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Abstract

:

The temporal and spatial distributions of tropospheric ozone and its precursors (NO2, CO, HCHO) are analyzed over Guangxi (GX) in South China. We used tropospheric column ozone (TCO) from the Ozone Monitoring Instrument (OMI) and Microwave Limb Sounder (MLS) onboard the Aura satellite (OMI/MLS), NO2 and HCHO from OMI and CO from the Measurements of Pollution in the Troposphere (MOPITT) instrument in the period 2005–2016. The TCO shows strong seasonality, with the highest value in spring and the lowest value observed in the monsoon season. The seasonal variation of HCHO is similar to that of TCO, while NO2 and CO show slightly different patterns with higher values in spring and winter compared to lower values in autumn and summer. The surface ozone, NO2 and CO observed by national air quality monitoring network sites are also compared with satellite-observed TCO, NO2 and CO, showing good agreement for NO2 and CO but a different seasonal pattern for ozone. Unlike TCO, surface ozone has the highest value in autumn and the lowest value in winter. To reveal the difference, the vertical profiles of ozone and CO from the measurement of ozone and water vapor by airbus in-service aircraft (MOZAIC) observations over South China are also examined. The seasonal averaged vertical profiles of ozone and CO show obvious enhancements at 2–6 km altitudes in spring. Furthermore, we investigate the dependence of TCO and surface ozone on meteorology and transport in detail along with the ECMWF reanalysis data, Tropical Rainfall Measuring Mission (TRMM) 3BV42 dataset, OMI ultraviolet index (UV index) dataset, MODIS Fire Radiative Power (FRP) and back trajectory. Our results show that the wind pattern at 800 hPa plays a significant role in determining the seasonality of TCO over GX, especially for the highest value in spring. Trajectory analysis, combined with MODIS FRP suggests that the air masses that passed through the biomass burning (BB) region of Southeast Asia (SEA) induced the enhancement of TCO and CO in the upper-middle troposphere in spring. However, the seasonal cycle of surface ozone is associated with wind patterns at 950 hPa, and the contribution of the photochemical effect is offset by the strong summer monsoon, which results in the maximum surface ozone concentration in post-monsoon September. The variations in the meteorological conditions at different levels and the influence of transport from SEA can account for the vertical distribution of ozone and CO. We conclude that the seasonal distribution of TCO results from the combined impact of meteorology and long-term transport.
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1. Introduction


In recent years, with air pollution control, PM2.5 values have experienced a significant decline in China; however, ozone has replaced PM2.5 as the primary pollutant in South China during summertime, e.g., Guangdong province (http://kjs.mep.gov.cn/). Tropospheric ozone plays a key role in the regional and global atmosphere and climate systems. As the third most important greenhouse gas and one of the most important components of photochemical smog, tropospheric ozone originates from the stratosphere and troposphere exchange (STE) process and photochemical reactions involving its precursors, such as nitrogen dioxides (NOx = NO + NO2), volatile organic compounds (VOCs), CO and CH4 [1]. High concentrations of ozone have adverse effects on human health and ecosystem productivity near the surface layer [2,3,4,5,6,7,8]. Therefore, understanding and measuring ozone and its precursors has become more important, and tropospheric ozone has already been included as a routine monitoring component in the new air quality standard of 2013 (http://kjs.mep.gov.cn/).



Tropospheric column ozone (TCO) has different characteristics in different regions. Previous studies found that the seasonal variation of TCO is generally higher in summer and lower in winter, which is strongly due to photochemical activity [9]. However, measurement of TCO over East Asia, the western Pacific in Japan, Taiwan, Hong Kong and the Arabian sea show similar seasonal patterns with the maximum concentration occurring in spring [10,11,12]. In contrast, Sun et al. [13] observed a broad maximum in both spring and summer, with the maximum in June, and lower TCO values in autumn and winter in the western suburbs of Hefei city (the capital of Anhui Province) based on Fourier Transform Infrared Spectroscopy (FTIR) observations. There are many factors accounting for the observed seasonal characteristics. Vigouroux et al. [14] suggested that the most effective STE process during late winter and spring can account for the spring maximum in eight of the NDACC stations. Zhang and Chan found that lightning NOx emissions and/or stratospheric influences were responsible for the major events of high ozone observed in the UT/MT region over South China in spring [10,12]. Another important aspect that cannot be ignored is the transport of ozone [15], especially when the pollutants originate from anthropogenic or biomass burning (BB) sources [16,17,18,19]. BB introduces huge amounts of ozone precursors, i.e., NO2, CO, CH4, NMHCs and other VOCs, into the troposphere. Generally, the lifetime of these precursors is short; however the impact of BB on ozone is significant within and near the burning regions, with increases of ~10–25% in TCO relative to the average background concentrations [20]. Model studies showed that the pollutants emitted from South East Asian (SEA) BB in spring can be transported by the prevailing westerly wind to affect the air quality and chemistry downwind of southern China and the northwestern Pacific, and are most prominent at 700 hPa [21]. Meanwhile, intensive ground monitoring has been carried out in urban and rural areas at environmental protection stations over China, where daily surface ozone, NO2, CO and other near-ground data have been available since 2013. Wang et al. [22] found that ground-level ozone concentrations reached a minimum in winter and peaked in summer. However, some studies found that ground-level ozone concentrations peaked in autumn in the Pearl River Delta (PRD) region [23]. Previous studies proved that TCO seasonal variation changes linked closely to the study region location and revealed the inconsistency of seasonal cycles between ground-level ozone and TCO in some study areas.



Previous studies have also been conducted to understand variations of ozone and photochemical reactions between ozone and its precursors based on field measurements [24,25] and satellite measurements [1,26]. Ozone production can be controlled by either emissions of NOx or VOCs depending on the NOx-sensitive or VOC-sensitive photochemical regimes [27,28,29]. NO2 is released from both stationary (combustion of fuel) and mobile sources [30] and is usually enhanced in the boundary layer. NO2 exhibits the highest levels in winter and the lowest levels in summer/spring. There was a continuous increasing pattern from 2005 to 2012; thereafter, it showed a decreasing trend in China due to regulations [30,31]. In the absence of quantitative information on VOCs, HCHO was used as a proxy for VOCs, as it is a short-lived oxidation product of many VOCs [27]. HCHO columns are commonly found in large quantities over forested regions in the world, and a large fraction of HCHO columns were observed in industrial/urban regions in East Asia [31]. The seasonal variation shows a maximum in summertime in mid-latitude regions [32]. It is revealed that OMI HCHO shows an upward trend in northeastern China, resulting from the anthropogenic effect [33] and is negative in the PRD [31]. CO is also an ozone precursor, and determines the regional background values of the ozone level [1]; the relation of O3-CO has also been examined [34]. CO is produced from fuel combustion associated with transportation, industry and domestic heating. CO can be transported over long distances due to its long lifetime. Studies showed that the highest CO level is observed in late spring (April and May) and the lowest is observed in late fall (October and November) based on Measurements of Pollution in the Troposphere (MOPITT) CO columns, and that it shows an overall increasing trend in Beijing [35]. In contrast, CO reaches its maximum during winter and shows a broad minimum during the summer monsoon season, with a decreasing trend in India [36]. The changes in ozone precursors affect the photochemical conditions of ozone formation. To identify the ozone sensitivity to precursors, we need to understand their spatiotemporal characteristics from location to location. It is important to determine the ozone variation and to guide ozone control policy.



Guangxi (GX) is located in southern China and is also downwind of the SEA BB source area. It should be noted that GX is on the pathway which BB pollutants from SEA transporting to China must follow at 700 hPa. However, most previous studies paid less attention to this area or designated GX as part of South China, which may hide the seasonal characters for tropospheric ozone and its precursor. Furthermore, there are 50 national air quality monitoring sites in GX, but most of them are concentrated in urban areas and provide measurements of surface ozone, NO2, CO, PM2.5 and PM10 with limited spatial coverage. To obtain more knowledge about tropospheric ozone over GX, we analyze the spatial–temporal distribution patterns of tropospheric ozone and its precursors with satellite datasets (TCO data products form OMI/MLS, NO2, HCHO and UV index form OMI, CO form MOPITT), investigate the dependence of tropospheric ozone on meteorology and transport with ECMWF reanalysis data, MOZAIC aircraft observations, MODIS FRP, OMI UV index, TRMM rainfall and back trajectory analysis. In addition, surface ozone is also investigated.




2. Research Region and Datasets


2.1. Research Region


GX is located in southern China (104°26′ E–112°04′ E, 20°54′ N–26°24′ N), bordered by Yunnan to the west, Guizhou to the north, Hunan to the northeast, and Guangdong to the east and southeast. It is also bordered by Vietnam in the southwest and the Beibu Gulf in the south. GX covers a surface of 236,700 km2 and has a population of 48.85 million. The gross domestic product (GDP) was 2.039625 trillion RMB in 2017 (http://www.gxtj.gov.cn/). The topography is high in the northwest and low in the southeast. The relevant information is illustrated in Figure 1.




2.2. OMI/MLS TCO


The TCO dataset was retrieved from OMI/MLS onboard the Aura satellite based on the tropospheric ozone residual method. OMI is a nadir-viewing UV-VIS two-dimensional charged-coupled device (CCD) spectrometer. The instrument has a 114° field-of-view, producing a 2600 km wide swath that contains 60 pixels at a spatial resolution of up to 13 km × 24 km with near-daily global coverage. Its spectral range is 270–500 nm divided into three channels, UV-1 from 264 to 311 nm, UV-2 from 307 to 383 nm, and Vis from 349 to 504 nm, with spectral resolutions of 0.63, 0.42 and 0.63 nm, respectively, which is available for providing the total ozone column. MLS provides atmospheric parameters by observing the thermal emissions from the limb-viewing in broad spectral regions centered near 118, 190, 240, and 640 GHz, and 2.5 THz [37]. TCO is derived by subtracting the MLS stratospheric column from the OMI total column. Both the OMI-CCD and MLS measurements of the stratospheric ozone are averaged for the comparison over the Pacific (120° W–120° E) [38,39]. The MLS data are adjusted according to the observed differences and are then interpolated along the track and longitude respectively in two steps. OMI/MLS is able to provide daily global TOCs. The spatial resolution of the OMI/MLS TCO monthly mean product is 1.25° × 1°, with an uncertainty of five Dobson units (DU) and a mean offset of two DU [20].




2.3. OMI NO2 and HCHO


OMI allows for the retrieval of NO2 and HCHO based on the differential optical absorption spectroscopy (DOAS) algorithm, which first retrieves SCDs (slant column density) by spectral fitting, then converts the SCDs to VCDs (vertical column density) using air mass factors (AMFs). NO2 is retrieved in the 405–465 nm spectral region [40] and HCHO is retrieved in the 328.5–347 nm spectral region [32]. In this study, tropospheric monthly averaged NO2 vertical columns (derivation of OMI tropospheric NO2, DOMINO) are obtained from The Royal Netherlands Meteorological Institute (KNMI) and monthly averaged HCHO vertical columns are obtained from the Belgian Institute for Space Aeronomy (BIRA-IASB), both with spatial resolutions of 0.25° × 0.25°. The overall errors in the vertical tropospheric NO2 and HCHO column data are 10–40% and 25–41%, respectively [32,40].




2.4. MOPITT Total Column CO


Due to its two-month lifetime, CO is a tracer for biomass burning and the incomplete combustion of fossil fuels. Satellite observations of CO can clearly identify areas of intense burning [41] as well as urban areas [42]. In this study, the gridded dataset of monthly mean CO from MOPITT [43] with a spatial resolution of 1° × 1° was used. The MOPITT CO observations have been validated with aircraft in situ measurements and show good quality, with an average bias of less than 20 ppbv at all levels [44].




2.5. Ancillary Data


Fire radiative power (FRP): FRP is equivalent to the total radiative power of a fire, which is a measure of outgoing radiant heat from fire (in units of MW). The FRP retrieval for MODIS adopts the approach proposed by Wooster et al. [45], which is called the MIR (mid-infrared) radiance method [46]. Giglio et al. [46,47] proved that FRP can provide useful information about fire behavior. In this study, the MODIS monthly mean FRP product with a spatial resolution of 0.5° × 0.5° was used.



Hybrid single-particle Lagrangian integrated trajectory (HYSPLIT): HYSPLIT is a system for the computation of simple air parcel trajectories from the National Oceanic and Atmospheric Administration (NOAA) [48]. To investigate the forward and backward trajectory of the air mass, the web-based version of the HYSPLIT model was used for this study.



UV index (UVI): The OMI UV products (irradiances, erythemal doses and UVI) are developed jointly by the Finnish Meteorological Institute and NASA, generally with the cloud and aerosol corrections. The UVI is a dimensionless number that represents that the solar radiation reaching the surface can damage human skin when the sun is at its highest point in the sky, with ranges from 0 to 15. Comparisons with ground-based data reveal that the OMI UV product generally overestimates the surface UV index while the correlation is rather good and reliable [49,50,51]. Our study focuses on seasonal variation and pays more attention to relative changes than absolute values, so the dataset met the needs of this study. In this study, the UVI dataset from 2014 was used to evaluate the contribution of sunlight to ozone photochemicals.



MOZAIC: The MOZAIC program is currently known as the European In-service Aircraft for a Global Observing System (IAGOS) program [52], and has provided the vertical profiles of ozone, water vapor, carbon monoxide and other trace gases from aircraft take-off and landing since 1994 (https://www.iagos.org/). We used 121 profiles over South China (20° N–25° N, 105° E–115° E) in the period 2009–2012.



Wind field: The wind field from ECMWF in 2014 at different altitudes (950 hPa, 800 hPa and 650 hPa) was used in this study.



Rainfall: The TRMM satellite daily product, TRMM 3BV42 dataset (in units of mm/day), was used to measure precipitation, with a resolution of 0.25°, which was gauge-corrected by the Global Precipitation Climatology Center (GPCC) and the Climate Assessment and Monitoring System (CAMS). The correlation between the TRMM 3BV42 daily mean precipitation and the gauge station data over China is 0.7–0.83 during the period 2005–2013 according to a previous study [53].





3. Results and Discussion


3.1. Spatial and Temporal Variations of TCO and Its Precursors


Figure 2 shows the time-series of monthly averaged and multiyear monthly averaged TCO, CO, NO2 and HCHO. Based on this we find that there was a slight increase during the period 2005–2016 for the TCO (Figure S2a) over GX. Figure 3a shows that the seasonal average TCO over GX is different from the typical seasonal variation in the North China and the Yangtze River Delta (YRD) region [23], where the highest ozone occurs from late May to July. The maximum TOC over GX was observed from April to May (~40 ± 3.3 DU in spring), the seasonal average value was lower in summer than in spring (~34.3 ± 3.4 DU), then decreased in autumn continuously (~32 ± 2.4 DU), and gradually declined to the minimum in winter (~30 ± 2.2 DU). However, it should be noted that the TCO did not decline continuously every month and exhibited a bimodal distribution in May and September (Figure 2b), showing a slight recovery in September. The spatial distribution of TCO is shown in Figure 4 (surrounded by white lines). The TCO was higher over eastern GX than over western GX in spring and in autumn (Figure 4a,c), was slightly higher over northern GX than over southern GX in summer (Figure 4b), while in winter (Figure 4d), the TCO was slightly higher over southern GX than over northern GX.



The time series of the monthly averaged NO2 VCDs in Figure 2a shows that there was a slight increase during the period 2005–2011, followed by a marked decrease from 2012 (Figure S2b) associated with the strict emissions regulations for reducing NO2 in China’s 12th Five-Year Plan [54]. The implementation of the SCR (selective reduction catalyst) system was promoted from 2013 and was fully completed in 2014 in key enterprises in GX, including coal-fired power enterprises, cement enterprises, and especially the sugar industry, which is the pillar industry in GX. It was reported by Guangxi Environmental Protection Bureau (http://www.gxepb.gov.cn/) that the NOx emissions fell 12.28% compared with 2013, which can account for the annual variations of NO2 VCDs observed here. Figure 3b shows that the NO2 VCD had seasonal average values of 1.88 ± 0.45 × 1015 molec/cm2, 1.26 ± 0.15 × 1015 molec/cm2, 1.68 ± 0.32 × 1015 molec/cm2 and 2.1 ± 0.60 × 1015 molec/cm2 for spring, summer, autumn and winter, respectively, which is consistent with the typical seasonal patterns in other regions [30,55]. Figure 5 shows that the highest value in winter is consistent with areas with a heavy industry base (such as Liuzhou) and densely populated areas (such as Nanning and the Beibu Gulf Economic Zone). However, it should be noted that the NO2 value over GX is obviously lower than the surrounding regions (such as PRD, central and eastern Hunan, western Guizhou), mainly due to the terrain and industrial development.



The multiyear monthly averaged HCHO columns in Figure 2b show that the maximum HCHO was observed from March–April, which is almost one month later than the maximum TCO. In addition, our results show that the HCHO columns were 8–11 times higher than the tropospheric NO2 VCDs over GX, and HCHO showed no significant decrease in pace with the NO2 decline since 2011 (Figure S2c shows that from 2005–2014, HCHO had a significant upward trend compared to the trend from 2005–2016), which was of great significance to the near-surface ozone photochemistry and the designation of ozone control policies over GX. Figure 3c shows that the seasonal average HCHO column had the maximum value in spring, 11.2 ± 1.58 × 1015 molec/cm2, compared with summer (8.21 ± 1.08 × 1015 molec/cm2), winter (8.75 ± 0.87 × 1015 molec/cm2) and autumn (8.20 ± 1.75 × 1015 molec/cm2). This result reveals a different seasonal pattern to the previous study regions, such as Beijing-Tianjin-Heibei (BTH) [56]. Figure 6 shows that the spatial distribution of HCHO over GX was similar to NO2 except in spring, with higher values over the central and eastern parts, while lower values were found over the western part. High HCHO values also appeared in PRD and Hanoi (the capital of Vietnam), which is in line with a previous study [33], indicating that anthropogenic activity has a significant impact on the spatial distribution of HCHO over this area. However, the HCHO columns were significantly higher in spring than other seasons, and especially had higher values in underdeveloped southwestern GX. This phenomenon cannot be explained by the dependence of the HCHO columns on temperature and anthropogenic activity, thus the anomalies of spring peaks of the HCHO columns were investigated in terms of meteorology and long-range transport, as described in Section 3.3.



The multiyear monthly averaged CO columns in Figure 2b show that the maximum was observed in March, which is consistent with the HCHO columns and with the maximum of TCO almost two months later. This temporal variation is in agreement with a previous study [11]. In addition, there was no obvious long-term trend for CO during the period 2005–2016 (Figure S2d), except that the global economic slowdown led to reductions in CO in 2009 [35]. Figure 3d shows that the seasonal averaged value of the CO columns was higher in spring (~3.6 ± 0.53 × 1018 molec/cm2) and winter (~3.65 ± 0.27 × 1018 molec/cm2), followed by autumn (3.23 ± 0.22 × 1018 molec/cm2), and the minimum was observed in summer (~2.6 ± 0.28 × 1018 molec/cm2), which reveals similar seasonal variations to NO2. It should be noted that there are noticeable spatial gradients of CO in spring compared with other seasons (Figure 7), with higher values in the west than in the east. In autumn and winter, higher CO columns are observed over eastern GX, while in summer, the northern values are higher than the southern values, although the overall CO columns are low. This distribution is further discussed in Section 3.3.




3.2. Comparison of Ground Observation and Satellite Observation


There are 50 national network sites in GX. The locations are shown in Figure 1b. Figure 8 presents the monthly mean ozone, and the NO2 and CO concentrations of all sites over GX compared with the satellite observation in 2016. The result shows the consistency of TCO and surface ozone is poor even though they both show a bimodal structure. The highest seasonal mean TCO occurred from April to May, with a secondary peak value in August, a month earlier than the multiyear monthly TCO shown in Figure 2b. This can be associated with the yearly TCO variation. In contrast, the surface ozone maximum was observed in September, with a secondary peak in May. For CO, there was a similar trend between the satellite and ground observations, except for April and July. The monthly variation characteristics of NO2 for the two data sets were almost consistent. According to the available detectable altitude range of satellite and ground observations, the discrepancy between the two data sets depends on the vertical distribution of the trace gases. We used the MOZAIC profile data over South China to examine the seasonal variation of the vertical distribution of ozone and CO. Figure 9 reveals that surface ozone is only a small part of TCO and the CO vertical profile is exponentially decreasing. Ozone and CO are significantly higher in spring than in summer at the 2–6 km altitude. It should be noted that we also observed elevated ozone in winter in the middle and upper troposphere, which was lower than in summer, but was noticeable. Above 6 km, the ozone concentration was highest in summer, followed by spring, autumn and winter, consistent with the typical seasonal pattern, and there was no significant seasonal difference for CO at this height. Below 1 km, the ozone concentration was slightly higher in autumn than in spring, and the summer concentration was lower than spring and higher than winter. For CO, the highest value was in winter, followed by spring, autumn and summer, which was consistent with the surface observation. The seasonal distribution features of CO showed no obvious discrepancy in spring and winter, which can be attributed to the initial seasonal distribution, which was higher in spring and winter. In conclusion, the enhancement at 2–6 km in spring can account for the discrepancy of the satellite and ground observations for ozone and CO. In this study, we also examined the potential factors that can account for the enhancement




3.3. Influence Factors


GX features a subtropical climate, the annual average temperature over approximately 65% of the province is above 20.0 °C, winter is shorter than summer, and seasonal differences of temperature are not significant over most of the area compared with north China. The monthly mean temperature of Naning (capital of GX) is shown in Figure S1 as an example, with the maximum in summer (33 °C), followed by autumn (28.7 °C), spring (26.2 °C) and winter (20.84 °C), which is consistent with the highest surface ozone observed at national network sites. The recoveries of TCO and HCHO in August or September can also be interpreted by temperature due to both of them depending on temperature. The precipitation over GX can also affect the spatiotemporal characteristics of TCO to some degree. Due to the alternation of winter and summer monsoon, the spatial–temporal distribution of precipitation over GX is uneven. The precipitation is concentrated in the north part in April, and in the southern part in July (the precipitation distribution over GX is shown in Figure 10). Precipitation plays a washout role for ozone and its precursors, which can partially account for the low TCO in summer [57]. However, the high values of TCO and HCHO in spring cannot be explained by the seasonal variations of temperature and precipitation.



In addition, since sufficient light is the necessary prerequisite for photochemical ozone production processes [27], the seasonal pattern of the UV index from OMI is illustrated in Figure 11. It can be seen that the solar radiation over GX and south China are similar to the mid-high latitude area, reaching the maximum in July. Therefore, it can be inferred that the sunlight condition is not the main contributor to the high values of TCO and HCHO in spring. To investigate the other potential factors, the influence of the wind field and transport are evaluated in the following section.



3.3.1. Influence of Wind Field


Generally, the East Asian Summer Monsoon (EASM) begins around mid-May and dissipates in August [58]. In summer, the monsoon comes from the ocean and the diffusion conditions are good. Some of the pollutants over South Asia are efficiently washed out of the atmosphere by the monsoon [59]. In autumn, wind comes from the land and the pollution may accumulate. GX is within the EASM region. The wind field influences the diffusion of ozone and its precursors in the atmosphere [57]. Figure 12 shows wind fields at 950 hpa in April, July, October and January. In January, the northeast wind prevails, and the wind speed is approximately 2 m/s, then the wind speed increased significantly (approximately 4 m/s) and the southeast wind blowing from the ocean prevailed in April. In July, the wind direction is predominately affected by the EASM, with an average wind speed of 3 m/s and the south wind prevailing. The monthly mean surface ozone values greatly depend on the wind field at this level (Figure 8), which is lower during the monsoon period than in the pre-monsoon and post-monsoon periods. In addition, the monsoon also impacts the spatial distribution of ozone and its precursors through wind and precipitation, which offset the increasing effect of local photochemical ozone production processes near the surface, resulting in the highest surface ozone concentration in September after the monsoon instead of in July. This result is in line with previous research [11,58] and proves that the monsoon is the main contributor to the seasonal behavior of ozone [60]. However, the maximum value of TCO in spring cannot be explained by the wind direction in April at this altitude, which is also inconsistent with the maximum concentration of surface ozone in September. The temporal inconsistency between TCO and surface ozone indicates that there must be differences at high altitude.



Figure 13 shows that at 800 hPa for each month, the wind speed increases significantly from 3 m/s in January to 9 m/s in April, though the southwest wind prevails in both months. Additionally, the wind speed in spring is stronger than that in other seasons and has a significant change in wind direction compared with 950 hPa, from southeast to southwest. This influence can be captured by the distribution of TCO and is in agreement with the results from Xu et al. [61]. Meanwhile, the temporal–spatial variation of CO and HCHO in spring can also be interpreted as the wind-driven effect at this altitude. This is evident for pollutants transported with the wind (see details in Section 3.3.2).




3.3.2. Long-Range Transport and Pollutant Accumulation


The five-day air mass back trajectories were obtained from the HYSPLIT model. Figure 14 shows an example of the HYSPLIT backward trajectory results for air masses over GX. Three points listed in Table 1 were selected for the backward trajectory analysis at altitudes of 500 m, 4 km and 8 km in January, April, July and October of 2014.



The results of the backward trajectory analysis show that air masses changed significantly according to altitude and season. In April, the air masses at an altitude of 500 m (red) were mainly from the southeast, and all back track air masses were lower than 2 km, while the air masses at 4 km (blue) and 8 km (green) altitudes mainly passed through Myanmar, Laos, Vietnam, and reached GX directly, which is consistent with the wind field at 800 hPa in April. It can be expected that the contaminants from the SEA BB origins brought by wind will affect TCO and its precursors over GX, especially in spring when SEA BB is most severe [62]. The spatial distribution of FRP is shown in Figure 15. In April (Figure 15a), the highest values of FRP were centered on Laos, affecting the chemical composition of the air masses flowing through this area directly. In July, the low troposphere air masses showed an obvious influence of the summer monsoon, which comes from the ocean; in the middle-upper troposphere the sources were identified as Mongolia and Afghanistan. In October, the air mass at the 500-m level was mainly affected by air flow from the northwest of China. At an altitude of 4 km, the air masses were mainly affected by westerly airflow, from eastern Africa, via the Arabian Gulf, India, Myanmar and Yunnan to GX. At the height of 8 km, it was predominantly influenced by the southwest airflow, from the Bay of Bengal to GX. The air masses in January had a similar pattern to October, where the middle troposphere air masses come from West Africa and those of the upper troposphere come from India.



Our results found that despite the different locations of the three points, they showed good consistency, except for the 500 m altitude in April. The sources were identified as SEA from 2 km to 8 km in April, which confirms the conclusion that the wind field at 800 hPa that passed through the BB region of SEA induces the enhancement of TCO and CO in spring. In wintertime, the ozone enhancements were most likely due to air masses transported along the subtropical jet from tropical and subtropical West Africa and South India.






4. Conclusions


We studied the spatial and temporal variations of TCO, NO2, CO and HCHO by analyzing data from the OMI/MLS and MOPITT instruments from 2005–2016 over GX. The 11-year monthly averaged TOC values had maximum values in spring and were in line with the seasonal pattern of the SEA BB. The spring average value was 40 DU, which is six DU higher than summer and 10 DU higher than winter. HCHO was consistent with the TCO seasonal pattern, with a maximum 11.2 × 1015 molec/cm2 in spring, and was 1.36 times higher than that in summer. In addition, CO and NO2 showed a similar seasonal cycle, where both were highest in winter and lowest in summer. The winter values were 1.4 and 1.7 times higher than in summer, respectively. Furthermore, we noticed a discrepancy between the satellite and ground observations for TCO and CO in spring over GX due to an obvious higher value at the altitude of 2–6 km of the vertical profile.



We examined the impact of meteorological conditions and long-range transport on the seasonal patterns of TCO and its precursors. We found that the highest TCO observed in spring was associated with the strong south-west wind at 800 hPa, which brings polluted air masses from SEA, where the level of BB is considerable. The conclusion was confirmed by the result of the backward trajectory analysis, which identified SEA as the source of middle and upper troposphere in spring. The joint effect of the wind field and transport was also captured by the vertical profile of ozone and CO from the MOZAIC data. However, the highest value of HCHO was also seen in spring, but we cannot provide a definitive conclusion regarding its source because of its short lifetime and because it is affected by biological sources and anthropogenic emissions. In summer, the air masses from the less polluted ocean result in the lowest value of NO2 and CO. Meanwhile, despite the best condition for the HCHO and O3 photochemical being in summer, the monsoon also has the biggest impact (with the largest amount of precipitation) during this period, which offset the increasing effect from the photochemicals. After the monsoon, there was a slight increase for TCO and HCHO over GX in autumn. These temporal characteristics observed from space can provide valuable information for ground measurements. Meanwhile, to explain the source of high HCHO in spring, the vertical observation of HCHO was needed over GX.



With respect to spatial distribution, NO2 was mainly concentrated in heavy areas. TCO was higher downwind, and CO and HCHO were both high in the west of GX in spring. We also found that the spatial distribution of HCHO was consistent with NO2 in autumn and winter, which revealed the impact of anthropogenic emissions on HCHO.
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Figure 1. Locations of the study areas: (a) The location of Guangxi in China; (b) Distribution of national network sites in GX. 
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Figure 2. (a) Time-series of monthly averaged TCO, CO, NO2 and HCHO (raw data); (b) Multiyear monthly averaged TCO, CO, NO2 and HCHO (based on the raw data present in (a)). Vertical bars indicate one standard deviation. 
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Figure 3. The seasonal boxplots of TCO (a), NO2 (b), HCHO (c) and CO (d) (based on the 95% confidence interval of raw data present in Figure 2a). 
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Figure 4. Seasonal-averaged OMI/MLS TCO for 2005–2016. (a) MAM; (b) JJA; (c) SON; (d) DJF. 
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Figure 5. Seasonal-averaged OMI NO2 VCDs for 2005–2016. (a) MAM; (b) JJA; (c) SON; (d) DJF. 
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Figure 6. Seasonal-averaged OMI HCHO columns for 2005–2016. (a) MAM; (b) JJA; (c) SON; (d) DJF. 
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Figure 7. Seasonal-averaged MOPITT CO columns during the daytime for 2005–2016. (a) MAM; (b) JJA; (c) SON; (d) DJF. 
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Figure 8. Monthly averaged satellite observed TCO (O3_S), CO (CO_S) and NO2 (NO2_S) and ground observed surfaced ozone (O3_G), CO (CO_G) and NO2 (NO2_G) in 2016. 
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Figure 9. Seasonal-averaged profiles of ozone and CO from MOZAIC (20° N–25° N, 105° E–115° E). Horizontal bars indicate one standard deviation across multiple profiles. 
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Figure 10. Rainfall distribution in 2014 based on TRMM (a) April; (b) July; (c) October; (d) January. 
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Figure 11. UV index distribution in 2014 based on OMI. (a) April; (b) July; (c) October; (d) January. 
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Figure 12. Monthly winds at 950 hPa in 2014 based on ECMWF. (a) April; (b) July; (c) October; (d) January. (The red line indicates the GX border). 
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Figure 13. Monthly winds at 800 hPa in 2014 based on ECMWF. (a) April; (b) July; (c) October; (d) January. 
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Figure 14. HYSPLIT model results with 120 h backward trajectory for air masses over GX with source locations at 500 m, 4000 m and 8000 m altitudes in April, July, October and January 2014. 
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Figure 15. Spatial distribution of Fire radiative power in 2014 based on MODIS. (a) April; (b) July; (c) October; (d) January. 
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Table 1. Information about the three points for the backward trajectory analysis.
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	Name
	Location
	Representative Type





	Liuzhou city
	109°40′ E, 24°33′ N
	Industrial base



	Chongzuo city
	107°92′ E, 22°42′ N
	Adjacent to Vietnam



	Wuzhou city
	108°35′ E, 21°78′ N
	An inland city
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