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Abstract

:

PM2.5 retrieval from satellite-observed aerosol optical depth (AOD) is still challenging due to the strong impact of meteorology. We investigate influences of meteorology changes on the inter-annual variations of AOD and surface PM2.5 in China between 2006 and 2017 using a nested 3D chemical transport model, GEOS-Chem, by fixing emissions at the 2006 level. We then identify major meteorological elements controlling the inter-annual variations of AOD and surface PM2.5 using multiple linear regression. We find larger influences of meteorology changes on trends of AOD than that of surface PM2.5. On the seasonal scale, meteorology changes are beneficial to AOD and surface PM2.5 reduction in spring (1–50%) but show an adverse effect on aerosol reduction in summer. In addition, major meteorological elements influencing variations of AOD and PM2.5 are similar between spring and fall. In winter, meteorology changes are favorable to AOD reduction (−0.007 yr−1, −1.2% yr−1; p < 0.05) but enhanced surface PM2.5 between 2006 and 2017. The difference in winter is mainly attributed to the stable boundary layer that isolates surface PM2.5 from aloft. The significant decrease in AOD over the years is related to the increase in meridional wind speed at 850 hPa in NCP (p < 0.05). The increase of surface PM2.5 in NCP in winter is possibly related to the increased temperature inversion and more stable stratification in the boundary layer. This suggests that previous estimates of wintertime surface PM2.5 using satellite measurements of AOD corrected by meteorological elements should be used with caution. Our findings provide potential meteorological elements that might improve the retrieval of surface PM2.5 from satellite-observed AOD on the seasonal scale.
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1. Introduction


Fine particle (PM2.5) lowers visibility [1,2], affects human health [3], modifies cloud properties [4], and exerts radiative forcing on the Earth’s surface and at the top of the atmosphere [5]. Accurate estimates of high spatio-temporal resolution of surface PM2.5 concentrations is critical for assessing its effects. However, national-wide in situ measurements of surface PM2.5 in China were unavailable until 2013. To study the driving forces of long-term variations of surface PM2.5, many studies use long-term measurements of fog–haze days [6], visibilities [7], and conducive weather conditions [8] as approximations. Specifically, Niu et al. showed that in the past three decades, the doubled frequencies of fog events in wintertime over eastern-central China was strongly related to the weakening of the East Asian winter monsoon (EAWM), which showed decreased surface wind speed and number of cold air outbreaks and increased relative humidity and frequency of light wind events [6]. Li et al. found that the number of wintertime fog–haze days correlates with the inter-annual variations of the winter monsoon index, with a correlation coefficient of −0.41 [9]. Shi et al. also found that wind speed change in the lower troposphere explains 81.6% of the visibility variance between 1960 and 2014 in Eastern China [7]. Lower wind speed decreased dust emissions, and this decrease moderated the wintertime land–sea surface air temperature difference and further decreased wind speed [10]. However, these meteorological approximations only partly reflect the aerosol variations, and their in situ observations are sparse.



Many studies use satellite observations of aerosol optical depth (AOD, [11]) to retrieve surface PM2.5. AOD are observed with large spatio-temporal coverage by remote sensing instruments on board satellites. For example, the total Ozone Mapping Spectroradiometer [12], the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP, [13]), and the moderate resolution imaging spectrora-diometer [14]. A number of studies [15,16,17] have developed different methods, such as statistical relations [18] and machine learning [15], to derive surface PM2.5 with high spatiotemporal resolution in China to study the long-term exposure of population to surface PM2.5. However, studies showed that AOD–surface PM2.5 relations show large spatial and temporal variations (e.g., r = 0.17–0.57, varying within regions in China [19]). Meteorological elements, such as cloud cover, wind speed, boundary layer height, and relative humidity, are used to correct the AOD–surface PM2.5 relation for better prediction of surface PM2.5 ([11,20,21,22]). However, to the knowledge of the authors, no study has systematically quantified the different responses of AOD and surface PM2.5 to changes in meteorological elements to better understand the AOD–surface PM2.5 relations.



In this study, we systematically quantify the contributions of meteorology changes to the inter-annual variations of AOD and surface PM2.5 in different seasons and regions in China between 2006 and 2017 by fixing emissions at the 2006 level using a nested global 3D chemical transport model, GEOS-Chem. We study the relationship of AOD and surface PM2.5 in different regions and seasons and their relationship with mesoscale weather patterns. We further identify the major meteorological elements that control the inter-annual variations of AOD and surface PM2.5 in key regions during different seasons using multiple linear regressions.




2. Materials and Methods


2.1. Model Description


We used the nested 3D chemical transport model, GEOS-Chem version 11.01, over Asia to simulate surface PM2.5 and AOD. The nested model has a horizontal resolution of 0.5° latitude × 0.667° longitude, with boundary conditions archived from global simulations at 2° latitude × 2.5° longitude. We simulated AOD in Asia between 2006 and 2017 [23] with a model spin-up of one month. The model was driven with Modern-Era Retrospective analysis for Research and Application, Version 2 (MERRA-2) meteorological fields. We ran GEOS-Chem with full gaseous chemistry and online aerosol calculations, including sulphate-nitrate-ammonium particles [24], black carbon (BC, [25,26]), primary [27] and secondary organic carbon (OC, [28]), natural dusts [29,30,31], and sea salts [32]. The model coupled aerosol and gas-phase chemistry through nitrate and ammonium partitioning, sulphur chemistry, secondary organic aerosol formation, and uptake of acidic gases by sea salt and dust [24]. We used monthly Asian anthropogenic emissions of SO2, NOx, BC, OC, NMVOCs, and NH3 from [33]. We developed anthropogenic emission inventories of these gases and aerosols from industrial, transport, residential, and agricultural sectors in China between 2006 and 2017 using a bottom-up approach [34]. We used daily open fire emissions from the Global Fire Emissions Database, Version 4. Dust emissions followed Fairlie et al. [29] with an improved dust size distribution scheme from [31]. Dry deposition of aerosols followed a resistance-in-series method [35] with updates of dry deposition velocity [36]. Wet removal of aerosols in convective updrafts and large-scale precipitation followed Liu et al. [37], with updates of below-cloud and in-cloud scavenging in ice clouds [38,39] and in-cloud scavenging in mixed-phase clouds [40].



Assuming external mixing, AOD at wavelength λ in each layer was estimated as the sum of AODs of each component i


   τ λ  =   ∑  i = 1  n    3 4       m i   Q  λ , i      ρ i   r  e f f , i     =   ∑  i = 1  n    m i   β  λ , i      








where τλ is AOD at wavelength λ, n is the number of aerosol components, mi is aerosol mass concentration of component i, Qλ,i is extinction efficiency factor at wavelength λ calculated with Mie theory, ρi is aerosol mass density, reff,i is particle effective radius. We accounted for the hygroscopicity growth of aerosol particles, as all parameters in the above equation are functions of relative humidity for hydrophilic aerosol components. We used the updated aerosol size distribution and refractive index [41] to calculate Qλ,i and reff,i in a Mie code. Uncertainties of the model-simulated AOD stemmed from aerosol vertical profiles and assumptions on aerosol physical and chemical properties, including mixing state, density, refractive index, and hygroscopic growth [42]. Among the aerosol physical and chemical properties, the mixing state is the most important factor, causing an uncertainty of between 30 and 35% on the simulated AOD [42]. Uncertainties caused by other properties were less than 10% [42]. We used in situ station radiometer AOD measurements, AOD measurements from a moderate resolution imaging spectrora-diometer, and surface in situ measurements of PM2.5 to validate model simulations (see details in Supplementary Materials S1 and S2).



We conducted two experiments to quantify the contributions of meteorological changes in AOD and surface PM2.5 in China. In the BASE simulation, we used varying meteorology and emissions from 2006 to 2017. The observed and simulated inter-annual variations and trends of annual mean AOD and surface PM2.5 are discussed in Supplementary Materials S3. To investigate the contribution of meteorology, we kept emissions at the level of 2006 and varying meteorology in simulation FIXEMISS. The inter-annual variations of AOD and surface PM2.5 in this experiment reflect the effects of varying meteorology. Comparing trends of AOD and surface PM2.5 simulated by the two experiments shows the relative contribution of meteorology changes in these variations.




2.2. Multiple Linear Regression


We analysed results in three hot spot key regions, including the North China Plain (NCP: 35–41°N, 110–120°E), the Yangtze River Delta (YRD: 27–35°N, 116–122°E), and the Pearl River Delta (PRD: 22–25°N, 110–117°E) as shown in Figure S1. We built multiple linear regression models for all the target regions during the four seasons to investigate the contribution of meteorological elements to variations of AOD and surface PM2.5. The candidate variables included temperature (T), zonal wind speed (U), meridional wind speed (V), vertical air movement (O), relative humidity (RH), potential vorticity (PV) at surface, 850 hPa and 500 hPa, pressure at surface (PS), sea level pressure (SLP), tropopause pressure (TROPPT), planetary boundary layer height (PBLH), and precipitation (PREC). The list of abbreviations is shown in Table S2. To avoid redundancy, we use adjusted (adj) the R2 criterion to determine the best subset of regressors.


     adj   R   2  = 1 −   ( 1 −  R 2  ) ( n − 1 )   n − k − 1    



(1)




where k is the number of model parameters, n is the number of pairs of data in the data set, R2 is the coefficient of determination because the inclusion of the penalty term n − k − 1, adj R2 decreases when redundant variables are included. We used a stepwise procedure to select variables. Subsets with the smallest number of variables and largest adj R2 are regarded as the best predictors. GEOS-Chem-simulated and the best multiple linear regression model-fitted AOD and surface PM2.5 are shown in Figure 1 and Figure 2.





3. Results


3.1. Meteorology Changes Have Larger Influences on Inter-Annual Variations of AOD than Those of Surface PM2.5


GEOS-Chem shows that the influence of meteorology changes on AOD trends between 2006 and 2017 is relatively larger than their influences on surface PM2.5 (Table 1). Contributions from meteorology changes to downward trends of annual mean AOD are 33% in PRD, larger than that of surface PM2.5 (23%). In YRD, meteorology changes reduce AOD by 10%, but are counter-productive with regard to surface PM2.5 reduction. Meteorology changes show negligible effects on trends of AOD and surface PM2.5 in NCP. In spring, meteorology changes between 2006 and 2017 are favorable to AOD and surface PM2.5 reduction. GEOS-Chem attributes 36%, 22%, and 50% of AOD reduction in NCP, YRD, and PRD, respectively, to meteorology changes during the 12 years. However, for surface PM2.5 reduction, the contributions of meteorology changes are much smaller: 1% in NCP, 12% in YRD, and 40% in PRD. In summer, meteorology changes show adverse effects on aerosol reduction during the 12 years. AOD enhancements due to meteorology change offset 42%, 25%, and 33% of the reduction caused by anthropogenic emission control in NCP, YRD, and PRD, respectively. Influences of meteorology changes on surface PM2.5 are much smaller in NCP (5%) and PRD (10%). In fall, the model suggests a significant adverse effect of meteorology on aerosols in NCP between 2006 and 2017 (+0.011 yr−1 and +0.26 µg m−3 yr−1). These enhancements offset the reduction caused by anthropogenic emission control by 85% for AOD and by 11% for surface PM2.5, respectively. Meteorology changes contribute 25% and 40% to the total reduction in AOD in YRD and PRD (Table 1). Their contributions to surface PM2.5 reductions are much lower, with 8% in NCP and 35% in YRD.



The larger influence of meteorology changes on AOD than surface PM2.5 is attributable to several reasons. First, emissions have larger influence on surface PM2.5 than aloft. Second, PM2.5 concentration decreases with increasing altitude. Mathematically, the same amount of meteorology changes show relatively larger effects on smaller PM2.5 concentrations. Third, observations show that change rates of meteorological elements are amplified with elevation [43,44]. Warming [44] and change of wind speed [43] are more rapid at higher elevations.




3.2. Meteorology Changes in Spring Are Beneficial to Aerosol Reduction


We used multiple linear regression to identify major meteorological elements that possibly have large influences on inter-annual variations of AOD and surface PM2.5. We found that meteorological elements that might influence inter-annual variations of AOD and surface PM2.5 in spring are similar and mainly related to RH and wind speed. In addition, increasing wind speed in spring is, possibly, the main reason for the beneficial effects of meteorology changes in AOD and surface PM2.5 reduction. We found that the inter-annual variations of AOD in NCP is strongly related to the variations of T at 850 hPa, surface RH, and O at 850 hPa, explaining 53% of AOD variations between 2006 and 2017 (Table 2). For surface PM2.5, the latter two elements explain 53% of the inter-annual variations (Table 3). In YRD, wind speeds at different altitudes are important factors controlling the inter-annual variations of both AOD and surface PM2.5. Surface PM2.5 has a stronger correlation with wind speed. Westerly wind at the surface in YRD increases at a rate of 0.07 m s−1 yr−1 (5.4% yr−1, p < 0.05), which possibly contributed to the reduction in AOD and surface PM2.5 in this region. In PRD, the contributions from meteorology (−0.009 yr−1, 1.7% of 12-year mean AOD) and emission reduction (−0.010 yr−1) are comparable. Multiple linear regression suggests that AOD in PRD is strongly correlated to surface meridional wind velocity and zonal wind velocity difference between the surface and 850 hPa. The former increased at a rate of 0.04 m s−1 yr−1 (1.1% of 12-year mean, p = 0.13) between 2006 and 2017, possibly causing decreasing aerosol concentration. The latter increased at a rate of 0.05 m s−1 yr−1, indicating that dynamic instability was enhanced over the 12 years, favorable for pollution mitigation.



We estimated the correlation of AOD (surface PM2.5) among different regions to investigate spatial variations of aerosols. We found that AOD in NCP and YRD in spring are highly correlated (r = 0.77, Table 4), but surface PM2.5 in the two regions are not (r = 0.09). This pattern of correlations in the two regions is related to the activity of the West Pacific Sub-Tropical High system (WPSTH, Figure 3). AOD in NCP and YRD show similar correlation with the area (r = 0.29 and 0.31) and strength (r = 0.24 and 0.24) of the WPSTH. Surface PM2.5 in YRD is also related to the two indices (r = 0.33 and 0.25), but surface PM2.5 in NCP is not (r = −0.02 and 0.05). Very few studies have investigated the effects of meteorology on the distribution of aerosols in China in spring. A recent study [45] showed that the activity of the WPSTH and Northeast Asia anticyclone system are important to the distribution of PM2.5 in NCP. They showed that the climatology of the winds at 850 hPa in spring over NCP and YRD is northwesterly. In an anomalous southeasterly wind year, wind speed is reduced and RH increases in Eastern China, resulting in high aerosol concentrations in the region.




3.3. Meteorology Changes in Summer Are Unfavourable to Aerosol Reduction


GEOS-Chem shows that meteorology changes in summer between 2006 and 2017 offset aerosol pollution control efforts in NCP, YRD, and PRD (Table 1). We used two indices to describe the East Asian summer monsoon (EASM) in this study (Figure 4). Index 1 is the mean meridional wind speed at 850 hPa in Eastern Asia (20–40°N, 110–125°E), reflecting activity of the monsoon system in the whole region [46]. Index 2 is the zonal wind speed difference at 200 hPa between Northern (40–50°N, 110–150°E) and Southern (25–35°N, 110–150°E) China, reflecting the different variations between the two regions [47]. We found that AOD and surface PM2.5 in the three regions are moderately to strongly correlated with both EASM Index 1 and Index 2 (Table 5). Both indices show that EASM weakened between 2006 and 2017 (Index 1: −0.023 m s−1 yr−1; Index 2: −0.004 m s−1 yr−1, Figure 4). As a result, AOD in the three target regions increased at rates from 0.006–0.011 yr−1, and surface PM2.5 increased at rates from 0.09–0.67 µg m−3 yr−1 (Table 1). If the enhancement of surface PM2.5 was totally attributed to wind speed changes, the sensitivity is from 0.09–0.67 µg m−3 %−1, in general agreement with a recent estimate (0–0.5 µg m−3 %−1, [48]).



In each region, AOD and surface PM2.5 are strongly correlated (r = 0.93–0.98) because of the strong vertical mixing in summer. AOD in NCP and YRD are strongly correlated in summer (r = 0.78). However, their correlations with AOD in PRD are relatively low (r = 0.30 and 0.27). Similar relationships of surface PM2.5 among the three regions are also shown. In different regions, the correlations of aerosols with EASM indices are different. In NCP, both AOD and surface PM2.5 are strongly positively related to EASM Index 1 (r = 0.57–0.61) and negatively related to Index 2 (r = −0.67). EASM Index 1 and Index 2 together explain from 65–69% of the inter-annual variations of AOD and surface PM2.5, indicating that both the activity of EASM in the whole Eastern China and the difference between the Northern and Southern China are critical to the inter-annual variations of aerosols in NCP. In contrast, AOD and surface PM2.5 in YRD are strongly correlated with EASM Index 2 (r = −0.76−0.82) but weakly correlated with Index 1 (r = 0.27–0.35), indicating that the zonal wind velocity difference at 200 hPa between Northern and Southern China is possibly more important to the inter-annual variations of aerosols in YRD.



We found that EASM Index 2 is strongly correlated with the position of the ridge of the WPSTH system (r = 0.89), indicating that the zonal wind difference between Northern and Southern China is possibly affected by the activity of the WPSTH system. A study [49] showed that, in addition to wind velocity, the ridge position of the WPSTH also strongly affects the distribution of precipitation in China in summer. The climatological pattern of precipitation is more present north of the Yangtze River region and less in Southern China. When the ridge shifts southward, the distribution of precipitation is the opposite. When the ridge shifts northward, two rain-belts show in Southern and Northern China. The humid maritime air mass brought to inland China by EASM shows dual effects on aerosols. The abundant water vapour enhances the hygroscopic growth of sulphate-nitrate-ammonia and, thus, increases aerosol concentrations, while large precipitation removes aerosols from the atmosphere and reduces aerosol concentrations. In NCP, AOD is more affected by RH, while surface PM2.5 is more affected by precipitation [50]. Both EASM Index 1 and Index 2 are weakly correlated with AOD and surface PM2.5 (r = −0.29–0.45) in PRD, indicating that EASM has limited influence on aerosol distribution in this region. Surface PM2.5 shows similar relationships. Regression analysis shows that major meteorological elements in PRD only explains ~40% of the inter-annual variations of aerosols in this region. Meteorology influences on aerosols in PRD need further investigation.




3.4. Meteorology Changes in Fall Show Different Effects on Trends of Aerosols in Different Key Regions


GEOS-Chem suggests adverse effects of meteorology changes on aerosol reduction in NCP, but beneficial effects in YRD and PRD between 2006 and 2017. The significant enhancements of aerosols in NCP (+0.011 yr−1 and +0.26 µg m−3 yr−1) offset the reduction caused by anthropogenic emission control by 85% for AOD and by 11% for surface PM2.5, respectively. We found that PV in NCP decreased at a rate of −0.02 PVU yr−1 (p < 0.05), and RH at 850 hPa increased at a rate of 0.002 yr−1. Both changes favored the enhancement of aerosol concentration in this region. In contrast, meteorology changes contributed from 8–25% and 35–40% to the total reduction in aerosols in YRD and PRD (Table 1). In YRD, PV at 850 hPa became stronger over the years at a rate of +0.01 PVU yr−1 (p = 0.004), likely reducing aerosols in this region. In PRD, meridional wind speed at 500 hPa increased (+0.07 m s−1 yr−1), related to the decline in aerosols in this region.



GEOS-Chem shows that AOD in NCP, YRD, and PRD have strong correlations in fall (r = 0.55–0.69). The surface PM2.5 in the three regions show even larger correlation coefficients (r = 0.76–0.79). In addition, AOD and surface PM2.5 in each region are also highly correlated (r = 0.81–0.94), similar to summer. Major meteorological elements that affect AOD and surface PM2.5 in each region are similar. A recent study [51] showed that in fall, Eastern China is dominated by large-scale stable circulation patterns without frequent disturbances of small-scale weather systems. Vertically, downward motion dominates. Multiple linear regressions suggest that sea level pressure is the major controlling factor that affects the inter-annual variations of AOD and surface PM2.5, particularly for the latter, in each region (Table 2 and Table 3). We found that sea level pressure among the three regions is also moderately to highly correlated (r = 0.50–0.75), which partly explains the correlation of aerosols among the three regions.




3.5. Meteorology Changes in Winter Show Opposite Effects on Trends of AOD and Surface PM2.5


GEOS-Chem suggests that from 8–30% of the downward trends in AOD in NCP (−0.024 yr−1), YRD (−0.021 yr−1), and PRD (−0.013 yr−1) are attributable to meteorology changes. In contrast, meteorology changes show adverse effects on surface PM2.5 reduction over the 12 years, offsetting from 7–9% of the reductions caused by anthropogenic emission control. The opposite effects of meteorology changes on AOD and surface PM2.5 variations are mainly due to the isolation of PM2.5 at the surface and aloft by the stable boundary layer in winter. The boundary layer is more stable and vertical mixing is weaker in winter than in other seasons. Thus, the correlations of surface PM2.5 and AOD in winter in the three regions are much weaker than those during other seasons, with correlation coefficients of 0.44 in NCP, −0.01 in YRD, and 0.21 in PRD. This pattern is possibly partly explained with the dual effects of EAWM on haze–fog variations in Eastern China [52]. Cold wave activity in winter advects aerosol away and cleans up the region. However, the activity of the Siberian High system may reduce the near surface wind speed and enhance the stratification stability, thus, favoring pollution accumulation.



Major meteorological elements controlling the inter-annual variations of AOD and surface PM2.5 are completely different. In NCP, a local northerly wind speed at 850 hPa explains 74% of the inter-annual variations of AOD between 2006 and 2017 (Table 2). This wind speed increases at a rate of +0.15 m s−1 yr−1 (p < 0.1), partly explaining the decrease in AOD in the region (−0.007 yr−1, p < 0.05). The increasing wind speed in NCP is related to the enhanced Siberian High due to the rapid warming of the Barents-Kara Sea region [53]. Different from AOD, inter-annual variations of surface PM2.5 in NCP are mainly affected by surface RH, boundary layer height, and the temperature difference between 850 hPa and 500 hPa. This temperature difference increases over the 12 years, although it is statistically insignificant (+0.1 K yr−1, p = 0.33), favouring aerosol accumulation. These changes are in-line with surface PM2.5 enhancement in NCP during these years (+0.23 µg m−3, p = 0.70).



AOD in YRD is strongly correlated with AOD in NCP (r = 0.77), but surface PM2.5 in the two regions are only weakly correlated (r = 0.43). We used meridional wind speed at 850 hPa in Eastern Asia (25–50°N, 115–145°E) as an indicator of the strength of EAWM ([46], Figure 4). The EAWM index is moderately correlated with AOD in NCP (r = 0.52) and YRD (r = 0.52), but relatively weakly related to surface PM2.5 in NCP (r = 0.42) and YRD (r = 0.31). This correlation pattern suggests that surface PM2.5 in YRD is less affected by the 850 hPa wind speed in Eastern Asia.



Multiple linear regressions suggest that the inter-annual variations of AOD in YRD are mainly affected by RH at 850 hPa, potential vorticity at 500 hPa, and surface meridional wind velocity. We found that RH at 850 hPa decreased (−0.003 yr−1, p = 0.29), but surface wind increased (0.046 m s−1 yr−1, p = 0.29), favouring aerosol accumulation and, thus, possibly enhancing AOD reduction. Meteorological elements determining the variations of surface PM2.5 include surface zonal wind velocity, dynamic instability, tropopause height, and meridional wind speed at 500 hPa in NCP. The former three elements explain 36% of the inter-annual variations of surface PM2.5. Including the last element explains 9% more variations, suggesting that transport from NCP to YRD is likely important to surface PM2.5 in YRD in winter. We found that meridional wind speed at 500 hPa in NCP increases over the years (+0.15 m s−1 yr−1, p = 0.03), indicating that transport from NCP to YRD is possibly increasing. As a result, surface PM2.5 in YRD is increasing.



Similar as in NCP and YRD, meteorological elements that influence the inter-annual variations of AOD and surface PM2.5 are also completely different in PRD. Increasing zonal wind speed at 500 hPa (+0.17 m s−1 yr−1, 0.8% of 12-year mean), and decreasing potential vorticity at 500 hPa (−0.004 PVU yr−1) and PBLH (−2.9 m yr−1), are related to the decrease in AOD in this region. Meteorological elements affecting surface PM2.5 include surface meridional velocity, temperature at 850 hPa, and potential vorticity.





4. Discussion


We showed that the weakening of EASM and the enhancing of AOD and surface PM2.5 between 2006 and 2017 are statistically insignificant, but the trends are still worth notice because they are in-line with the inter-decadal trend as reported by previous studies [54]. Zhu et al. [54] showed that the decadal-scale-weakening of EASM (index: +0.31 between 1948 and 1979 versus −0.32 between 1980 and 2010) within the last thirty years led to increases in aerosol concentration in Northern China by 20%. In addition, the monsoon system also affects the spatial distribution of aerosols. During an active monsoon year, AOD had a positive anomaly in NCP and a negative anomaly in PRD. During a weak monsoon year, the anomalies were the opposite [55,56].



We found that the weakening of EAWM enhances surface PM2.5 in the three key regions, in general agreement with [57], which showed that with fixed emissions, meteorological conditions led to an increase in haze in Beijing during winter between 2002 and 2016. In contrast, Wang et al. [58] found that EAWM was significantly anti-correlated with surface PM2.5 in Beijing between 2005 and 2016, with a correlation coefficient of ~0.75. The difference between the two studies can be attributed to several reasons. First, we analyzed a much larger region, NCP, in this study than in [58], which focused on a city Beijing. Second, we separated the contribution from anthropogenic emissions and meteorology using a chemical transport model, but Wang et al. [58] used surface in situ observations, which do not distinguish the contributions of meteorology changes from anthropogenic emissions control. Thus, their strong correlation is possibly due to the concurrent downward trends of EAWM index and surface PM2.5. Stronger EAWM circulation brings more cold and dry air to NCP and YRD [50] and cleans up the regions. A weaker monsoon barely reaches YRD and even farther north, and favors the accumulation of pollutants [6]. The long-term weakening trend and the inter-annual variations of EAWM were further related to the subtropical Western Pacific Sea surface temperature anomaly [59,60], Arctic sea ice, Eurasian snow [61,62], and El Niño–Southern Oscillation [63]. It is predicted that EAWM would keep the weakening trend in the future (2050–2099), with increased frequency and persistence of conducive weather conditions [8]. This suggests that future meteorology conditions are possibly unfavorable to pollution dissipation.



Very few studies have investigated the influence of meteorology on aerosols in China in spring and fall. PM2.5 in Eastern China is related to the inter-annual variations of Asia Polar Vortex intensity [64], North Atlantic Oscillation, and the North Atlantic Sea surface temperature [45] in spring. The influence of synoptic systems on AOD distribution in fall China was investigated [51] and it was found that heavy pollution events with high AOD (>0.6) in Eastern China is associated with a uniform surface pressure field or a steady westerly in the middle troposphere, while clean episodes (AOD < 0.4) occur when strong northwest cold air advection prevails or air masses are transported from sea to land. Further related, by [65], are the haze days in fall to the abnormally warming sea surface temperature over the North Atlantic subtropical and the Western North Pacific.



Most of the previous studies [15,20,51] use cloud cover, wind speed, PBLH, and RH to correct PM2.5 retrieval. Specifically, ref. [43] found large spatio-temporal diurnal variations of correlation of AOD and PM2.5 in China using measurement data and found that the distribution was strongly affected by cloud fraction, PBLH, and RH. Gong et al. also found that vertical correction by PBLH was important to PM2.5 retrieval in Northwestern China [22]. In other regions, vertical correction via CALIOP ratio is recommended [22]. We also suggest that these elements are important to AOD and surface PM2.5, but we recommend the inclusion sea level pressure and surface pressure in fall.



Our findings have implications for future surface PM2.5 retrieval from satellite-observed AOD. We investigated the controlling meteorological elements of AOD and surface PM2.5 variations over 12 years, including the long-term trends and inter-annual variations. We found that the controlling meteorological elements vary with regions and seasons. Thus, surface PM2.5 retrieval from satellite AOD should probably consider using different meteorological elements in different seasons. In addition, GEOS-Chem simulation with fixed anthropogenic emissions at the 2006 level showed that meteorology changes throughout the 12 years reduces AOD but enhances surface PM2.5 in China during winter, and a multiple linear regression model suggests that the controlling meteorological elements of AOD and surface PM2.5 are completely different. Thus, previous estimates, which used meteorological elements to correct surface PM2.5 retrieval in winter, should be used with caution, as the long-term trend of surface PM2.5 is possibly overestimated. We suggest the use other correction schemes to correct surface PM2.5 retrieval in the future, such as the CALIOP ratio and correlation coefficient of AOD and surface PM2.5.




5. Conclusions


We studied the effects of meteorology changes on trends in AOD and surface PM2.5 in the key regions NCP, YRD, and PRD in China between 2006 and 2017 using a 3D chemical transport model, GEOS-Chem, by fixing emissions at the 2006 level. We further identified major meteorological elements controlling the inter-annual variations of AOD and surface PM2.5 using multiple linear regressions.



We found that meteorology changes made larger contributions to trends in AOD than surface PM2.5 during spring, summer, and fall between 2006 and 2017. Meteorological changes contributed from 22–50% of AOD reduction in spring, larger than their contributions to surface PM2.5 (1–40%). The decrease in aerosols is possibly related to an increase in westerly wind speed (0.07 ms−1 yr−1, 5.4% yr−1, p < 0.05) in YRD and an increase in meridional wind velocity (0.04 ms−1 yr−1, 1.1% of 12-year mean) and dynamic instability (0.05 ms−1 yr−1) in PRD. In summer, meteorological changes offset from 25–42% of AOD reduction caused by anthropogenic emission changes. For surface PM2.5, the contributions were from 5–10%. The adverse effects are possibly related to the weakening of EASM. In fall, meteorology changes offset 85% of AOD reduction and 11% of surface PM2.5 reduction induced by emission changes in NCP. In contrast, from 25–40% of AOD reduction and 8–35% of surface PM2.5 reduction is attributed to meteorology changes. Sea level pressure and surface pressure are critical to aerosol distribution in fall. In winter, meteorology changes were beneficial to AOD decreasing, but were unfavourable to surface PM2.5 reductions in NCP, YRD, and PRD in between 2006 and 2017. The stable boundary layer in winter suppressed vertical mixing, resulting in a weak correlation of AOD and surface PM2.5 in each region. Thus, meteorological elements controlling the inter-annual variations of PM2.5 and AOD in each region were completely different. The northerly wind speed at 850 hPa explained 72% of the inter-annual variations of AOD in NCP. The increase in this wind (−0.045 ms−1 yr−1, p < 0.1) lowered AOD in this region (−0.007 yr−1). In other regions, the trends were statistical insignificant. Thus, previous estimates, which used meteorological elements to correct surface PM2.5 retrieval in winter, should be used with caution. Our study provides possible meteorological elements to correct surface PM2.5 retrieval from satellite AOD measurements on a seasonal scale.
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Figure 1. GEOS-Chem-simulated (solid line) and multiple linear regression-predicted (dashed line) monthly mean AOD in NCP, YRD, and PRD. 
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Figure 2. GEOS-Chem-simulated (solid line) and multiple linear regression-predicted (dashed line) monthly mean PM2.5 in NCP, YRD, and PRD. 
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Figure 3. Correlation coefficients of AOD (a) and surface PM2.5 (b) with area, strength, ridge position, and western extension index of Western Pacific sub-tropical high system in spring. 
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Figure 4. Monthly mean EASM Index 1, Index 2 and EAWM between 2006 and 2017. 
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Table 1. GEOS-Chem-simulated inter-annual trends of annual and seasonal mean AOD (yr−1, % yr−1 in parentheses) and surface PM2.5 (µg m−3 yr−1 and % yr−1 in parentheses) in NCP, YRD, and PRD between 2006 and 2017.






Table 1. GEOS-Chem-simulated inter-annual trends of annual and seasonal mean AOD (yr−1, % yr−1 in parentheses) and surface PM2.5 (µg m−3 yr−1 and % yr−1 in parentheses) in NCP, YRD, and PRD between 2006 and 2017.





	

	

	

	
NCP

	
YRD

	
PRD






	
Annual

	
BASE

	
AOD

	
−0.020 (−2.1) *

	
−0.020 (−2.9) *

	
−0.012 (−2.7) *




	
PM2.5

	
−2.61 (−3.4) *

	
−2.12 (−2.9) *

	
−1.45 (−2.7) *




	
FIXEMISS

	
AOD

	
0.001 (0.1)

	
−0.002 (−0.2)

	
−0.004 (−0.8) *




	
PM2.5

	
0.14 (0.2)

	
0.11 (0.2)

	
−0.33 (−0.8) *




	
Spring

	
BASE

	
AOD

	
−0.028 (−2.3) +

	
−0.027 (−2.6) *

	
−0.015 (−2.1) #




	
PM2.5

	
−2.57 (−3.1) *

	
−3.13 (−4.0) *

	
−2.01 (−4.5) *




	
FIXEMISS

	
AOD

	
−0.010 (−0.8)

	
−0.006 (−0.5)

	
−0.009 (−1.2)




	
PM2.5

	
−0.03 (0.0)

	
−0.38 (−0.4)

	
−0.81 (−1.6)




	
Summer

	
BASE

	
AOD

	
−0.021 (−1.8) #

	
−0.018 (−2.8) #

	
−0.004 (−1.6)




	
PM2.5

	
−2.33 (−3.1) *

	
−1.53 (−3.1) +

	
−0.81 (−3.8) *




	
FIXEMISS

	
AOD

	
0.011 (0.9)

	
0.006 (0.8)

	
0.002 (0.5)




	
PM2.5

	
0.12 (0.1)

	
0.67 (1.2)

	
0.09 (0.0)




	
Fall

	
BASE

	
AOD

	
−0.005 (−0.7)

	
−0.016 (−3.2) *

	
−0.017 (−4.4) +




	
PM2.5

	
−2.11 (−2.9) *

	
−1.67 (−3.7) *

	
−1.70 (−4.6) *




	
FIXEMISS

	
AOD

	
0.011 (1.4) #

	
−0.004 (−0.6)

	
−0.007 (−1.7)




	
PM2.5

	
0.26 (0.3)

	
−0.13 (−0.2)

	
−0.60 (−1.3) #




	
Winter

	
BASE

	
AOD

	
−0.025 (−4.5) *

	
−0.021 (−3.9) *

	
−0.013 (−3.1) *




	
PM2.5

	
−3.45 (−4.2) *

	
−2.14 (−3.7) *

	
−1.27 (−3.3) *




	
FIXEMISS

	
AOD

	
−0.007 (−1.2) *

	
−0.004 (−0.6)

	
−0.001 (−0.2)




	
PM2.5

	
0.23 (0.2)

	
0.27 (0.4)

	
0.09 (0.2)








# Significant at 90% level (0.05 < p < 0.1); + significant at 95% level (0.01 < p < 0.05); * significant at 99% level (p < 0.01).
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Table 2. Meteorological parameters that explain the AOD variations in NCP, YRD, and PRD in different seasons.
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NCP

	
YRD

	
PRD




	
Variables

	
adj R2

	
Variables

	
adj R2

	
Variables

	
adj R2






	
Spring

	
T850hPa

	
0.34

	
Vsurface

	
0.18

	
V850hPa

	
0.11




	
RHsurface

	
0.48

	
Usurface

	
0.36

	
dUsurf-850hPa

	
0.42




	
O850hPa

	
0.53

	
TROPPT

	
0.42

	
PBLH

	
0.56




	
dTsurf-850hPa

	
0.59

	
PVsurface

	
0.48

	
PV500hPa

	
0.63




	
PBLH

	
0.67

	
dV850hPa–500hPa

	
0.53

	

	




	

	

	
O500hPa

	
0.62

	

	




	
Summer

	
dVsurf-850hPa

	
0.31

	
U500hPa

	
0.72

	
T500hPa

	
0.21




	
Vsurface

	
0.64

	

	

	
PREC

	
0.31




	
O850hPa

	
0.70

	

	

	
V500hPa

	
0.38




	
RH850hPa

	
0.72

	

	

	
O850hPa

	
0.46




	
Fall

	
O850hPa

	
0.13

	
SLP

	
0.47

	
PS

	
0.12




	
SLP

	
0.28

	
PV850hPa

	
0.57

	
SLP

	
0.59




	
PVsurface

	
0.36

	
dV850hPa–500hPa

	
0.72

	
U500hPa

	
0.70




	
RHsurface

	
0.45

	

	

	

	




	
Winter

	
V850hPa

	
0.74

	
RH850hPa

	
0.55

	
RH850hPa

	
0.28




	
O500hPa

	
0.80

	
PV500hPa

	
0.64

	
PV500hPa

	
0.45




	
TROPPT

	
0.83

	
Vsurface

	
0.73

	
U500hPa

	
0.52




	

	

	

	

	
PBLH

	
0.56
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Table 3. Meteorological elements that explain inter-annual variations of surface PM2.5 in NCP, YRD, and PRD between 2006 and 2017 in different seasons.
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NCP

	
YRD

	
PRD




	
Variables

	
adj R2

	
Variables

	
adj R2

	
Variables

	
adj R2






	
Spring

	
RHsurface

	
0.32

	
Vsurface

	
0.44

	
V850hPa

	
0.40




	
O850hPa

	
0.53

	
Usurface

	
0.59

	
dUsurf-850hPa

	
0.59




	

	

	
O500hPa

	
0.61

	

	




	

	

	
V500hPa

	
0.68

	

	




	
Summer

	
dVsurf-850hPa

	
0.26

	
U500hPa

	
0.70

	
T500hPa

	
0.13




	
Vsurface

	
0.60

	

	

	
PREC

	
0.24




	
PREC

	
0.67

	

	

	
V500hPa

	
0.34




	

	

	

	

	
O850hPa

	
0.40




	
Fall

	
SLP

	
0.45

	
SLP

	
0.66

	
PS

	
0.46




	
PVsurface

	
0.48

	
PV850hPa

	
0.72

	
SLP

	
0.76




	
RHsurface

	
0.61

	
Vsurface

	
0.78

	
U500hPa

	
0.81




	
O850hPa

	
0.65

	

	

	

	




	
Winter

	
RHsurface

	
0.48

	
Usurface

	
0.24

	
Vsurface

	
0.19




	
PBLH

	
0.66

	
dU850hPa–500hPa

	
0.33

	
T850hPa

	
0.36




	
dT850hPa–500hPa

	
0.76

	
TROPPT

	
0.36

	
PV850hPa

	
0.49




	

	

	
V500hPa_NCP

	
0.45
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Table 4. Correlation coefficients of seasonal mean AOD and surface PM2.5 between 2006 and 2017 among NCP, YRD, and PRD.
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NCP~YRD

	
NCP~PRD

	
PRD~YRD






	
Spring

	
AOD

	
0.50

	
−0.13

	
0.31




	
PM2.5

	
0.09

	
−0.29

	
0.10




	
Summer

	
AOD

	
0.78

	
0.30

	
0.27




	
PM2.5

	
0.83

	
0.22

	
0.28




	
Fall

	
AOD

	
0.55

	
0.69

	
0.66




	
PM2.5

	
0.77

	
0.79

	
0.76




	
Winter

	
AOD

	
0.77

	
0.15

	
0.39




	
PM2.5

	
0.43

	
0.14

	
0.29
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Table 5. Correlation coefficients of East Asia monsoon system with AOD and surface PM2.5 in NCP, YRD, and PRD in summer and winter between 2006 and 2017.
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NCP

	
YRD

	
PRD






	
EASM Index1

	
AOD

	
0.61

	
0.35

	
−0.29




	
PM2.5

	
0.57

	
0.27

	
−0.30




	
EASM Index2

	
AOD

	
−0.67

	
−0.82

	
−0.33




	
PM2.5

	
−0.67

	
−0.76

	
−0.45




	
EAWM

	
AOD

	
0.50

	
0.51

	
0.15




	
PM2.5

	
0.42

	
0.31

	
0.18
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