particulate matter concentrations collectively drove O3 elevation. These findings underscore the necessity for comprehensive air pollution control strategies during exceptional events like pandemics—strategies that must account for both emission abatement and atmospheric chemistry dynamics.





4. Spatial Variations


Precursor emissions and the influencing factors exhibit significant spatial variability, resulting in distinct O3 characteristics across different cities. Within the same city, O3 pollution control measures may differ based on the time, leading to varying manifestations of the O3 “holiday effect” [89]. Consequently, tailored emission reduction strategies for precursors, based on local conditions, are essential. Inappropriate reduction ratios of precursors could even aggravate local O3 concentrations [123]. In China, studies on the holiday effect have been relatively scattered and primarily concentrated in regions with severe O3 pollution, such as the BTH, the YRD, and the PRD (Figure 3) [124]. In contrast, other regions, including the Chengdu–Chongqing Urban Agglomeration (CCUA), Central Liaoning Urban Agglomeration (CLUA), Shandong Peninsula Urban Agglomeration (SPUA), Wuhan Urban Agglomeration (WUA), Changsha–Zhuzhou–Xiangtan Urban Agglomeration (CZXUA), North Shanxi Urban Agglomeration (NSUA), West Coast Straits Urban Agglomeration (WCSUA), and Guanzhong–Shaanxi Urban Agglomeration (GSUA), have seen relatively limited research on this topic. Figure 6 shows the ten-year (2015–2024) average O3 concentration distribution on NYD, SF, TSD, MD, DBF, MAD, CND, WENDs, and WDAYs in China. The results showed that NYD consistently experienced the lowest O3 concentrations, with no O3 pollution observed. In contrast, the DBF exhibited the most severe O3 pollution, with numerous areas surpassing national standards (Level I) in 2017 and 2018. Significant O3 pollution was prevalent north of the Qinling–Huai River line, primarily concentrated in the BTH region and surrounding urban clusters, with the pollution peaking in 2017 and 2023. Additionally, the MD (2015–2018) and MAD (2021–2022) periods also face elevated O3 concentrations, following an overall east-high, west-low spatial distribution pattern.



Figure 7 illustrates the differential changes in O3 concentrations from 2015 to 2024 by calculating the relative percentage change in concentrations at each monitoring station. The results indicate that, compared to 2015, O3 concentrations increased significantly in several regions in 2024, especially during specific holiday periods. More precisely, during NYD, SF, and TSD, the increase in O3 concentrations was primarily concentrated in regions north of the Yangtze River. In contrast, during the MAD, a noticeable decrease in O3 concentrations was observed along the eastern coastal areas. Notably, during CND, the most significant increase in O3 concentrations occurred in the PRD, reflecting considerable variations in air quality during the holiday period.



4.1. Beijing–Tianjin–Hebei


The BTH region serves as a pivotal political and cultural center in China [125]. This region is densely populated with heavy industrial enterprises that predominantly rely on traditional energy such as coal, making it a major contributor to O3 precursor emissions, including vehicle exhaust, industrial discharges, and coal-fired power plant emissions [89]. In major cities like Beijing, vehicle emissions are the primary sources of NOx and VOCs [123]. Research on the holiday effect in the BTH has predominantly centered on Beijing, a city situated within a VOC-controlled region which consistently exhibits a pronounced holiday effect. Zhou et al. (2014) [126] employed the Community Multiscale Air Quality (CMAQ) model to investigate O3 formation in Tianjin and found that while NOx emissions suppress O3 formation, VOCs facilitate it, which is consistent with the primary mechanisms driving the O3 holiday effect. In regions with severe O3 pollution, the suppression effect of NO on O3 diminishes during holidays, which leads to a higher O3 accumulation efficiency and duration compared to regular workdays, thereby manifesting the holiday effect of O3 pollution [32,36,38,42,44,47,48,51,80,84,90,91,93,105,113,118,119].




4.2. Yangtze River Delta


The YRD region is one of the most economically dynamic and innovative regions in China [127]. The region’s unique geographical features contribute to spatial differences in O3 levels, with coastal cities generally experiencing higher O3 concentrations compared to their inland counterparts [17,21]. The holiday effect in the YRD is more complex compared to that in the BTH, with different holiday effects observed within [37,41,42,70,85,86,89,103] and neighboring this region [40,42,52,76]. Modeling studies by Zhao et al. (2004) [128] showed that meteorological conditions play a crucial role and affect the diversity of the holiday effect of O3 pollution. Fan et al. (2013) [86] further explored the seasonal variability in the O3 holiday effect, finding that it exhibits a weekend effect in summer and a reverse weekend effect in winter. These variations are influenced by changes in meteorological conditions and precursor emissions throughout the year. Moreover, the holiday effect in the same region can differ across years. For example, in Suzhou, He et al. (2023) [89] observed a weekend effect in 2017 and 2019, but a reverse weekend effect in 2016 and 2018. This temporal variability is closely linked to solar radiation levels: in 2017 and 2019, solar radiation on WENDs was significantly higher than on WDAYs, while in 2016 and 2018, WENDs solar radiation was substantially lower than that on WDAYs [89]. These findings suggest a positive correlation between higher solar radiation and increased O3 concentrations. Overall, the holiday effect in the YRD is multifaceted and highly variable; further studies are needed to elucidate the underlying mechanisms driving these effects and develop targeted strategies.




4.3. Pearl River Delta


The PRD is one of China’s three most developed urban agglomerations and serves as another critical economic hub, which is renowned for its high-tech industrial sectors (e.g., chemical and electronics manufacturing industries) [129]. The average O3 concentration in this region exhibits a fluctuating yet overall upward trend, which is primarily attributed to both local emissions and regional transport [5,9,130]. Distinct holiday effects have been reported in the PRD, such as weekend effects [42,88,92], reverse weekend effects [87], SF effects [131,132], and reverse holiday effects during the CND [5,14,107,108,109,133]. Zou et al. (2019) [88] reported that the titration of O3 and lower NOx levels on WENDs lead to faster O3 formation in autumn Guangzhou, resulting in a more pronounced weekend effect on morning O3 levels. Furthermore, during the dry season, a weekend effect is observed, whereas the wet season shows a reverse weekend effect [92]. The SF effect primarily relates to the COVID-19 control measures implemented in the PRD, where coordinated control measures still prevailed. Daytime O3 decreases and night-time increases are likely due to significant reductions in precursor emissions resulting from lockdown measures—with NOx emissions decreasing by 50% and VOCs by 46%—and the diminished titration effect of NOx at night. As shown in Figure 6 and Figure 7, O3 concentrations in the PRD during the CND showed a significant increase compared to those on WDAYs, with statistical tests confirming the difference (p < 0.05). During the CND, meteorological conditions in the PRD were highly conducive to O3 formation. The influx of tourists and increased vehicular activity raised emissions from the catering industry and transportation sectors, elevating precursor concentrations and exacerbating O3 pollution [107]. Severe near-surface O3 pollution linked to the horizontal transport of pollutants also occurred during the CND. For example, Shen et al. (2020) [5] reported that O3 pollution events during CND in PRD were primarily caused by O3 generated from upwind cities and transported to downwind areas. Overall, the O3 pollution in the PRD is significantly influenced by the holiday effect, with distinct pollution characteristics observed during different holidays [88,108,132]. Future strategies should differentiate control strategies for various holidays and enhance regional joint efforts to effectively address O3 pollution issues.




4.4. Other Regions


In addition to the BTH, YRD, and PRD region, studies on the holiday effect have also been conducted in several other areas across China, such as CCUA [26,38,49,58,59,83,134,135], CLUA [44,136], Xinjiang Urumqi Urban Agglomeration (XUUA) [45,137,138,139,140], GSUA [91,141,142], CZXUA [27,82,143,144,145], Anhui Province [94], Guangxi Province [39], Hainan Province [146], Heilongjiang Province [147], Hong Kong [39], and Qinghai Province [148]. For the SF effect, studies have been reported in Wuhan [94,115,118,134,149], NSUA [150,151], Shandong Province [97,152], Shanxi Province [151], and Henan Province [98,153]. By comparing and analyzing research progress from various regions, we can gain a more comprehensive understanding of the mechanisms and influencing factors behind the holiday effect of O3 pollution. This widespread phenomenon requires coordinated attention and collaborative strategies from all regions in China.





5. Influencing Factors


5.1. Precursors


Generally, surface O3 concentration demonstrates a strong correlation with changes in precursor concentrations [76]. The Relative Incremental Reactivity (RIR) method serves as an important indicator for evaluating the sensitivity of O3 formation to precursors [18]. Wang et al. (2022) [14] employed the AtChem2-MCM model to calculate the RIR values of precursors (NO, VOCs, CO) during different periods (holidays, post-holidays, and non-holidays), and revealed that only the RIR for NO was negative, indicating that an increase in NO concentration could enhance its titration effect on O3, thereby mitigating O3 pollution. The observed higher O3 concentrations on holidays compared to working days are primarily attributed to a decrease in the concentration of NO, which diminishes NO’s titration effect on O3 and leads to increased O3 levels [17,95].



5.1.1. O3 Formation Mechanisms


Ground-level O3 is a secondary pollutant formed through complex photochemical reactions involving NOx and VOCs under sunlight [110]. The primary pathway can be summarized as follows:


NO2 photolysis: NO2 + hν → NO + O, O + O2 → O3.



(1)






VOCs oxidation: VOCs + OH → RO2, RO2 + NO → NO2.



(2)






NO titration: O3 + NO → NO2 + O2.



(3)







The photolysis of NO2 contributes to the enhancement in O3 concentrations. However, when NO2 levels decrease, the associated reduction in NO concentrations may increase O3 concentrations. This process is dynamic and governed by the complex interactions between sunlight, NO, NO2, and O3. The photochemical characteristics of O3 fundamentally explain why O3 concentrations tend to increase during holidays despite reduced anthropogenic emissions [8,110].




5.1.2. NOx and VOCs


The ratio of VOCs to NOx can significantly influence the sensitivity of O3 to changes in these precursors [154]. The Empirical Kinetic Modeling Approach (EKMA) curve, derived from photochemical reaction modeling, simulates O3 formation to reveal the nonlinear relationship among O3 and its precursors VOCs and NOx, with its characteristic ridge line formed by connecting the turning points of O3 concentration isopleths delineating three distinct control regimes: a synergistic control regime near the ridge line, a VOC-controlled regime above it, and a NOx-controlled regime below it [154]. Specifically, if O3 formation occurs in a NOx-controlled regime, reducing NOx emissions will lead to a decrease in O3 concentrations. Conversely, if O3 formation is in a VOC-controlled regime, reducing VOC emissions can effectively lower O3 levels [40,47,48], with the reduction in NOx emissions leading to an increase in O3 concentrations [155]. The holiday effect introduces variability into this dynamic by causing temporary shutdowns of factories and shifts in travel patterns, which can lead to abrupt changes in NOx or VOC emissions [131]. These changes result in regular fluctuations in O3 concentrations, further highlighting the complexity of O3 formation and its sensitivity to precursor emissions. O3 formation sensitivity exhibits seasonal variations; i.e., in winter, most parts of China are likely in a VOC-controlled region, whereas in spring and summer, a greater number of regions transition into a NOx-controlled regime [156,157,158]. Numerous studies posit that the primary reason for the holiday effect lies in the lower concentration of NO on non-working days, which weakens NO’s reductive suppression of O3, thereby facilitating an increase in O3 concentrations [44,51,118]. The absence of a holiday effect in certain cases can be attributed to a higher NO2/NO ratio, which favors O3 formation [76]. Guo et al. (2022) [85] investigated the diurnal variations in O3 and identified a notable holiday effect, characterized by elevated O3 levels during the night and morning but decreased afternoon concentrations on holidays, which can be attributed to the lower NO2/NO ratios and reduced net O3 formation in the afternoon on holidays. The enhanced indoor activities in homes and hospitals during lockdowns notably increased the emissions of solvent-related VOCs [111,134]. In addition to a relative lack of HOx radicals (OH and HO2) [116], O3 formation lies in a VOC-controlled regime. Overall, both seasonal variations and changes in emissions between working and non-working days as well as reductions in traffic and increases in household activities during the pandemic can significantly influence O3 concentrations.




5.1.3. CO


The relationship between CO and O3 is complex. CO is a precursor for O3 formation in the troposphere, primarily through photochemical oxidation in the presence of NOx, which leads to O3 production [159]. The concentrations of NO2 and CO can, to some extent, reflect vehicle emissions around urban monitoring sites [160]. A study indicates that air pollutant variations in Metropolitan Lima should be attributed to vehicular traffic (for NO2 and CO) and ground-level solar radiation (for O3), while O3 is additionally influenced by nocturnal transport [161]. The concentration patterns exhibited a distinct “weekend effect”, with analytical results showing a negative correlation between CO and O3 but a positive correlation between CO and NO2—findings that closely align with the conclusions derived from Figure 5 [49,128,161]. Studies suggest that reduced traffic emissions during holidays may lead to lower CO concentrations, but their O3-promoting effect could be weakened by the simultaneous decline in NOx [160]. In contrast, an increase in CO promotes O3 formation, counteracting the holiday effect.




5.1.4. Primary Pollutants


Primary pollutants such as PM2.5, PM10, and SO2 can also influence the holiday effect of O3 pollution. Generally, lower concentrations of PM are associated with stronger solar radiation and enhanced photochemical reactions, both of which are favorable for the O3 formation [116,117]. Wang et al. (2020) [155] reported that, at lower concentrations of PM2.5, a positive correlation exists between PM2.5 and O3; however, at higher PM2.5 concentrations, this relationship becomes negative. Additionally, reductive substances present in PM10 and PM2.5 can consume O3 [98]. SO2 exhibits a negative correlation with O3 concentrations, and a decrease in SO2 can reduce its consumption of O3, thereby promoting an increase in O3 levels [98,101,118]. Typically, concentrations of PM2.5, PM10, and SO2 are higher on WDAYs compared to most of the holidays.





5.2. Atmospheric Oxidation Capacity


Generally, the concentrations of OH, nitrate (NO3) radicals, and Ox (Ox = O3 + NO2) can be used as the indicator of AOC, which also poses a significant impact on the holiday effect of O3 pollution [162]. Observations in Urumqi found that NOx concentrations were 9.7% lower on WENDs compared to WDAYs, while the average Ox concentration was 0.76% higher on WENDs, resulting in O3 concentrations being 3.5% higher on WENDs [137]. Similarly, Geng et al. (2008) [41] reported that a substantial reduction in NO2 led to an increase in OH concentrations, thereby enhancing the AOC on WENDs, which contributed to the occurrence of the O3 weekend effect. Yang et al. (2020) [163] analyzed the OFP of VOCs before, during, and after the CND and found that the top ten VOCs included a higher proportion of unsaturated species, which are more likely to react with OH to produce O3 [116]. Ma et al. (2022) [113] reported that during the pandemic lockdown period, a significant reduction in NOx emissions not only increased O3 formation but also enhanced night-time NO3 radical concentrations, thereby further strengthening the AOC and promoting the secondary formation of O3. Additionally, Huang et al. (2023) [134] found that a reduction in traffic flow led to a marked decrease in NOx emissions, while the reduction in VOCs was comparatively smaller. This imbalance between NOx and VOCs further increased the AOC in urban areas, exacerbating O3 pollution. Le et al. (2020) [116] and Zhao et al. (2022) [164] revealed that reductions in NOx were associated with increased urban O3 concentrations, which in turn enhanced the AOC and promoted the formation of sulfate and other secondary aerosols. These studies demonstrate that variations in NOx and VOC abundances can significantly affect the AOC, thereby influencing O3 production during different periods.




5.3. Meteorological Conditions


The holiday effect is also closely associated with the changes in meteorological conditions such as solar radiation, temperature, relative humidity (RH), rainfall, and cloud cover [26,37,52,89,165]. Studies indicate that solar radiation and O3 concentration exhibit a positive correlation. On WDAYs, decreased human activities on holidays lead to lower particulate concentrations, which improve atmospheric visibility and solar radiation intensity, as well as enhance the BVOC emissions, thereby contributing to distinct holiday effects [89]. Temperature and O3 also show a positive correlation, with higher temperatures generally increasing the BVOC emissions and the exceedance rate of O3. For RH, while O3 concentrations initially rise with increasing RH, they subsequently decrease as RH continues to increase. Generally, O3 pollution events become extremely rare when RH surpasses 80% [26,52,165]. O3 is negatively correlated with rainy days; on clear and dry days, O3 pollution tends to be more severe. During rainy and cloudy days, cloud cover weakens photochemical reactions, and precipitation can remove some O3 [26]. Tang et al. (2009) [37] reported that an increase in cloud cover can correspondingly reduce the intensity of the O3 weekend effect. Additionally, Qiu et al. (2018) [92] observed that the weekend effects vary between dry and wet seasons in southern China. For example, in Guangzhou, a weekend effect occurs during the dry season, whereas a reverse weekend effect is evident in the wet season. Overall, these studies highlight the significant influence of meteorological conditions on the holiday effects of O3 pollution.




5.4. Other Factors


Tan et al. (2013) [166] identified a strong correlation between the holiday effect and urbanization. Regions with higher urbanization rates, larger population densities, and greater traffic intensities tend to exhibit a more pronounced holiday effect. Nonetheless, as urbanization reaches a stable state, the intensity of the holiday effect typically diminishes. Generally, longer holidays are associated with a more pronounced holiday effect compared to shorter ones. While studies revealed that although the concentrations of NOx, CO, and VOC progressively decline with additional vacation days, the holiday effect does not appear to be directly influenced [17,166,167]. Overall, the relationship between the holiday effect, urbanization, and the duration of holidays warrants further investigation and analysis.





6. Summary and Outlook


This review summarizes two decades of studies on the holiday effect of O3 pollution in China, highlighting its spatiotemporal dynamics and influencing factors. Key findings reveal that reduced NO during holidays weakens its titration effect on O3. Additionally, decreased PM on holidays leads to improved atmospheric visibility and a corresponding enhancement in AOC, along with enhanced BVOC emissions, all of which boost the photochemical formation capacity of O3. Furthermore, solar radiation and temperature exhibit a positive correlation with O3 pollution during holidays, whereas rainfall and cloud cover suppress it. Key holidays like SF and CND exhibit distinct pollution patterns, with SF influenced by fireworks emissions and pandemic lockdowns, while CND is shaped by tourism surges and seasonal meteorology.



To develop effective O3 pollution control strategies, it is essential to consider a multidisciplinary approach that integrates factors such as regional disparities, precursor emissions, meteorological conditions, and the holiday effect. The dynamic nature of the O3-VOC-NOx relationship necessitates region-specific control strategies, which can be informed by the unique characteristics of the holiday effect in different regions. Such an approach allows for more tailored future emission reduction measures, rather than adopting a one-size-fits-all strategy.



To further advance our understanding and control strategy of O3 pollution during holidays, the following research priorities are recommended, which can refine China’s O3 mitigation strategies, balancing emission controls with regional socio-economic activities.



	
Elucidate photochemical pathways under varying holiday conditions, particularly the roles of radicals (e.g., OH, NO3), reactive VOCs (e.g., BVOCs, carbonyls), and other photochemical indicators (e.g., peroxyacetyl nitrate) in O3 formation.



	
Leverage machine learning to identify dominant factors (e.g., transport paths, heatwaves, biomass burning) during extreme O3 episodes in the holiday.



	
Further examine AOC’s role as a prerequisite for photochemical reactions.



	
Quantify cross-regional O3 contributions and vertical profiles of O3 and its precursors (i.e., VOCs and NOx), especially during long holidays like CND.



	
Assess acute and chronic health impacts of holiday O3 spikes on humans and their effects on ecology (e.g., crop yield, forest).










Author Contributions


Conceptualization, S.C. and J.C.; methodology, S.C. and D.G.; software, S.C.; validation, S.C. and D.G.; formal analysis, S.C. and J.L.; investigation, S.C. and J.C.; resources, S.C. and J.L.; data curation, S.C. and J.L.; writing—original draft preparation, S.C. and J.C.; writing—review and editing, S.C. and D.G.; visualization, S.C.; supervision, D.G.; project administration, D.G. and B.W.; funding acquisition, D.G. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (NSFC) Projects (42121004, 42205105) and the Science and Technology Planning Project of Guangdong Province of China (2024B1212040006).




Data Availability Statement


The data set is available to the community and can be accessed by request from Daocheng Gong (dcgong@jnu.edu.cn).




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	AOC
	Atmospheric Oxidation Capacity



	BTH
	Beijing–Tianjin–Hebei



	CCUA
	Chengdu–Chongqing Urban Agglomeration



	CLUA
	Central Liaoning Urban Agglomeration



	CMAQ
	Community Multiscale Air Quality



	CND
	Chinese National Day



	CZXUA
	Changsha–Zhuzhou–Xiangtan Urban Agglomeration



	EKMA
	Empirical Kinetic Modeling Approach



	GSUA
	Guanzhong–Shaanxi Urban Agglomeration



	HO2
	Hydroperoxyl Radical



	HOx
	OH + HO2



	MAD
	Mid-Autumn Festival



	MD
	May Day



	NOx
	Nitrogen Oxides



	NSUA
	North Shanxi Urban Agglomeration



	NYD
	New Year’s Day



	O3
	Ozone



	OFP
	Ozone Formation Potential



	OH
	Hydroxyl Radical



	PM2.5
	Fine Particulate Matter



	PRD
	Pearl River Delta



	RH
	Relative Humidity



	RIR
	Relative Incremental Reactivity



	SF
	Spring Festival



	SO2
	Sulfur Dioxide



	SPUA
	Shandong Peninsula Urban Agglomeration



	TSD
	Tomb Sweeping Day



	VOCs
	Volatile Organic Compounds



	WCSUA
	West Coast Straits Urban Agglomeration



	WDAYs
	Weekday



	WENDs
	Weekend



	WOS
	Web of Science



	WUA
	Wuhan Urban Agglomeration



	XUUA
	Xinjiang Urumqi Urban Agglomeration



	YRD
	Yangtze River Delta
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Figure 1. Keyword co-occurrence analysis of holiday effect. 
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Figure 2. Keyword flashpoint diagrams. 
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Figure 3. The interannual variation and regional distribution of studies on the holiday effect of O3 pollution in China over the past two decades (2004~2025). 
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Figure 4. The interannual and seasonal variations in the concentrations of O3, NO2, and CO during holidays and non-holidays in China over the past decade (2015~2024). 
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Figure 5. The Pearson correlation coefficient (r) between the NO2 (a), CO (b), and O3 concentrations for various holidays in China over the past decade (2015–2024), with statistical significance at p < 0.05. 
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Figure 6. Ten-year (2015–2024) averaged O3 concentration distribution on (a) NYD, (b) SF, (c) TSD, (d) MD, (e) DBF, (f) MAD, (g) CND, (h) WENDs, and (i) WDAYs in China. 
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Figure 7. O3 concentration changes from 2015 to 2024 on (a) NYD, (b) SF, (c) TSD, (d) MD, (e) DBF, (f) MAD, (g) CND, (h) WENDs, and (i) WDAYs in China (ΔC% = (C2024 − C2015)/C2015 × 100%). 
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Table 1. Distribution and percentage of tourist trips during major Chinese holidays in 2023 (data available at https://www.mct.gov.cn (accessed on 10 April 2025)).
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	Holiday
	Duration (Days)
	Tourist Arrivals (Billion)
	Daily Average (Million)
	Tourist Trip Percentage (%)





	NYD
	3
	0.53
	1757
	1.08



	SF
	7
	3.08
	4400
	6.30



	TSD
	3
	0.24
	792
	0.49



	MD
	5
	2.74
	5480
	5.6



	DBF
	3
	1.06
	3533
	2.17



	MAD&CND
	8
	8.26
	10,325
	16.89



	Other
	336
	32.99
	981.8
	67.46










 





Table 2. The average concentrations of O3, NO2, and CO during different holidays in China over the past decade (2015~2024).
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	Holiday
	O3 Mean

(μg/m3)
	O3 Range

(μg/m3)
	NO₂ Mean

(μg/m3)
	NO₂ Range

(μg/m3)
	CO Mean

(mg/m3)
	CO Range

(mg/m3)





	NYD
	34.34
	28.67–44.60
	44.70
	34.37–60.12
	1.31
	0.96–2.00



	SF
	57.23
	50.22–66.11
	19.68
	15.04–27.89
	0.97
	0.71–1.33



	TSD
	71.06
	58.49–89.18
	26.30
	17.40–38.26
	0.76
	0.60–1.03



	MD
	82.70
	70.31–93.68
	24.94
	18.48–34.66
	0.71
	0.53–0.91



	DBF
	86.92
	73.98–110.80
	20.44
	14.50–29.22
	0.71
	0.56–1.00



	MAD
	68.38
	58.48–95.00
	21.89
	14.86–28.18
	0.76
	0.59–1.03



	CND
	61.30
	52.23–74.22
	24.65
	17.32–33.57
	0.73
	0.53–1.00
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