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Abstract

:

With urbanization, ozone (O3) pollution and the urban heat island (UHI) effect have become increasingly prominent. UHI can affect O3 production and its dilution and dispersion, but the underlying mechanisms remain unclear. This study investigates the spatial and temporal distribution of O3 pollution and the UHI effect, as well as the influence of UHI on O3 pollution in the Sichuan Basin. Atmospheric pollution data for O3 and NO2 from 2020 were obtained from local environmental monitoring stations, while temperature and single-layer wind field data were sourced from ERA5-Land, a high-resolution atmospheric reanalysis dataset provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). The results indicate the following: (1) O3 concentrations in the Sichuan Basin exhibit distinct seasonal variations, with the highest levels in spring, followed by summer and autumn, and the lowest in winter. In terms of spatial variation, the overall distribution is highest in western Sichuan, second highest along the Sichuan River, and lowest in central Sichuan. (2) There are significant regional differences in UHII across Sichuan, with medium heat islands (78.63%) dominating western Sichuan, weak heat islands (82.74%) along the Sichuan River, and no heat island (34.79%) or weak heat islands (63.56%) in central Sichuan. Spatially, UHII is mainly distributed in a circular pattern. (3) Typical cities in the Sichuan Basin (Chengdu, Chongqing, Nanchong) show a positive correlation between UHII and O3 concentration (0.071–0.499), though with an observed temporal lag. This study demonstrates that UHI can influence O3 concentrations in two ways: first, by altering local heat balance, thereby promoting O3 production, and second, by generating local winds that contribute to the diffusion or accumulation of O3, forming distinct O3 concentration zones.
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1. Introduction


With the accelerated process of urbanization and rapid economic development in China, air pollution has become an increasingly severe global environmental challenge. Particulate matter (PM2.5) and ground-level ozone (O3) are the primary pollutants responsible for air pollution in many cities and regions across the country [1]. In recent years, significant progress has been made in controlling pollutant emissions, particularly in the treatment of particulate matter, such as PM2.5. In many cities, the concentration of PM2.5 has decreased substantially [2,3]. However, ozone pollution remains a prominent issue, especially during the summer, when ozone concentrations often exceed environmental standards [4]. Unlike particulate matter pollution, ozone (O3) pollution is more difficult to monitor directly, and its increasing severity and early onset are often not easily detected. Consequently, the growing problem of ozone pollution warrants increased attention [5]. Both domestic and international studies have extensively explored the formation mechanisms of ozone pollution [6,7,8], the current state of pollution [9], its spatiotemporal distribution patterns, and mitigation strategies [10]. In studies on urban ozone formation mechanisms, the focus has primarily been on precursors and other influencing factors, using both observational and numerical simulation methods for mechanism and source analysis [11]. Furthermore, accelerated urbanization has exacerbated the urban heat island (UHI) effect. Rapid urbanization has altered the nature and structure of the urban underground environment, and, combined with air pollution and artificial waste heat emissions, this disruption of the urban heat balance has contributed to the formation of UHI. The UHI phenomenon refers to the higher temperatures in urban areas compared to surrounding suburban regions. On near-surface temperature maps, suburban temperatures show little variation, while urban areas appear as prominent high-temperature “islands” surrounded by cooler “oceans,” hence the term “urban heat island.” Current research has identified several factors influencing the urban heat balance, including changes in urban substrates [12], anthropogenic heat emissions [13,14], and urban building layout and design [15].



The main factors influencing changes in ozone concentration are precursor emissions and meteorological conditions [16,17]. However, ozone concentrations vary between cities, and their background levels differ [18]. These factors include ozone precursor emissions, meteorological conditions, and the urban heat island (UHI) effect. Research by Zhuang et al. [19] indicates that the relationship between O3 and its precursors is nonlinear, and the impact on O3 differs by region and time. Chen et al. found that ozone concentration is significantly negatively correlated with NO2 and CO concentrations (p < 0.001) and significantly correlated with SO2 concentrations, with the strongest correlation found with NO2 (−0.553) [20]. Meteorological conditions, a crucial regulatory factor in atmospheric pollution, play a vital role in influencing the concentration changes of ozone and other pollutants. Research by Fang et al. shows that ozone concentration is positively correlated with temperature and linearly correlated with solar radiation [21]. Similarly, Chen et al. found no significant correlation between ozone concentration and precipitation (p < 0.05) [20]. Ozone concentration is positively correlated with sunshine hours, wind speed, maximum temperature, and minimum temperature, with correlation coefficients of 0.158, 0.267, 0.724, and 0.703, respectively. An increase in temperature typically raises the reaction rate of ozone precursors, thus promoting ozone formation. Wind speed and atmospheric pressure affect the diffusion and accumulation of ozone, while humidity may further regulate ozone concentration by influencing the rate of photochemical reactions [22].



Moreover, studies have shown that the increase in ozone and precursor emissions caused by the UHI effect and changes in urban meteorological conditions are directly or indirectly related to higher ozone concentrations [23]. While other pollutants, such as PM10, PM2.5, and nitrogen oxides, may also be related to maximum temperature effects, their sources, formation, and diffusion mechanisms are more complex, and their relationship with maximum temperature is not as direct. For example, PM10 and PM2.5 concentrations are primarily influenced by emission sources (such as traffic, industry, and construction) and meteorological factors (such as wind speed and humidity) [24]. The generation and diffusion of these pollutants are more intricate, and their relationship with extreme temperatures is more indirect, requiring more complex models and long-term data for analysis. In contrast, the impact of the UHI effect on cities is mainly reflected in temperature (urban temperatures being higher than those in suburban areas) and wind field changes caused by UHI (urban winds). Over the years, both domestic and international researchers have conducted in-depth studies on the relationship between the UHI phenomenon and O3 pollution [25,26]. Existing studies have found that the UHI effect may exacerbate ozone generation and concentration increases by altering local meteorological conditions such as temperature and wind speed [27,28]. For example, an increase in temperature can promote the reaction rate of ozone precursors, while changes in wind fields may influence the diffusion and accumulation of ozone [29]. Wang et al. found a positive correlation between the urban heat island index and O3 levels in the Yangtze River Delta region [30]. Gray et al. found that in the Chicago area, rising summer temperatures were not the primary cause of increased summer ozone concentrations, as the spatial distribution of ozone did not completely align with the UHI paths [31]. Khiem Mai et al. demonstrated through numerical simulation that UHI plays a significant role in the formation of high ozone concentrations in urban areas [23]. In contrast, Wang Chuhan reported that in the Beijing area, the correlation between the UHI intensity index (UHII) and O3 concentrations was generally weak, with many stations even showing a negative correlation [27]. Shi et al. conducted research in Chengdu and found a positive correlation between the UHI effect and ozone concentration [32]. In contrast, Zeng et al. showed that the relationship between the UHI effect and ozone concentration is not linear; it is influenced by various natural factors and can exhibit different correlations under different environmental contexts [29].



As a key region in western China, the Sichuan Basin has experienced rapid urban development over the past few decades. This development has led to increased emissions of nitrogen oxides (NOx) and other ozone precursors due to motor vehicle emissions, industrial pollution, and construction dust. Additionally, natural factors, such as high temperatures and radiation, coupled with reduced precipitation and ongoing industrialization, have contributed to rising O3 concentrations [33]. Simultaneously, the Sichuan Basin’s unique geographical setting has severely limited the diffusion and transport of pollutants [34]. Surrounded by high mountains, the basin effectively shields the movement of external pollutants, resulting in the severe accumulation of pollutants, especially ozone, within the region. Local urban heat island effects and changes in meteorological conditions within the basin may further exacerbate ozone pollution levels. Although some studies have investigated the relationship between ozone and the heat island effect, research specifically focused on southwestern China, particularly the Sichuan Basin, remains limited. Therefore, this study will focus on the Sichuan Basin, exploring the impact mechanisms of urban heat island effects on ozone pollution, analyzing how meteorological changes influence ozone concentrations at the local scale, and providing a scientific basis for air quality management in the region.




2. Materials and Methods


2.1. Overview of the Study Area


The Sichuan Basin, one of China’s four major basins, is located in the south-central part of the Asian continent, within southwest China. It encompasses the central-eastern part of Sichuan Province and is encircled by the Qinghai–Tibet Plateau, the Daba Mountains, the Huaying Mountains, and the Yunnan–Guizhou Plateau. The surrounding mountains mostly range in elevation from 1000 to 3000 m, covering an area of approximately 100,000 square kilometers. In contrast, the central basin floor, characterized by lower elevations between 250 and 750 m, spans about 160,000 square kilometers. The Sichuan Basin experiences a humid subtropical monsoonal climate, exhibiting distinct temperature variations across its topography. The eastern part of the basin is warmer than the western part, the southern part is warmer than the northern part, and temperatures are higher at the basin floor than at the edges, creating concentric circles in the isotherm distribution [35]. During summer, average temperatures range from 24 °C to 28 °C, with extreme highs reaching between 36 °C and 42 °C. In winter, average temperatures vary from 4 °C to 8 °C, with extreme lows dipping between −8 °C and −2 °C. Annual precipitation in the Sichuan Basin ranges from 1000 to 1300 mm, but this rainfall is unevenly distributed throughout the year [36]. Winter and spring tend to be dry, while summers are characterized by floods, and autumns experience continuous rainfall. Notably, 70–75% of the annual rainfall occurs during the summer months, from June to October.



Morphologically, the Sichuan Basin is nearly elliptical, covering an area of about 260,000 square kilometers and supporting a population of over 100 million. According to the urban economic development plan, the Sichuan Basin is divided into three regions: the West Sichuan Economic Zone, the Chuanjiang Economic Zone, and the Central Sichuan Economic Zone (Figure 1). The West Sichuan Economic Zone, also known as the West Sichuan Economic Belt, is located in the western part of the Sichuan Basin and includes Chengdu, Deyang, Leshan, Meishan, Ya’an, and Ziyang, with Chengdu serving as the central city. The Chuanjiang Economic Zone occupies the eastern and southern parts of the basin and includes Chongqing, Dazhou, Guang’an, and the Southern Sichuan Economic Zone, which comprises Yibin, Luzhou, Neijiang, and Zigong, with Chongqing as the central city. The Central Sichuan Economic Zone is situated in the north-central part of the basin, encompassing Nanchong, Suining, Guangyuan, Bazhong, and Mianyang, with Nanchong as the central city.




2.2. Profile Overview


The data for O3 and NO2 used in this study were sourced from the hourly measurements of 93 monitoring sites across the Sichuan Basin for the years 2020 and 2021, as provided by the China Air Quality Data. The data were meticulously screened in accordance with the Ambient Air Quality Standards (GB3095–2012), and any missing measurements were excluded to ensure accuracy and reliability.



Temperature and wind field data were obtained from the ERA5-Land hourly dataset for 2 m temperatures and the ERA5 single-level horizontal dataset for the 10 m wind u and v components, covering the same period of 2020 and 2021. Due to the complex terrain of Sichuan Province, data from some stations are often missing. Even though there are 156 meteorological monitoring stations, on average, each city only has 2–3 available observation stations. This results in significant spatial discrepancies compared to the 93 pollution monitoring stations. ERA5-Land provides high-quality global grid data, ensuring consistent meteorological information across the entire study area for the entire period, which is crucial for our analysis. Furthermore, the ERA5-Land dataset, provided by the European Centre for Medium-Range Weather Forecasts (ECMWF), has high temporal (hourly) and spatial (0.1° × 0.1°) resolution, offering consistent and reliable meteorological data that meet the temporal and spatial requirements of our study. In contrast, the temporal and spatial resolution of ground-based meteorological stations may be insufficient to meet the analysis requirements. Therefore, this study selected the ERA5 grid data for meteorological analysis.



Since the intensity of the ground-level urban heat island (UHI) effect varies significantly across different times of the day (e.g., daytime and nighttime) [37], regions (e.g., northern and southern China) [38], and seasons [39], selecting data from an entire year helps better reflect the seasonal variations and diurnal differences in the UHI effect. At the same time, long-term UHI studies have shown that the UHI effect undergoes significant changes with the progress of urbanization [40]. In Sichuan, rapid urban development has occurred due to the “Great Western Development” policy, which has led to a rapid change in the UHI effect. To effectively capture these changes and avoid the complexities associated with long time series, this study selects data from 2020–2021, covering all four meteorological seasons.



In recent years, driven by emission reduction policies, particulate matter pollution in the Sichuan Basin has been alleviated to some extent, but ozone pollution has become increasingly severe [41]. Ozone pollution depends on weather conditions and precursor factors [16,17]. Moreover, many studies on the impact of the urban heat island effect on pollutants have shown that the relationship between the urban heat island effect and ozone is more closely related [29,32]. Therefore, we chose ozone and its precursors as the research subjects, as they are currently the most severe pollutants in the Sichuan Basin, rather than all pollutants.




2.3. Data Processing


According to the meteorological classification of seasons, March to May is classified as spring, June to August as summer, September to November as autumn, and December to February as winter for the year 2020.



In this study, O3 pollution days were identified based on the primary (100 μg/m3) and secondary (160 μg/m3) standards specified in the environmental quality standards, allowing us to determine the number of exceedance days for each city in the Sichuan Basin in 2020. The 8 h sliding average was applied to the hourly O3 concentration data to assess the pollution levels for each day. The 90th percentile of the daily maximum value of the 8 h sliding average of ozone was utilized as the criterion for the seasonal average of O3 concentrations. ArcGIS 10.8 software was employed to generate the spatial distribution of O3 concentrations using the inverse distance weighting interpolation method based on the O3 concentration data from the national control monitoring stations.



Urban heat island intensity (UHII) is the difference between the average temperature in the central part of the city and the average temperature in the surrounding suburbs, which is used to indicate the intensity of the urban UHI. In this paper, all the cities studied are divided into two parts, urban area and suburban area, using the data of their own county boundaries, and the difference between the average surface temperature of the two parts is the UHII of that time period. According to previous studies [32], UHII is typically classified into five categories: −0.5–0.5 °C (no heat island), 0.5–1.5 °C (weak heat island), 1.5–2.5 °C (medium heat island), 2.5–3.5 °C (strong heat island), and above 3.5 °C (very strong heat island). Based on these classifications, we calculated UHII for the Sichuan Basin in 2020 and determined the percentage of days within each UHII category throughout the year. Using county boundary data, the study divided all 18 cities in the Sichuan Basin into urban and suburban areas. The 2 m hourly temperature data from ERA5 was used to calculate the temperature difference between urban and rural areas, providing hourly UHII values for each city. These values were then averaged to analyze the daily UHII variation. Additionally, the hourly UHII values were averaged to obtain quarterly UHII, and the Kriging interpolation method was applied to analyze the spatial distribution of UHII across different seasons in the Sichuan Basin.



The UHII equation [32] is as follows:


   T  U H I   =  T  u r b a n   −  T  r u r a l    



(1)






   T  u r b a n   =     T  u 1   +  T  u 2   + ⋅ ⋅ ⋅ +  T  u n    n    



(2)






   T  r u r a l   =     T  r 1   +  T  r 2   + ⋅ ⋅ ⋅ +  T  r m    m    



(3)




where TUHI is UHII; Turban is the average temperature in the urban area, Tun is the ambient temperature at the nth site in the city, Trural is the average temperature in the suburban area, and Trm is the ambient temperature at the mth site in the suburban area.



The urban heat island intensity (UHII) provides an overall measure of the UHI effect within a city but falls short of capturing its spatial distribution. To address this limitation, this paper introduces the concept of local UHII characterization, which reflects the spatial characteristics of UHI by calculating UHII for each grid point within the study area. This approach allows for a more detailed and granular understanding of the UHI’s spatial variation across different parts of the city.



The equation for local UHII is as follows:


   I  U H I l o c a l   =    T  s k i n   −  T  m e a n     /  T  m e a n    



(4)




where IUHIlocal is the local UHII of an image element, Tskin is the surface temperature of a grid point, and Tmean is the average surface temperature.



To qualitatively analyze the influence of urban heat islands (UHI) on ozone (O3) pollution, we examined the correlation between O3 concentration and UHII in three central cities within the Sichuan Basin—Chengdu, Chongqing, and Nanchong. These cities were selected as typical representatives based on the urban economic development plan. The analysis revealed statistically significant correlations at the two-sided 0.01 level. Previous studies have indicated that O3 concentrations tend to lag 1–2 h behind temperature changes [42]. Therefore, this study incorporates a lagged correlation analysis to account for this temporal discrepancy. Using the daily average UHII calculated by the previously described method, Chengdu, Chongqing, and Nanchong were categorized into five UHI intensity levels for the year 2020. The corresponding O3 concentrations for each UHI level were then analyzed to investigate the impact of urban UHI on O3 pollution. The statistical analysis and calculations were performed using MATLAB R2021b software.





3. Results


3.1. Spatial and Temporal Distribution Characteristics of O3


3.1.1. Overview of O3 Contaminated Areas


As shown in Table 1, in 2020, the number of days when the O3 concentration in the Sichuan Basin exceeded the ambient air pollutant concentration limit level 1 standard (100 μg/m3) varied between 20% and 50%. Zigong recorded the highest number of exceedance days, accounting for 52.75%. The number of days surpassing the ambient air pollutant concentration limit level 2 standard (160 μg/m3) ranged from 1% to 15%, with Bazhong experiencing the highest proportion at 14.84%. The day-by-day variation in O3 levels across western Sichuan, the Sichuan River region, and central Sichuan exhibits a consistent pattern. There are more days exceeding the O3 concentration limits during spring and summer compared to autumn and winter, with the highest O3 concentrations typically occurring in June and the lowest values predominantly in December (Figure 2).




3.1.2. Daily Variation of O3 Concentration


As depicted in Figure 3, the intra-day variation of O3 concentrations in western Sichuan, the Sichuan River region, and central Sichuan follow a “single peak and single valley” pattern, with O3 levels reaching their lowest point around 08:00 and peaking around 16:00. This pattern aligns with the findings of Li, Boland et al. [43] and can be explained by the chemical and diffusion processes governing O3 generation and dissipation. At night, O3 concentrations decrease due to atmospheric photochemical reactions and near-surface deposition [44]. Additionally, the atmospheric boundary layer height is lower at night [45], and the stabilization of the atmospheric layer inhibits the dilution and diffusion of pollutants. During this period, diesel motor vehicle exhaust emissions may increase, leading to high concentrations of NO, which continuously consumes O3, thus maintaining lower O3 levels. During the morning peak period around 08:00, significant emissions of pollutants, such as NOx and VOCs, occur. The resulting increase in NO concentration reacts with O3, suppressing its levels and causing minimum values to appear. As the sun rises, NO2 accumulated overnight begins to photolyze, producing OH radicals that oxidize VOCs. The resulting RO2 reacts with NO, leading to the accumulation of O3. Throughout the afternoon, the strengthening solar radiation, rising temperatures, and increased turbulence enhance the downward transport of O3, leading to a peak concentration around 16:00 [42]. After 16:00, the evening peak period causes NO concentrations to rise again, consuming O3 and reducing its concentration. In addition to these diurnal processes, stationary sources such as transportation, petrochemical industries, coal combustion plumes, and biomass burning emit O3 precursors. Long-range transport of these pollutants can further elevate O3 concentrations, contributing to the observed “single peak, single valley” pattern [32].




3.1.3. Seasonal Variation of O3 Concentrations


As shown in Figure 4, the seasonal distribution of O3 concentrations in the Sichuan Basin exhibits a clear pattern, with concentrations highest in spring, followed by summer and autumn, and lowest in winter. Starting from March 2020, the region experienced significantly low precipitation levels, with the most severe drought conditions occurring in May. During this period, average temperatures in May and June were approximately 4–5 °C higher than in previous years [46]. These conditions—low humidity, rising temperatures, still winds, and low precipitation—created an environment highly conducive to elevated O3 concentrations. Furthermore, the full resumption of work and production in May and June resulted in substantial emissions of O3 precursors, significantly increasing the contribution of anthropogenic sources. The combination of increased human activity and unfavorable meteorological conditions led to severe O3 pollution and higher concentrations in the Sichuan Basin during spring. In summer, high levels of sunshine and elevated temperatures accelerate the photochemical reactions that produce O3. Coupled with more frequent still wind conditions in the Sichuan Basin [47], which hinder pollutant dispersion, these factors contribute to secondary reactions that elevate O3 concentrations. During winter, a thicker inversion layer and stable atmospheric structure reduce convection, limiting the dispersion of pollutants. This stability leads to the accumulation of NOx (Nitrogen Oxides, which typically refer to a mixture of NO and NO2), VOCs (Volatile Organic Compounds), and other O3 precursors near the surface. Additionally, weaker solar radiation and lower temperatures in winter slow the photochemical reaction rates, resulting in fewer secondary pollutants, including O3, from primary pollutants like CO, NOx, and NMHCs (Non-Methane Hydrocarbons). According to Cai Yanfeng et al. [48], high concentrations of particulate matter increase the optical thickness of aerosols, which attenuates UV radiation and can subsequently reduce O3 formation [49]. Higher PM2.5 concentrations in winter further diminish solar radiation, weakening photochemical activity and thus leading to lower O3 production.




3.1.4. Spatial Distribution Characteristics of O3 Concentration


As depicted in Figure 5, the spatial distribution of O3 concentrations in the Sichuan Basin is highest in western Sichuan, followed by the Sichuan River region, with central Sichuan showing the lowest levels. The region encompassing Chengdu and its surrounding areas in western Sichuan is the economic hub of southwest China. It has a high population density and car ownership, leading to significantly higher emissions of O3 precursors from anthropogenic sources compared to the Sichuan River and central Sichuan regions. Additionally, this area frequently experiences stagnant and light wind conditions, thick cloud cover, and temperature inversions, which inhibit the dilution and dispersion of O3, thereby exacerbating ground-level pollution. The Sichuan River region, including Guang’an and its surroundings, is situated in the east-central part of the Sichuan Basin. This region features a topography of central hills and eastern parallel canyons and mountains. The meteorological conditions, characterized by frequent static winds and high humidity, reduce the ability to disperse pollutants. Furthermore, the primary and secondary industries are well-developed in this area, with numerous polluting industrial sources [50]. The central Sichuan region, encompassing Nanchong and its surroundings, experiences cyclonic flow fields due to the unique topography of the Sichuan–Chongqing urban agglomeration, which is higher in the south and lower in the north. This topography facilitates the interaction of winds moving in a counterclockwise direction among cities within the basin, creating a “pollutant stagnation zone” around Zigong and Neijiang. This stagnation weakens regional pollutant transport between cities and hinders the long-distance dispersion of pollutants [51]. In 2020, Bazhong implemented the “Year of Promoting Major Projects” initiative, significantly advancing secondary industry development, following the full resumption of production in May and June. This industrial surge led to severe pollution, and insufficient government control of particulate matter exacerbated O3 pollution in summer and autumn. Chongqing’s main urban area houses numerous manufacturing enterprises. After the full resumption of production in June, emissions of pollutants increased significantly. The special topography of Chongqing, which is high in the north and south and low in the middle, traps pollutants in the southern part of the city, preventing their diffusion and resulting in high O3 concentrations during summer.





3.2. Spatial and Temporal Distribution Characteristics of UHI


3.2.1. Characteristics of Temperature Change


As shown in Figure 6, the day-to-day trends in ambient temperature across the Sichuan Basin in 2020 are depicted. The overall temperature patterns are consistent, with notable variations between seasons. In spring, the ambient temperature fluctuates significantly, with a pronounced drop in mid-to-late May. During summer, temperature fluctuations are minimal, consistently hovering around 20 °C. Autumn sees a continuous decline in temperatures, with a marked decrease in late November. Winter temperatures exhibit significant fluctuations, with a warming trend in late January followed by a drop in February. Despite the general consistency in temperature trends across western Sichuan, the Sichuan River region, and central Sichuan, some regional differences are evident. Overall, the Sichuan River region tends to have higher ambient temperatures compared to central and western Sichuan. In 2020, total precipitation across the Sichuan Basin was significantly lower than average, with the Sichuan River region receiving less precipitation than other areas. This region is a major industrial hub, home to numerous manufacturing enterprises that emit substantial anthropogenic pollutants and heat. Consequently, the Sichuan River region experiences higher temperatures than other parts of the basin.



As illustrated in Figure 7, ambient temperatures in the Sichuan Basin follow a clear seasonal pattern, with the highest temperatures in summer (approximately 25 °C), followed by autumn and spring, and the lowest in winter (around 5 °C). The central part of the Sichuan Basin, characterized by its low elevation, high population density, significant urbanization, and high car ownership, generally experiences higher temperatures compared to the peripheral cities at the basin’s edge, which are at higher elevations and less urbanized. Among the cities within the basin, temperature differences are generally minimal, with the notable exception of Ya’an. Due to its higher altitude, Ya’an consistently exhibits slightly lower temperatures compared to other cities in the region.




3.2.2. Daily Variation of UHII


As shown in Figure 8, the daily variation in urban heat island intensity (UHII) across different regions of the Sichuan Basin is illustrated. In western Sichuan, UHII shows significant fluctuations, with a sharp increase starting at the end of April, peaking in early May, followed by a decreasing trend and another rise in December. In contrast, the Sichuan River and central Sichuan areas exhibit smaller daily variations in UHII. Both regions experience slightly lower UHII values in summer and autumn and slightly higher values in winter and spring. According to the classification method of heat island intensity values (Table 2), western Sichuan predominantly experiences medium heat island conditions (278 days), with 6 days classified as very strong heat island. The Sichuan River region is mostly characterized by weak heat island conditions (302 days) with occasional medium heat island days. Central Sichuan primarily has no heat island (127 days) and weak heat island conditions (232 days). The data indicate that, overall, UHII is highest in western Sichuan, particularly in Chengdu and Ya’an. Chengdu’s high UHII can be attributed to its dense population, extensive industrial activities, significant energy consumption, and high anthropogenic heat emissions [52]. Ya’an, on the other hand, has a unique topography, where the main urban area is at a lower altitude while surrounding townships are at higher altitudes. The large vegetative cover in these townships helps regulate temperature, increasing the temperature difference between urban and rural areas [53]. UHII is lowest in central Sichuan, which is much less urbanized compared to Chengdu in western Sichuan and Chongqing in the Sichuan River region. The lower degree of urbanization results in fewer anthropogenic heat emissions and consequently, a lower UHII.




3.2.3. Intraday Variation of UHII


As depicted in Figure 9, the intra-day variation of the urban heat island intensity (UHII) in western Sichuan follows a “single-peaked” pattern throughout all seasons, with the peak UHII occurring around 10:00. Seasonally, the intra-day variation of UHII is more pronounced in spring, and the UHII values are significantly higher than in other seasons. In contrast, the intra-day variation of UHII in the Sichuan River region is minimal, with UHII remaining relatively constant between 13:00 and 23:00, and slightly higher in spring compared to other seasons. In central Sichuan, the UHII patterns differ between winter and other seasons. During winter, UHII is higher at night than during the day, reaching a trough at 9:00. In other seasons, daytime UHII is higher than nighttime, peaking between 9:00 and 10:00.




3.2.4. Spatial Variation of UHII


As shown in Figure 10, urban heat island intensity (UHII) in the Sichuan Basin follows a predominantly circular distribution pattern. Central cities, such as Nanchong, Suining, Guang’an, Ziyang, Zigong, and Neijiang, exhibit lower UHII, while higher UHII is observed in cities closer to the center of the basin. UHII decreases towards the basin edges, with some areas even exhibiting a cold island phenomenon. This pattern can be attributed to several factors. The Sichuan Basin is surrounded by mountains with high vegetation coverage, which effectively mitigates the UHI effects, resulting in cold islands in edge cities [54]. Additionally, intermediate cities have smaller sizes and lower population densities compared to areas around Chengdu and Chongqing. Moreover, these intermediate cities experienced more precipitation in 2020, which has a known negative effect on UHI [55]. Ya’an exhibits a higher UHII due to its unique topography, where the main urban area is at a low altitude and the surrounding townships are at higher altitudes with substantial vegetation cover, enhancing temperature differences between urban and rural areas. Mianyang has intensified efforts in attracting investment, developing primary and secondary industries, and accelerating urban development, leading to increased anthropogenic heat emissions and exacerbated UHI. Chongqing’s main urban area hosts numerous manufacturing enterprises, and both population and building densities are high. The tall buildings in the urban area reduce wind speeds, hindering the dispersion of heat and pollutants [56], thereby aggravating the UHI effect.





3.3. Effect of UHI on O3 Pollution Characteristics


3.3.1. Correlation Analysis of O3 Concentration and UHII


As presented in Table 3, the lagged correlation coefficients between O3 concentration and UHII for each season range from 0.355 to 0.642 in Chengdu, 0.044 to 0.348 in Chongqing, and −0.014 to 0.181 in Nanchong, all of which pass the significance test at the two-sided 0.01 level. Despite the lag effect, a positive correlation between O3 concentration and UHII is generally observed. Urban UHI alters the regional heat balance, accelerating local temperature changes and enhancing the activity of urban atmospheric photochemical reactions, which in turn increases O3 concentration. Additionally, stored heat post-sunrise can maintain higher temperatures even as sunlight intensity decreases, causing a lag in peak O3 concentration. Xin Li et al. reported a 1–2 h lag of O3 concentration relative to temperature, supporting the observed lag correlation [42]. Furthermore, He Jing et al. found that O3 production and consumption are primarily controlled by local photochemical reactions and are closely related to precursor concentrations (NO, NO2, NOx), alongside meteorological factors such as solar radiation [57]. This also highlights the weak direct relationship between the UHII and O3 concentrations. Dan Shang Ming et al. noted that water bodies can buffer urban UHI effects, contributing to the lower correlation between the UHII and O3 in Chongqing and Nanchong due to the influence of the Jialing River [58].



As illustrated in Figure 11, the daily trends of O3 and UHII in Chengdu and Chongqing across different seasons, as well as in Nanchong during winter, generally follow a “single peak and single valley” pattern. However, in Nanchong, the UHII pattern in other seasons shows “multiple peaks and multiple valleys.” There is a notable lag between the peak UHII and O3 concentrations (Table 3). In Chengdu, the peak O3 concentration lags 9 h behind peak UHII, while in Chongqing and Nanchong, the lag varies seasonally: in Chongqing, the peak O3 concentration lags 8 h in spring, 6 h in summer, and 7 h in autumn and winter; in Nanchong, the lag is 1 h in spring and autumn and 5 h in summer. This lag is influenced by the diurnal variations in solar radiation and the dynamics of O3 production and consumption.




3.3.2. Effect of UHI on the Spatial Distribution Characteristics of O3 Pollution


As shown in Figure 12 and Figure 13, the spatial distribution differences of O3 across various UHII levels are illustrated. Under the influence of a very strong heat island effect, O3 concentration and UHII are relatively high in the main urban areas of Chengdu (Jinniu District and Chenghua District) and the northern parts of these districts, as well as in Chongqing’s Hechuan District, Changshou District, and Fengdu County. Conversely, O3 concentration and UHII are lower in areas like Dujiangyan City and Chongzhou City in western Chengdu, and Wuhou District, southern Jinjiang District, and northern Shuangliu District in Chengdu, and Banan District and Nanan District in Chongqing.



Under a strong heat island effect, most of Chengdu’s main urban areas (Jinniu and Qingyang Districts) have high UHII and O3 concentrations. However, Chenghua District, Jinjiang District, and the eastern areas and main urban areas of Chongqing have high UHII but relatively low O3 concentrations. Dujiangyan City and Chongzhou City in western Chengdu exhibit relatively high O3 concentrations but low UHII. Other areas in Chongqing, excluding the main urban area, show average O3 concentrations with no distinct high-value areas, while places like Zhongxian in the central city have high UHII but are not extreme O3 concentration areas.



Under a medium heat island effect, central areas like the main city of Chengdu and Zhongxian County in Chongqing still have high UHII values, but O3 concentration is not very strong. Western areas such as Dujiangyan City in Chengdu, northern areas such as Wuxi County and Chengkou County in Chongqing, and Jialing District in Nanchong show high O3 concentrations but relatively low UHII. Southwestern areas like Bishan District and Banan District in Chongqing and the junction of Jialing District and Gaoping District in Nanchong have low O3 concentrations and relatively high UHII. Additionally, northern regions like Langzhong City and Yilong County also have relatively low O3 and UHII values, with no obvious extreme values appearing.



Under a weak heat island effect, main urban areas such as Jinniu District and Chenghua District in Chengdu, Kaizhou District and Yunyang County in Chongqing, and Pengan County in Nanchong show relatively high O3 concentrations and correspondingly high UHII. Areas like Dujiangyan City and Chongzhou City in western Chengdu, Fengdu County in Chongqing, and Yilong County and Yingshan County in Nanchong have low O3 concentrations and correspondingly low UHII. Areas like southern Wuhou District and Jinjiang District in Chengdu, southeastern Qianjiang District in Chongqing, and northern Langzhong City and Nanan County in Nanchong have low O3 concentrations but relatively high UHII. Furthermore, Jinyang City, Jintang County, and Gaoxin East District in Chengdu exhibit high UHII values, while O3 concentrations do not show significant variations.



Under no heat island effect, areas such as Pujiang County, Jinyang City, Gaoxin East District, and southeastern Pengzhou City in Chengdu, Liangping District, Zhong County, and Wanzhou City in Chongqing, and Shunqing District and Gaoping District on the south side of Nanchong show high UHII values but relatively low O3 concentrations. Conversely, areas like Dujiangyan City in Chengdu, the main city of Chongqing, and the northwest side of Langzhong City and Nanan County in Nanchong, have high O3 concentrations but low UHII values.



As the UHII level decreases, UHII in central and eastern Chengdu also decreases, with the high UHII area moving eastward and the low O3 concentration area gradually shifting from the southeast to the northwest. The south side of the main urban area, such as Jinjiang District and Gaoxin South District, remains a low O3 concentration area, while high O3 concentration areas and low UHII areas remain relatively unchanged, primarily located in the northwest side of Dujiangyan City. In Chongqing, high O3 concentration areas gradually move northward, while low O3 concentration areas in Shapingba and extreme UHII areas show minimal change as the heat island level decreases. Overall, O3 concentration first increases and then gradually decreases, peaking under medium heat island intensity, with minimal changes under very strong and strong heat island levels. The southeastern area, including Qianjiang District, and UHII values in Chengkou County and Wuxi County, show a trend of first weakening and then strengthening. In Nanchong, high O3 concentration areas keep moving from southeast to northwest, while low O3 concentration areas at the intersection of Shunqing District, Gaoping District, and Jialing District with extreme UHII areas show little change. As the heat island level decreases, high UHII areas in Nanchong gradually decrease, while low UHII areas gradually increase.



Based on the findings, it is evident that regions with high O3 concentrations generally exhibit higher UHI intensity (UHII), while regions with low O3 concentrations show correspondingly lower UHII. This observation supports the positive correlation between UHII and O3 concentrations. The urban heat island effect alters the regional heat balance, accelerating local temperature changes and enhancing urban atmospheric photochemical reactions, thereby increasing O3 concentrations [59]. However, discrepancies in the correlation between O3 and UHII in some regions suggest that UHI can influence the spatial distribution of O3 concentrations to some extent.



To verify the hypothesis that UHI affects O3 distribution, we analyzed NO2 concentrations, a critical O3 precursor, under the influence of different UHI classes. The results, shown in Figure 14 and Figure 15, indicate that high NO2 concentration areas are mainly concentrated in Wuhou District, Chenghua District, and the eastern side of Chengdu; Beibei District, Yubei District, Fengdu County, and Shizhu Tujia Autonomous County in Chongqing; and the northeast side of Yingshan County in Nanchong City. Low NO2 concentration areas are located in the northwest side of Dujiangyan City and the southwest side of Jialing District in Nanchong City. Additionally, NO2 concentrations in Chongqing first increase and then decrease as the UHI intensity decreases, while in Nanchong, NO2 concentrations gradually increase from southwest to northeast. The spatial distribution of NO2 in Chengdu, Chongqing, and Nanchong does not significantly change with the UHI class, whereas O3 distributions vary with different UHI classes. This indicates that UHI can affect O3 distribution to some extent.



The analysis of wind fields can help explain this phenomenon. Figure 14 shows that as the UHII levels decrease, the wind direction in Chengdu and its eastern area shifts from southeast to northeast, which favors the dilution and diffusion of O3 in the east, causing the low O3 concentration area to gradually move from southeast to northwest. Conversely, in northwest Chengdu (e.g., Dujiangyan), lower wind speeds result in weaker O3 dilution and diffusion, leading to relatively higher concentrations. Under very strong UHI conditions, southeast winds on the east side and southwest winds on the west side of Chengdu converge in the main urban area, making it a high O3 concentration area. In Chongqing, as UHII decreases, wind speed first decreases and then increases, corresponding to the observed trend of increasing and then decreasing O3 concentrations. Low wind speeds hinder O3 dilution and diffusion, leading to higher O3 concentrations at lower UHI levels. As the UHI grade decreases, the wind direction shifts from southerly to northerly, causing high O3 concentration areas to move northward. In Nanchong, the wind direction remains predominantly northerly, regardless of the UHI class. However, wind speed decreases with decreasing UHI levels, reducing O3 dilution and diffusion, resulting in higher O3 concentrations under no heat island and weak heat island conditions compared to medium heat island levels. High O3 concentration areas tend to move from southeast to northwest as the UHI levels decrease. Additionally, northwest regions, such as Langzhong City, experience O3 transport from Guangyuan City, leading to higher O3 concentrations compared to other areas.



In summary, the relationship between UHI and O3 is not simply linear. UHI affects O3 concentration in two main ways: first, by altering the local heat balance to promote O3 generation and second, by forming local wind patterns that influence the diffusion or accumulation of O3, resulting in distinct O3 concentration zones.






4. Discussion and Conclusions


4.1. Discussion


This study considers multiple cities of varying development scales, sizes, and geographic locations, providing a comprehensive analysis that is not limited to a single city. By including diverse urban settings, the study offers a broader understanding of the UHI effect and its impact on O3 concentrations across different urban environments within the Sichuan Basin. The results reveal a generally positive correlation between UHI and O3 concentrations, though this correlation varies significantly across different regions. In typical cities within the Sichuan Basin, the correlation between UHI and O3 concentrations is stronger, especially in areas with high urbanization and pronounced UHI effects. This correlation is likely influenced by precursor emissions from traffic and industry, as urbanized areas with intense UHI effects tend to have more pollution sources.



Although the correlation between UHI and O3 concentrations varies regionally, previous studies also highlight this relationship’s spatial variability. Wang et al. [27] found that due to geographic differences, urban heat island intensity and O3 concentrations exhibit significant spatial variation. Shi et al. [32] found a positive correlation between ozone concentrations and the UHI effect in Chengdu. In contrast, Zeng et al. demonstrated that the relationship between the UHI index (UHII) and O3 is not a simple linear one, as it is influenced by various natural factors, including climate conditions and geographical settings [29]. Therefore, the relationship between UHI and O3 concentrations varies under different environmental contexts.



In addition to the UHI effect, other factors may also influence urban ozone concentrations. Vertical mixing and transport play a key role in the diurnal variation of O3 concentrations, as highlighted by Yang et al. in the Pearl River Delta region [60]. Chen et al. also found that urban O3 concentrations are influenced by stratospheric ozone [61]. Thus, aside from the UHI effect, other meteorological factors, such as humidity, pressure, and wind speed, as well as large-scale weather systems, could significantly impact regional pollution.



Although this study did not delve deeply into the specific impacts of these meteorological factors, we recognize their importance in influencing pollutant concentrations. Future research will expand the range of meteorological variables and perform multivariate regression analyses to assess the independent effects of these factors. Additionally, we plan to further investigate the contribution of atmospheric circulation and long-range transport to pollution in the Sichuan Basin. Future studies could also explore the impact of UHI on other pollutants such as PM10, PM2.5, VOCs, NOx, CO2, and SOx.



By integrating meteorological data with pollution measurements, this study provides a solid framework for understanding the dynamic interactions between UHI and O3 formation. Future research could further explore the potential effects of climate change and continued urbanization on the dynamics of UHI and O3 pollution, providing valuable insights for urban planning and public health policy development.




4.2. Conclusions


The O3 concentration in the Sichuan Basin exhibits distinct seasonal variations, with the highest levels observed in spring, followed by summer and autumn, and the lowest in winter. Daily fluctuations in O3 concentration follow a “single peak, single valley” pattern. Spatially, the highest O3 concentrations are found in western Sichuan, followed by the Sichuan River region, while the lowest concentrations are located in central Sichuan.



Ambient temperatures in the Sichuan Basin show a consistent daily trend, with large fluctuations in spring and smaller fluctuations in summer. The interior of the basin experiences higher temperatures compared to the surrounding areas.



The urban heat island intensity (UHII) varies significantly across Sichuan. Western Sichuan is dominated by medium heat islands, the Sichuan River region has weak heat islands, and central Sichuan experiences either no heat islands or weak heat islands. Spatially, UHII generally follows a circular distribution pattern, with lower values in central cities (such as Nanchong, Suining, Guang’an, Ziyang, Zigong, and Neijiang) and higher values in cities closer to the center of the basin. UHII decreases towards the edges of the basin, where cold islands may even form.



In typical cities of the Sichuan Basin, including Chengdu, Chongqing, and Nanchong, there is a positive correlation between UHII and O3 concentration, although with a time lag. The UHI effect influences O3 concentration in two main ways: first, by altering the local heat balance, which promotes O3 production, and second, by generating local winds that facilitate the diffusion and accumulation of O3, resulting in distinct zones of high O3 concentration.
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Figure 1. Administrative divisions and topographic elevation map of the Sichuan Basin. 
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Figure 2. Day-by-day O3 concentration values in the Sichuan Basin in 2020 ((a): Western Sichuan, (b): Sichuan River, (c): Central Sichuan). 
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Figure 3. Intraday variation of O3 concentration in Sichuan Basin in 2020 ((a): Western Sichuan, (b): Sichuan River, (c): Central Sichuan). 
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Figure 4. O3 concentration in the Sichuan Basin by season in 2020 ((a): Western Sichuan, (b): Sichuan River, (c): Central Sichuan). 
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Figure 5. Distribution of O3 concentration (µg/m3) in the Sichuan Basin by season in 2020 ((a): spring, (b): summer, (c): autumn, (d): winter). 
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Figure 6. Change in daily average ambient air temperature in the Sichuan Basin in 2020 ((a): Western Sichuan, (b): Sichuan River, (c): Central Sichuan). 
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Figure 7. Spatial distribution of seasonal changes in ambient air temperature (°C) in the Sichuan basin ((a): spring, (b): summer, (c): autumn, (d): winter). 
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Figure 8. Daily variation of UHII in different areas of the Sichuan Basin in 2020 ((a): Western Sichuan, (b): Sichuan River, (c): Central Sichuan). 
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Figure 9. Intraday variation of UHII in different areas of the Sichuan Basin in 2020 ((a): Western Sichuan, (b): Sichuan River, (c): Central Sichuan). 






Figure 9. Intraday variation of UHII in different areas of the Sichuan Basin in 2020 ((a): Western Sichuan, (b): Sichuan River, (c): Central Sichuan).



[image: Atmosphere 16 00014 g009]







[image: Atmosphere 16 00014 g010] 





Figure 10. Local UHII distribution (°C) by season in the Sichuan Basin in 2020 ((a): spring, (b): summer, (c): autumn, (d): winter). 
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Figure 11. Daily variation of O3 concentration and UHII in typical cities in the Sichuan basin ((a): Chengdu, (b): Chongqing, (c): Nanchong; (1): spring, (2): summer, (3): autumn, (4): winter). 
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Figure 12. Spatial distribution of O3 concentration (left) and heat island intensity (right) under the influence of the heat island effect in Nanchong city at each level ((a–c) are in order of no heat island, weak heat island, and medium heat island). 
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Figure 13. Spatial distribution of O3 concentration (left) and heat island intensity (right) under the influence of the heat island effect in Chengdu (left) and Chongqing (right) city at various levels ((a–e) are in order of no heat island, weak heat island, medium heat island, strong heat island, and very strong heat island). 
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Figure 14. Spatial distribution of NO2 concentration (left) and wind field (right) under the influence of heat island effect at each level in Chengdu (left) and Chongqing (right) city ((a–e) are in order of no heat island, weak heat island, medium heat island, and strong heat island). 
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Figure 15. Spatial distribution of NO2 concentration (left) and wind field (right) under the influence of heat island effect in Nanchong at each level ((a–c) are in order of no heat island, weak heat island, and medium heat island). 
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Table 1. Number of days when O3 concentration exceeds the standard for cities in the Sichuan Basin in 2020.
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Region

	
City

	
Days

	
Exceeds Level 1 Standard

	
Exceeds Level 2 Standard






	
Central Sichuan

	
Guangyuan

	
364

	
24.45%

	
1.37%




	
Bazhong

	
364

	
41.21%

	
14.84%




	
Nanchong

	
357

	
16.25%

	
1.12%




	
Suining

	
362

	
27.62%

	
3.87%




	
Mianyang

	
364

	
32.42%

	
7.14%




	
Western Sichuan

	
Chengdu

	
364

	
32.97%

	
6.87%




	
Leshan

	
364

	
33.52%

	
5.49%




	
Deyang

	
364

	
30.22%

	
6.87%




	
Meishan

	
364

	
29.12%

	
3.85%




	
Yaan

	
364

	
21.98%

	
1.92%




	
Ziyang

	
347

	
29.39%

	
2.59%




	
Sichuan River

	
Zigong

	
364

	
52.75%

	
2.75%




	
Luzhou

	
364

	
30.22%

	
4.12%




	
Neijiang

	
339

	
30.09%

	
3.83%




	
Yibin

	
361

	
32.41%

	
5.54%




	
Chongqing

	
348

	
25.29%

	
5.17%




	
Dazhou

	
361

	
17.45%

	
0.28%




	
Guangan

	
364

	
25.82%

	
3.30%











 





Table 2. Total number of days of heat island rating by region in the Sichuan Basin in 2020.
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	Region
	No Heat Island
	Weak Heat Island
	Central Heat Island
	Strong Heat Island
	Extremely Strong Heat Island





	Western Sichuan
	0
	21
	278
	60
	6



	Sichuan River
	0
	302
	63
	0
	0



	Central Sichuan
	127
	232
	6
	0
	0










 





Table 3. Intraday variation of O3 concentration and UHII in typical cities of the Sichuan basin by season.
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City

	
Spring

	
Summer

	
Autumn

	
Winter

	
Year-Round






	
Chengdu

	
Correlation

	
0.642 **

	
0.574 **

	
0.355 **

	
0.401 **

	
0.499 **




	
Hysteresis

	
9

	
9

	
9

	
9

	
9




	
Chongqing

	
Correlation

	
0.159 **

	
0.348 **

	
0.149 **

	
0.044 **

	
0.167 **




	
Hysteresis

	
8

	
6

	
7

	
7

	
7




	
Nanchong

	
Correlation

	
0.181 **

	
0.078 **

	
−0.014 **

	
0.103 **

	
0.071 **




	
Hysteresis

	
1

	
5

	
1

	
1

	
1








** Indicates significant correlation at the 0.01 level (two-sided).
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