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Abstract

:

Based on OMI/MLS data (2005–2020) and Community Earth System Model (CESM2) simulated results (2001–2020), annual variation trends of tropospheric column ozone (TCO) in the recent two decades are explored, and the separate impacts of meteorological conditions and emissions on TCO are quantified. The stratospheric ozone tracer (O3S) is used to quantify the contribution of stratospheric ozone to the trend of TCO. The evaluation shows that the simulated results capture the spatial-temporal distributions and the trends of tropospheric column ozone well. Over the East Asia and Southeast Asia regions, TCO is increasing, with a rate of ~0.2 DU/yr, which is primarily attributed to the emission changes in ozone precursors, nitrogen oxide (NOx) and volatile organic chemicals (VOCs). But the changes in meteorological conditions weaken the increase in TCO, even leading to a decrease in East Asia in spring and summer. TCO is decreasing in the middle and high latitudes of the southern hemisphere, which is mainly attributed to the changes in meteorological conditions. The increasing rates are the highest in autumn, especially over North America, East Asia, Europe and South of East Asia, with rate values of 0.20, 0.31, 0.17, and 0.32 DU/yr, respectively. Over the equatorial region, the contribution of stratospheric ozone to TCO is below 10 DU, and shows a weak positive trend of ~0.2 DU/yr. In the latitude of ~30°N/S, the stratospheric contribution is high, ~25 DU, and is affected by the sinking branch of the Brewer–Dobson circulation and stratosphere–troposphere exchange in the vicinity of tropical jet stream. The stratospheric contribution to TCO in the north of 30°N is significantly decreasing (~0.6 DU/yr) under the influence of meteorological conditions. Changes in emissions weaken the decrease in stratospheric contributions in the north of 30°N and enhance the increase in 30°S–30°N significantly. The trends of stratospheric contributions on TCO partly explain the trends of TCO which are mostly affected by the change in emissions. To control the increasing TCO, actions to reduce emissions are urgently needed.
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1. Introduction


Though only 10% of ozone exists in the troposphere, it is an important trace gas, which impacts atmospheric circulation, chemical processes and radiation processes [1]. Tropospheric ozone is a secondary pollutant [2], which accelerates the deterioration of chronic respiratory diseases, damages lung function, inhibits plant growth, reduces process yield and endangers food security. In addition, tropospheric ozone is an important greenhouse gas, with a positive radiative forcing of approximately 0.4 ± 0.2 W/m2 [3,4]. With the development of urbanization, the emissions of ozone precursors, NOx and volatile organic compounds (VOCs) have increased, and ozone has gradually replaced particulate matter as the key pollutant in the atmospheric boundary layer in many locations [5,6]. Therefore, it is significant for human, ecology and climate change to clarify the characteristics and trends of tropospheric ozone on a global scale.



In recent decades, there have been substantial regional changes in global tropospheric ozone concentrations and its precursors, as documented by many studies [7,8,9,10,11,12,13,14,15,16,17,18,19]. Increased global tropospheric ozone has been found since the end of the 20th century, especially over East Asia, Southeast Asia, South America, Europe, Africa, and the eastern Pacific [7,8,9,10,11,12]. This is largely due to increases in anthropogenic emissions and transport [7,8,11,12]. Lin et al. [13] manifested daily maximum 8 h average ozone increases over East Asia (up to 2 ppb/yr) over 1980–2014. Oltmans et al. [14] conducted a statistical study on the ozone observed by 16 ground-based and airborne observation instruments in North America, and points out that the tropospheric ozone shows a significant increase before 2000. The work of Parrish et al. [15] indicates that ozone background concentration in Europe shows a significant upward trend in the past 60 years, but since approximately the year 2000, the upward trend has eased due to the changes in precursor emissions. Parrish et al. [16] compares two sets of tropospheric ozone studies in recent years and concluded that between 1950 and 2000, the background concentration of ozone in the troposphere at mid northern latitudes doubled. Cooper et al. [17] summarizes the variation trend of tropospheric ozone in recent years based on observation data, and shows that since 1970, surface ozone in remote regions has increased, and this increase is more obvious in the middle latitudes of the northern hemisphere, but after 2000, in the eastern America and Western Europe, it turns to decrease; in the free troposphere, the continuous observation data of each monitoring station are less, showing a decrease in Europe, no obvious trend in Japan, and a significant upward trend in the rest of the region. Anet et al. [18] shows that there was a weakly increase in tropospheric ozone in Chile from 1995 to 2010; this increase was not caused by the photochemical reaction of anthropogenic organic precursors, but by the invasion of the stratosphere. Lu et al. [19] found that the tropospheric ozone in the southern hemisphere also shows an upward trend since 1990, and this increase may be related to the stratospheric intrusion and increase in meridional transport caused by the expansion of the Hadley circulation. The changes in meteorological factors also have a significant effect on tropospheric ozone, especially for the post-lockdown period [20].



Different datasets and different statistical methods do not always show consistent results in tropospheric ozone trend. The uniformity of datasets and same method of trend algorithms should be used in the global analysis and the reasons of TCO changes need to be quantified. The purpose of our study is to separate the impacts of meteorological conditions and emissions on TCO trends in recent two decades, and to quantify the contribution of stratospheric intrusion by stratospheric ozone tracers (O3S), clarify the reasons of TCO trends over the various regions of the world, based on the satellite observation data and two trend algorithms, combined with the simulation experiments of the latest CESM2.




2. Data and Methods


2.1. Satellite Data


The tropospheric column ozone is derived from NASA’s OMI/MLS satellite data [21] (https://acd-ext.gsfc.nasa.gov/Data_services/cloud_slice/new_data.html, accessed on 10 May 2023), with monthly resolution and a horizontal resolution of 1.25° × 1°. The analysis performs spatial interpolation (two-dimensional Gaussian/linear latitude and longitude interpolation) on the stratospheric ozone column of MLS to fill the gap between the actual along-track measurements, and then subtracts the MLS stratospheric ozone column at the same position from the OMI total ozone column on daily. Finally, the monthly tropospheric ozone is calculated by valid daily data [21]. In addition, the measured satellite value is included to filter the OMI total column ozone under near-clear sky conditions when the OMI reflectivity is less than 0.3. To ensure the uniformity of datasets, only monthly OMI/MLS satellite data during 2005–2020 are used to study the distribution and trend of tropospheric column ozone.




2.2. Trend Calculation


In order to clarify the trend characteristics of tropospheric ozone in various regions, two trend algorithms are adopted: the Mann–Kendall Test for Monotonic Trend (MK Test) and a linear estimator. The MK Test is a non-parametric test method recommended by the World Meteorological Organization (WMO) and is extremely useful in data trend detection [22,23]. Its advantages are as follows: (1) no need to perform a specific distribution test on the data series, and extreme values also participate in the trend test; (2) allows the data series to have missing values; (3) focuses on the relative order of data magnitude rather than the number value, which makes the value out of the detection range can also participate in the analysis; (4) not necessary to specify whether it is a linear trend in time series analysis. In this study, statistical significance is based on an α value of 0.05, and all trends are reported with 95% confidence intervals.



The MK Test can judge the significance of the data trend, but cannot show the variability of the data, nor the inclination degree of the trend. Therefore, it is necessary to combine the linear tendency estimation method. The linear tendency estimation method can show the trend of data simply, quickly and intuitively, though it is susceptible to outliers. In the linear estimator, xi represents a climate variable with a sample size of n, and ti represents the time series corresponding to xi, and a linear regression will be established between xi and ti. The meaning of this linear regression formula is to use a reasonable straight line to represent the direct relationship between variable x and time t. The least squares method is a common way to show the relationship, and the formulas are as follows:


     x i   ∧  = a + b  t i  ( i = 1 , 2 , … , n )  



(1)






  b =    ∑   x i   t i  − n    x i   ¯     t i   ¯       ∑   t i    2  − n      t i   ¯   2       



(2)








2.3. Model and Experiments


CESM2 includes multiple modules, such as ocean, atmosphere, and land. Different module combinations can be selected according to various research purposes. The version used in this study is the latest version, CESM2.2.0, which includes the latest atmospheric module CAM6.3. Compared with the previous CAM versions, the core algorithm in CAM6.3 is optimized and the calculation accuracy is improved. In addition, the stratospheric tracer “O3S” is added to the variables list, which can be used to quantify the contribution of stratospheric ozone intrusion to troposphere [24]. The atmospheric chemistry module of CESM used in this study is CAM-chem, which couples the stratospheric chemistry of MOZART-3 and the tropospheric chemistry of MOZART-T1 on the basis of CAM6.3. The tropospheric chemistry scheme MOZART-T1 has been updated many times on the basis of the original version of MOZART-4, including the improvement of the oxidation processes of isoprene and terpenes, organic nitrates and aromatic substances, thus improving the accuracy of the simulations of tropospheric ozone and secondary organic aerosol precursors, which is more suitable for the study of middle and lower atmosphere.



In this study, the reanalysis meteorological dataset MERRA2 is used to drive the offline simulation experiments of CESM2 model (https://rda.ucar.edu/datasets/ds313.3/, accessed on 1 October 2022) with the horizontal resolution of 1.9° × 1.25°, the vertical resolution of 72 levels, and the temporal resolution of 6h (four times a day). MERRA2 includes more than 15 meteorological parameters which matches the input data of dynamic field in CESM2 experiments. The 15 key meteorological parameters are surface incoming shortwave flux (FSDS), surface geopotential height (PHIS), surface pressure (PS), specific humidity (Q), evaporation from turbulence (QFLX), sensible heat flux from turbulence (SHFLX), total snow storage land (SNOWH), surface soil wetness (SOILW), air temperature (T), eastward (zonal) atmospheric frictional stress on the surface (TAUX), northward (meridional) atmospheric frictional stress on the surface (TAUY), surface skin temperature (TS), eastward wind (U), and northward wind (V).



The emission inventory used in this study is from the Coupled Model Intercomparison Project Phase 6 (CMIP6), and biomass emissions are calculated online using the Model of Emissions of Gases and Aerosols from Nature (MEGAN) module. In order to distinguish the influence of meteorological field and emission on tropospheric ozone, two groups of experiments are set up in this study. The experimental settings of the two groups are shown in Table 1. MET+EMIS uses a dynamic emission inventory in which the emissions are varying with the date of meteorological conditions, and the anthropogenic emissions of ozone precursors are increased. MET+2015EMIS uses the fixed emission inventory in 2015. Due to the limitation of the emission datasets, the CESM MET+EMIS experiment lasts from 2000 to 2015. MET+2015EMIS is used to clarify the impact of meteorological conditions in tropospheric ozone, while the comparison between MET+EMIS and MET+2015EMIS is used to determine the influence of emissions in tropospheric ozone.





3. Results


3.1. Distribution and Trend of Tropospheric Column Ozone


Figure 1 shows multi-year mean spatial distribution of TCO based on OMI/MLS satellite data, simulated results of case MET+EMIS and case MET+2015EMIS. In Figure 1a, it can be found from OMI/MLS satellite data that TCO in the northern hemisphere is higher than southern hemisphere, especially in the south of East Asia and Europe, and the north of Africa with the highest value of more than 40 DU. Over Southeast Asia and South America, TCO is low with the lowest value of less than 20 DU. Figure 1b,c are the MET+EMIS and MET+2015EMIS experiments results, respectively. Multi-year mean of TCO in MET+2015EMIS is higher than in MET+EMIS, due to the fixed emission inventory in year 2015 of case MET+2015EMIS which keeps a higher precursors emission than in case MET+EMIS. And the difference in simulation time length of these two cases also is attributed to the difference in TCO. The simulated TCO values in both two cases are higher than satellite data in East Asia and the south of Europe (~50 DU), and are lower in tropical Pacific Ocean (~15 DU) and south hemisphere (~30 DU), which may be due to the coarse horizontal and vertical resolutions and the accuracy of emission inventory used by simulation experiments. In summary, the comparison of simulated TCO with the OMI/MLS satellite data indicate that the simulated results capture the high values of TCO in the middle latitude of northern hemisphere and the low values in tropical Pacific Ocean well, and can be used in this study. Comparing to the MET+EMIS, the results of MET+2015EMIS are higher than satellite data.



The MK Test and a linear estimator are used to calculate the annual trend of TCO by satellite data and simulated results, as shown in Figure 2. Figure 2a is the trend of TCO in satellite data, which shows an increase year by year in most parts of the world. The increase in the northern hemisphere is stronger than southern hemisphere, and the strongest value of more than 0.3 DU/yr located near 30°N. Figure 2b is the simulated results of case MET+EMIS which used the dynamic emission inventory. The simulated TCO also shows a significant increase from 2001 to 2015 in East Asia and Southeast Asia, indicating that the simulated results capture the trend of TCO in satellite data over East Asia and Southeast Asia well. But in middle and high latitudes above 30°S the simulated results mismatched the week increase in OMI/MLS data. The accuracy of emission inventories in the simulation and the uncertainty in satellite data both contribute to the differences of TCO between satellite data and simulated results. Figure 2c is the result of case MET+2015EMIS with fixed emission inventory in year 2015, and the annual trend of TCO is mainly attribute to the change in meteorological field. The change in meteorological field makes the TCO decrease in various regions of the world, especially in the middle and high latitudes of the southern hemisphere, which has passed the 95% significance test. Over East Asia and Southeast Asia, the increase in Figure 2b becomes weaker in Figure 2c. It indicates the emission of ozone precursors makes the TCO increase over East Asia and Southeast Asia while the change in meteorological field weakened the increase, which also matched the previous study [8,25]. For Southeast Asia, TCO still shows an increase in case MET+2015EMIS, which may result from the increased temperature and humidity from 2005 to 2015 as a consequence of climate change.



In this study, six regions are classified to describe the regional changes in detail: North America (12°N–60°N, 140°W–55°W, NAM), South America (50°S–12°S, 81°W–34.5°W, SAM), Africa (25°S–25°N, 17°W–51°E, AFR), Europe (35°N–60°N, 10°W–66°E, EUR), East Asia (18°N–53°N, 80°E–145°E, EAS) and Southeast Asia (10°S–16°N, 85°E–170°E, SEA). Their locations are shown in Figure 1. The de-seasonal trend of TCO in regional averages are shown in Figure 3 and Table 2. The OMI/MLS data showed a significant increase in these six regions, with the largest value of 0.23 DU/yr in the EAS region, and the smallest value of ~0.07 DU/yr in the AFR region. The model results of case MET+EMIS also show significant increased trends in the NAM, EAS, AFR and SEA regions. But the largest value is SEA (~0.23 DU/yr) and the smallest value is NAM, (~0.03 DU/yr). The annual variability in the SAM and EUR regions is negative but insignificant. In MET+2015EMIS, the annual variation over SEA still is increased, with a value of 0.09 DU/yr, but they turn to insignificant decreases in the NAM, EAS and AFR. This also proved that the increased trend of TCO in the EAS is most affected by the changes in emissions, while it is least affected by emissions in the EUR. In the SEA, the increased TCO due to both the changes in meteorological conditions and emissions.




3.2. Seasonal Trend of Tropospheric Column Ozone


We used January, April, July and October to represent winter, spring, summer and autumn, respectively. The distributions of TCO trends in four seasons are calculated, shown in Figure 4 and Table 3. In winter (January, Figure 4a), TCO in OMI/MLS data shows positive trends in most regions, especially in North America, East Asia, Europe and Southeast Asia. The increasing rates in these four regions are more than 0.4 DU/yr. The increase in TCO over Africa is weak, and not significant. In spring (April, Figure 4d), the increase rates in the south of EAS, the west of SEA and the north of SAM are 0.3–0.4 DU/yr, which are significant. Compared with January, the increase in April is weaker in Europe and Africa, but stronger in East Asia, Southeast Asia and north of South America. In summer (July, Figure 4g), TCO is increased in the southeast and northwest of East Asia, Southeast Asia, north of Africa, and south of North America, with the rates of more than 0.3 DU/yr. The MK Test results in the central of Africa, Europe and South America are insignificant. In autumn (October, Figure 4j), there is a significant positive trend in East Asia, and Southeast Asia, with the rates of more than 0.4 DU/yr. The changes in TCO in Africa and South America are insignificant. In summary, TCO in most areas of East Asia and Southeast Asia is increased in four seasons, and the increase rate is the fastest in autumn with a regional value of more than 0.3 DU/yr (shown in Table 3). Over East Asia, the increase rate is the weakest in winter with a regional value of 0.19 DU/yr. Over Southeast Asia, it is the weakest in summer, with a value of 0.15 DU/yr.



The simulated results show that TCO in case MET+EMIS has a significant increase in the middle of East Asia and Southeast Asia in four seasons (Figure 4b,e,h,k), while TCO in case MET+2015EMIS has no obvious change (Figure 4c,f,i,l), indicating that the increase is mainly caused by the change in pollutant emissions. In the central and northern of Africa, southern North America, and central of South America, the change in meteorological field also weakens the increase rate of TCO in winter and spring. It indicates that the changes in emissions in most parts of the world will make TCO increased, while the change in meteorological conditions weaken the increasing rate of TCO, even lead to a significant decrease in most of the southern hemisphere. In summer (July, Figure 4h), the significant increase in TCO covers central of Africa, India and south of China with the value of more than 0.5 DU/yr. In autumn (October, Figure 4k), the significant increase in TCO covers India, south of China, Indonesia, and north of Australia. The comparison between the two simulated results in four seasons indicates that the change in emissions had the greatest impact on the increase in TCO while the change in meteorological conditions weakens the increasing rate, even lead to a decrease in TCO.



In order to quantify the impact of emissions and meteorological fields on the inter-annual variation in TCO, the regional averages of TCO trends are calculated in four seasons (Table 3). The increased rates of TCO are the fastest in EAS and SEA in four seasons based on OMI/MLS data, and the simulated results of case MET+EMIS matches the changes in observed TCO well. In winter (January, Table 3), OMI/MLS data show the significant increasing rates of TCO in NAM, EAS, EUR and SEA are 0.15, 0.19, 0.17 and 0.25 DU/yr on regional average, respectively. The simulated TCO trends also reproduce the increasing rates, but the simulated increasing rates are weaker, and MK Tests in NAM and EUR are insignificant. Similar results are shown in other three seasons. The changes in meteorological conditions lead to insignificant trends of TCO and the variability rate in most regions is below 0.1 DU/yr. In spring (April, Table 3), the change in meteorological field leads to the significant decrease over EAS, SAM and EUR, and the variation rate is approximately 0.05 DU/yr. In summer (July, Table 3), the change in meteorological field only leads to a decrease over EAS with the decreasing rate of 0.06 DU/yr. Based on the regional averages, the comparisons of two simulated results further indicate that the change in emissions had the greatest impact on the increase in TCO while the change in meteorological conditions weaken the increasing rates, even lead to a significant decrease in EAS in spring and summer.




3.3. Impact of Stratospheric Intrusion to the Trend of TCO


Simulated O3S is used to explore the impact of stratospheric intrusion on tropospheric ozone in this study. The distribution of O3S column in the troposphere on multi-year average are shown in Figure 5a. Weak stratospheric intrusion in the equatorial region, and its contribution to TCO is below 10 DU. The tropical region near the equator receives more atmospheric radiation energy, forming an updraft in the Brewer–Dobson circulation, making the stratospheric ozone hardly transported to the troposphere. The stratospheric intrusion is high near 30°N and in the south of 30°S in the southern hemisphere, with the contribution of ~25 DU. It may be affected by the descending branch of the Brewer–Dobson circulation and stratosphere–troposphere exchange in the vicinity of tropical jet stream, which transports more stratospheric ozone into troposphere [26]. At high latitudes, the contribution of stratospheric ozone to TCO in the southern hemisphere is higher than that in the northern hemisphere with the value of more than 15 DU. The reason is that there is more land in the northern hemisphere and the population distribution is denser. At the global scale, the land can be regarded as a heat source, resulting in more updrafts in the northern hemisphere than in the southern hemisphere, making the contribution of stratospheric intrusion in the northern hemisphere lower than that in the southern hemisphere. The faster chemical loss of ozone in the troposphere in the northern hemisphere also attribute to its lower stratospheric contribution. The differences of O3S column in the troposphere in two simulation experiments are shown in Figure 5b. It can be seen that the changes in precursors emission have the greatest impact on O3S in the region at approximately 30°N (S), with a variation of approximately 1.2 DU caused by emissions. The variation in O3S caused by emissions is the smallest in the low-latitude region near the equator, with a variation below 0.4 DU. It indicates that higher emissions of ozone precursors accelerate the photochemical reactions, including the photochemical loss of ozone, which leads to the faster loss of O3S in the troposphere in case MET+2015EMIS.



The trend of O3S column in the troposphere is calculated and shown in Figure 6. In the south of Africa and Australia (0–30°S, Figure 6a), the O3S column in the troposphere shows a significant increase, with an annual rate of less than 0.4 DU/yr, which may be due to the increase in tropopause under warmer climate. In the north of 30°N, the O3S column in the troposphere shows a significant decrease, probably due to the increased water vapor, which accelerates the loss of ozone. The changes in atmosphere circulation also have an influence on the inter-decadal variation in stratospheric intrusion. Comparing the results of the two simulation experiments (Figure 6a,b), it can be seen that the change in meteorological field makes the decrease in O3S column in the troposphere in the north of 30°N more significant, and the change in emissions weakens this decreasing rates. The increase in O3 precursor emissions, especially from aircraft, increases stratospheric ozone and leads to more ozone transported from stratosphere to troposphere, which in turn inhibits the decrease caused by the changes in meteorology.



Due to the significant trends of TCO in summer and autumn from Table 3, the variation rates of O3S column in the troposphere in summer (July) and autumn (October) are calculated using a linear estimator and the MK Test method which shown in Figure 7. In the latitude between 30°S–30°N, stratospheric contributions to TCO are increased in summer and autumn, and the increasing rates are more than 0.2 DU/yr, much higher than annual average in Figure 6. The decreasing rates in the north of 30°N are stronger than the annual average, especially in the north of China with more than 0.5 DU/yr in autumn. Changes in meteorological conditions will significantly affect the contribution of this region, resulting in significant inter-decadal variability of stratospheric contributions in these regions. At low latitudes, the increased height of tropopause may contribute to the increased stratospheric input, which leads to an increase in stratospheric contributions to TCO. At middle and high latitudes, the changes in temperature and relative humidity may contribute to the change in O3S column in the troposphere. The rising temperature may accelerate the chemical process of ozone and the loss of O3S. In addition, an increase in temperature may also increase the water vapor content in the atmosphere, which may lead to increased ozone loss, following the reactions below:


O3 + hv → O2 + O (D1)










O (D1) + H2O → 2OH











Comparing the two simulations results, the change in emissions weakens the decreasing rates and enhances the increasing rates significantly with the similar reasons in annual trend of Figure 6.





4. Conclusions


Based on the OMI/MLS satellite data and the simulation experiments of CESM2 model, the distributions of trends and seasonal changes in TCO in the recent two decades are explored, and the effects of meteorological field and emission on tropospheric ozone trend are also compared and quantified. Based on the simulated variable of O3S, the influence of stratospheric intrusion on tropospheric ozone is quantitatively analyzed.



The increase in TCO in the northern hemisphere is stronger than that in the southern hemisphere, which has the strongest rate value of 0.3 DU/yr near 30°N. The increasing rates over North America, East Asia, South America, Africa, Europe, and South of East Asia are 0.15, 0.23, 0.13, 0.07, 0.13 and 0.21 DU/yr, respectively, and the value all passed the MK Test. In four seasons, the increasing rates are highest in autumn, especially over North America, East Asia, Europe and South of East Asia with rate values of 0.20, 0.31, 0.17, and 0.32 DU/yr, respectively. The simulated results capture the distribution and seasonal changes in TCO trends in satellite data well, especially over East Asia and South of East Asia. The simulated experiments indicate that the change in ozone precursors emissions had the greatest impact on the increase in TCO while the change in meteorological conditions weaken the increasing rates, even lead to the significant decrease over East Asia in April and July.



The contribution of stratospheric ozone on TCO in the tropical troposphere is the lowest, with a value of below 10 DU. At approximately the latitude of 30°N/S, the stratospheric contribution on TCO is high which affected by the descending branch of the Brewer–Dobson circulation and stratosphere–troposphere exchange in the vicinity of tropical jet stream, approximately 25 DU. In 30°S~30°N, the stratospheric contribution shows a weak increase, with an annual variation rate of below 0.4 DU/yr, while it shows a significant decrease in the north of 30°N. The changes in meteorological conditions under climate change contribute to the trend of stratospheric contributions on TCO. The change in emissions weakens the decreasing rates and enhances the increasing rates from climate change significantly. The trends of stratospheric contributions on TCO partly explain the trends of TCO which are mostly affected by changes in emissions. To control the increasing TCO, actions to reduce emissions are urgently needed, especially over East Asia and Southeast Asia.



One limitation of our study is the time duration of satellite data, from 2005 to 2020. Before 2005, it is TOMS. Different data sources may increase the uncertainty of TCO trends. In the future, we will try to use more reliable data to obtain clearer results.
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Figure 1. Multi-year mean spatial distribution of tropospheric column ozone (TCO) (DU) based on OMI/MLS satellite data ((a), 2005–2020), simulated results of case MET+EMIS ((b), 2001–2015) and case MET+2015EMIS ((c), 2001–2020). 
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Figure 2. Annual trend of TCO (DU/yr) in OMI/MLS satellite data ((a), 2005–2020), simulated results of case MET+EMIS ((b), 2001–2015) and case MET+2015EMIS ((c), 2001–2020). The regions covered by black spot means the significance passed the MK trend test with a confidence interval of 95%. 
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Figure 3. The regional averages of de-seasonal trend of TCO (DU) in OMI/MLS satellite data and simulated results over the EAS (a), EUR (b), NAM (c), SAM (d), SEA (e), and AFR (f) regions. The solid line is the de-seasonal monthly values of TCO (DU), and the dotted line is the linear fitting results. Black represents OMI/MLS data, red represents simulated results of case MET+2015EMIS, blue represents simulated results of case MET+EMIS. R1 is the correlation coefficient between OMI/MLS and MET+2015EMIS, while R2 is the correlation coefficient between OMI/MLS and MET+EMIS. 
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Figure 4. The distribution of TCO trends (DU/yr) in January (a–c), April (d–f), July (g–i) and October (j–l), based on OMI/MLS satellite data (left panels), case MET+EMIS results (middle panels), and case MET+2015EMIS results (right panels). The regions covered by black spot means the significance has passed the MK Test with a confidence interval of 95%. 
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Figure 5. The spatial distribution of O3S (DU) column in the troposphere on multi-year average of case MET+EMIS (a) and the difference between the two simulated results ((b), MET+EMIS minus MET+2015EMIS). 
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Figure 6. Annual trend distribution of simulated tropospheric column O3S (DU/yr) in the case MET+EMIST (a) and case MET+2015 EMIS (b). The regions covered by black spots indicate the significance has passed the MK Test with a confidence interval of 95%. 
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Figure 7. The trend distribution of O3S column in the troposphere in July (a,b) and October (c,d). The left panels are the simulated results of case MET+EMIS, and the right panels are case MET+2015EMIS. The regions covered by black spot means the significance has passed the MK Test with a confidence interval of 95%. 
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Table 1. Experimental settings.
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EXP

	
MET+EMIS

	
MET+2015EMIS






	
Model

	
CESM2.2.0

	
CESM2.2.0




	
Year

	
2001~2015

	
2001~2020




	
Emission

	
Dynamic emission inventory

	
Fixed emission inventory, 2015




	
Resolution

	
1.9° × 2.5°

	
1.9° × 2.5°




	
Level

	
56

	
56




	
Component

	
FCSD

	
FCSD




	
Chemical mechanism

	
troposphere/stratosphere chemistry with simplified VBS-SOA, MOZART-TS1




	
Spin-up

	
2000

	
2000











 





Table 2. Annual variation rates and MK trend test results of each region.
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	Slope (DU/yr)
	NAM
	EAS
	SAM
	AFR
	EUR
	SEA





	OMI/MLS
	0.15 *
	0.23 *
	0.13 *
	0.07 *
	0.13 *
	0.21 *



	MET+EMIS
	0.03 *
	0.13 *
	−0.07
	0.08 *
	−0.01
	0.23 *



	MET+2015EMIS
	0.01
	−0.01
	−0.07 *
	0.04
	−0.02 *
	0.09 *







Note: The star (*) in the table indicates that it has passed the MK Test with a confidence of 95%. The red font indicated positive trend and the blue font indicated negative trend. The unit is DU per year (DU/yr).













 





Table 3. Annual variability rates and MK trend test results of each region.
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Slope (DU/yr)

	
NAM

	
EAS

	
SAM

	
AFR

	
EUR

	
SEA






	
Jan.

	
OMI

	
0.15 *

	
0.19 *

	
0.23

	
0.08

	
0.17 *

	
0.25 *




	
MET+EMIS

	
0.05

	
0.10 *

	
0.02

	
0.12 *

	
0.02

	
0.22 *




	
MET+2015EMIS

	
0.00

	
0.04

	
−0.10

	
0.05

	
0.04

	
0.12




	
Apr.

	
OMI

	
0.11 *

	
0.23 *

	
0.12 *

	
0.06

	
0.10

	
0.20 *




	
MET+EMIS

	
0.00

	
0.09

	
−0.12 *

	
0.13 *

	
0.02

	
0.18 *




	
MET+2015EMIS

	
−0.07

	
−0.06 *

	
−0.07 *

	
0.05

	
−0.05 *

	
0.07




	
Jul.

	
OMI

	
0.18 *

	
0.25 *

	
0.09

	
0.06

	
0.09

	
0.15 *




	
MET+EMIS

	
−0.06

	
0.22 *

	
−0.08

	
0.22 *

	
−0.06

	
0.20 *




	
MET+2015EMIS

	
0.02

	
−0.06 *

	
−0.06

	
0.07

	
−0.03

	
0.02




	
Oct.

	
OMI

	
0.20 *

	
0.31 *

	
0.10

	
0.03

	
0.17 *

	
0.32 *




	
MET+EMIS

	
0.08

	
0.15 *

	
−0.16 *

	
0.04

	
0.02

	
0.28 *




	
MET+2015EMIS

	
0.07

	
0.06

	
−0.15 *

	
0.04

	
0.04

	
0.09








Note: The star (*) in the table indicates that it has passed the MK Test with a confidence of 95%. The red font indicated positive trend and the blue font indicated negative trend. The unit is DU per year (DU/yr).
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