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Abstract 25 

Time series of MODIS/MAIAC C6.1 aerosol optical depth (AOD) and model-simulated AOD over 26 

China were used to determine contributions of meteorological and anthropogenic effects on aerosol 27 

variations on monthly and interannual scales. The study covered the period January 2010 - September 28 

2024 with the main focus on five representative areas: NCP, YRD, PRD, HNB and SCB. The time series 29 

confirm that emission reduction policy has resulted in the effective reduction of the AOD over China. 30 

The large increase of the AOD over the YRD during 2018 - 2021 shows that meteorological effects have 31 

increasingly larger influences on the aerosol load as AOD decreases. During this period, the potential 32 

decrease of the AOD over the NCP was effectively cancelled by unfavorable meteorological effects. 33 

Meteorological effects, and their variations, are different over each region. For instance, over the NCP, 34 

meteorological effects were mostly unfavorable while in contrast, over the PRD, meteorological effects 35 

were initially unfavorable but had a strong effect after 2016 when they reinforced anthropogenic effects, 36 

resulting in a substantial reduction of the AOD. In addition, the data show a strong AOD minimum in 37 

2022, attributed to favorable anthropogenic effects, over some areas reinforced by favorable 38 

meteorological effects. Monthly mean AOD patterns were distinctly different before and after 2016, 39 
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suggesting that aerosol properties changed in response to emission reduction policy. In summary, this 40 

study highlights the complex interplay between meteorological and anthropogenic factors in shaping 41 

AOD variations across China and demonstrates the increasing significance of meteorological conditions 42 

in modulating China’s AOD. 43 

Keywords 44 

Aerosol, Remote Sensing, Physical and Chemical processes, Model Simulations, Emission reduction, 45 

Meteorological Effects, China. 46 

1 Introduction 47 

An aerosol is a suspension of particles and/or droplets in a gaseous medium, which for atmospheric 48 

aerosol is the air. Aerosol particles can be directly emitted (e.g., sea spray aerosol, dust, soot) or formed 49 

from precursor gases such as SO2, NO2, NH3 and (biogenic) volatile organic compounds, (B)VOCs. In 50 

the atmosphere, aerosol particles can change in size, chemical composition and shape, due to a variety 51 

of chemical and physical processes. The number of aerosol particles varies strongly in space and time 52 

due to emissions, gas-to-particle conversion, condensation of vapors, coagulation, cloud processing, 53 

removal by wet or dry deposition, etc. (Seinfeld et al., 2016). In addition, the concentrations of aerosol 54 

particles and their size distributions are influenced by meteorological processes, in particular horizontal 55 

and vertical transport by the wind and convective processes in the boundary layer, turbulent deposition, 56 

hygroscopic growth. Regional and long-range transport from aerosol source regions, such as biomass 57 

burning, industrial, urban or desert areas, or stagnant weather conditions leading to accumulation, are 58 

important phenomena influencing aerosol concentrations which in turn are influenced by local, regional 59 

and large scale weather phenomena. As a result, the aerosol properties vary strongly in both space and 60 

time. 61 

Aerosol particles vary in size from less than 1 nm to more than 50 μm and concentrations vary over 62 

many orders of magnitude, depending on size and on their vicinity to source regions. Particle 63 

concentrations can be measured in many ways. For environmental monitoring purposes, particle mass 64 

concentration PM2.5 is often used, i.e. the dry mass of aerosol particles measured with an ambient size 65 

smaller than 2.5 μm. These small particles are important, for instance because of their effects on human 66 

health (Van Donkelaar et al., 2015; Bai et al., 2024). Particles with diameters on the order of the 67 

wavelength of solar light are important because of their interaction with solar radiation and thus climate. 68 

Scattering of solar radiation reduces the intensity of incoming light and thus the warming effect of 69 

greenhouse gases, whereas absorption of solar radiation may cause local heating which affects 70 

meteorological processes. Furthermore, aerosol particles may act as cloud condensation nuclei and thus 71 

affect cloud micro- and macro-physical properties. To obtain aerosol information for climate 72 

applications and aerosol-cloud interaction, sensors are used that measure the intensity of scattered 73 
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radiation, i.e. optical instruments such as radiometers or spectrometers. Such instruments measure the 74 

aerosol extinction integrated over the whole atmospheric column, i.e., the aerosol optical depth (AOD) 75 

and other aerosol parameters. They can be used at experimental and monitoring sites providing 76 

information valid for a relatively small area around the site. They can also be mounted onboard satellites 77 

and provide information on regional and global scales.  78 

AOD and PM2.5 are both measures for the aerosol concentration, but based on different physical 79 

principles and are therefore not directly comparable. PM2.5 is the aerosol dry mass concentration 80 

representative for a small area around the measurement location, usually near the surface. AOD is a 81 

column-integrated quantity, representing aerosol in ambient conditions and subject to meteorological 82 

conditions across the whole atmospheric column. Aerosol properties may vary across the column and 83 

may occur in disconnected layers with different origin and thus aerosol properties. Hence AOD and 84 

PM2.5 cannot be directly compared and may respond in different ways to changing meteorological 85 

conditions. PM2.5 can be derived from AOD by taking these differences into account, such as by using a 86 

comprehensive transport model (e.g., (Ma et al., 2014; Van Donkelaar et al., 2015; Van Donkelaar et al., 87 

2021; Zhang et al., 2020; Xiao et al., 2021). PM2.5 is commonly used in air quality studies as a measure 88 

for the amount of aerosols (Zhang et al., 2019b). AOD is commonly used in climate studies as a measure 89 

for the amount of aerosol in aerosol-radiation-cloud-precipitation interactions (Rosenfeld et al., 2014; 90 

Kinne, 2019; Bellouin et al., 2020; Liu et al., 2024a). 91 

Satellite observations provide information on the spatiotemporal variation of trace gases and aerosols in 92 

the atmosphere on local, regional and global scales with daily global coverage, provided that retrievals 93 

are successful. The availability of successful retrievals depends on sky conditions (clear for aerosol, low 94 

cloud cover for trace gases), surface conditions, solar zenith angles, etc., which in turn vary with season 95 

and latitude. Satellite data have been used to retrieve AOD since 50 years and long time series are 96 

available from individual sensors such as the MODerate resolution Imaging Spectroradiometer (MODIS) 97 

and combinations of sensors (Sogacheva et al., 2020). Likewise, satellite information on trace gases, 98 

important for the formation of aerosol particles from precursor gases, has been available since several 99 

decades. The use of satellites to monitor the evolution of concentrations of aerosols and precursor trace 100 

gases over China has been demonstrated for, among others, SO2 (Zhang et al., 2019a; Yan and Xu, 2021; 101 

Van Der A et al., 2017), NO2 (Van Der A et al., 2017; De Foy et al., 2016; Fan et al., 2021; Zhang et al., 102 

2024; Liu et al., 2017), AOD (Xu et al., 2015; Kang et al., 2016; Zhang et al., 2017a; Zhao et al., 2017; 103 

Proestakis et al., 2018; De Leeuw et al., 2018; De Leeuw et al., 2022; De Leeuw et al., 2023; Sogacheva 104 

et al., 2018a; Sogacheva et al., 2018b) and AOD-derived aerosol mass concentrations (PM2.5) (Ma et al., 105 

2014; Van Donkelaar et al., 2015; Van Donkelaar et al., 2021; Zhang et al., 2020; Xiao et al., 2021). 106 

Long time series of aerosols and trace gases provide information on the evolution of their atmospheric 107 

concentrations which are influenced by anthropogenic and natural emissions, atmospheric 108 

transformations and removal processes. Anthropogenic effects include emissions due to, e.g., 109 

industrialization, urbanization, traffic, domestic activities and associated increase in energy production, 110 
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transportation, agricultural activities, land use, etc. Emissions, and thus concentrations, are reduced by 111 

the implementation of policies aimed at the reduction of air pollution and its adverse effects. 112 

Early in the 21st century, aerosol and trace gas concentrations over China were among the highest 113 

worldwide as a consequence of economic development and urbanization. To abate air pollution, a 114 

number of plans to reduce emissions of aerosols and trace gases has been implemented in China. As a 115 

result, aerosol concentrations have been reduced to below those in 2000, as evidenced from time series 116 

of satellite-derived AOD (De Leeuw et al., 2023). Both ground-based and satellite measurements show 117 

that accelerated efforts resulted in an initially fast reduction of aerosol concentrations between 2011 and 118 

2018.  119 

However, as mentioned above, the concentrations of aerosols and trace gases are influenced by both 120 

meteorological and anthropogenic effects, including emission reduction policy, as shown by, e.g., Kang 121 

et al. (2019). De Leeuw et al. (2023), using methods similar to those of Kang et al. (2019), showed that 122 

meteorological effects were responsible for as much as one quarter of the total reduction of the AOD 123 

over the Yangtze River Delta (YRD) between July 2011 and February 2020. The total reduction 124 

amounted to 31.4%, due to contributions from meteorological and anthropogenic effects, resulting in an 125 

AOD smaller than that in 2000. Over the North China Plain (NCP) the total reduction was 27.2% with 126 

6% attributed to meteorological effects, over the Pearl River Delta (PRD), Hunan and Hubei (HNB) and 127 

the Sichuan Basin (SCB) the total reduction was 22.2%, 35.9% and 40.3%, respectively, with 22%, 10% 128 

and 17% of the total reduction attributed to meteorological effects.  129 

These results clearly confirm the importance of meteorological effects on the variation of aerosol 130 

concentrations which need to be taken into account for the evaluation of effects of emission reduction. 131 

Meteorological effects can enhance the AOD and thus counteract effects of emission reduction on the 132 

concentrations (unfavorable meteorological effects) but they can also reduce AOD and thus reinforce 133 

emission reduction effects on the aerosol concentrations (favorable).  134 

The current study extends the work presented in De Leeuw et al. (2023) with almost 3 years by adding 135 

MAIAC AOD data from the end of 2021 to until September 2024, over all five regions (NCP, YRD, 136 

PRD, HNB and SCB), but with some major differences. In the first place, the MODIS/MAIAC C6 AOD 137 

data was not extended beyond 2022 and, therefore, in the current study, the whole time series was 138 

replaced with the recently released (6 July 2022) MODIS/MAIAC C6.1 data. Comparison between 139 

MODIS/MAIAC C6.1 AOD and the MODIS/MAIAC C6 AOD shows small differences across China 140 

in both space and time (Huang et al., 2024). Because of these differences, especially the adjustments 141 

around 30oN (Sect. 2.2), the results mentioned above from De Leeuw et al. (2023) are somewhat 142 

different from those produced in the current study. In the second place, the KZ(12,3) filter (defined as 3 143 

applications of a moving average of the values in a window with a length of 12 months) was replaced 144 

with the centered moving average over 12 months (CMA12), filtering variations with a period of up to 145 

12 months instead of 21 months. The CMA12 time series reveals tendencies and variations which were 146 

further investigated using monthly mean data. One motivation to extend the work by De Leeuw et al. 147 

https://doi.org/10.5194/egusphere-2025-880
Preprint. Discussion started: 20 March 2025
c© Author(s) 2025. CC BY 4.0 License.



5 

 

(2023) was to investigate the suggested flattening of the AOD during 2018 - 2021. Thus, AOD time 148 

series are presented for the period January 2010 - September 2024, primarily as monthly averages of 149 

satellite observations. Following Kang et al. (2019) and De Leeuw et al. (2023), meteorological effects 150 

on the  AOD were simulated using the Community Earth System Model (CESM) with emissions fixed 151 

in 2010 but with varying meteorological data nudged to MERRA-2 reanalysis data. Comparison of 152 

model and satellite monthly mean AOD time series shows similarities and thus meteorological effects 153 

on the observed AOD. Differences between modelled and observed AOD are attributed to anthropogenic 154 

effects. In addition to these monthly variations, AOD tendencies and contributions from meteorological 155 

and anthropogenic effects are discussed based on normalized CMA12 time series of satellite and model 156 

data. CMA12 effectively removes monthly and seasonal variations, but also smooths the variations and 157 

introduces uncertainty in the times when events occur.  158 

The results presented below clearly confirm that accelerated efforts resulted in an initially fast reduction 159 

of aerosol concentrations between 2011 and 2018, as presented in the literature for both PM2.5 (Zhang 160 

et al., 2019b; Liu et al., 2024a) and AOD (De Leeuw et al., 2023; De Leeuw et al., 2018; Sogacheva et 161 

al., 2018a; Sogacheva et al., 2018b; Zhao et al., 2017; Zhang et al., 2017a). The reduction of the aerosol 162 

concentrations is generally attributed to China’s emission reduction policy, but anomalies are observed 163 

for both PM2.5 (Du et al., 2022) and AOD (De Leeuw et al., 2024) which, at least in part, can be attributed 164 

to meteorological effects. With the reduction of the aerosol concentrations, the meteorologically-induced 165 

anomalies become relatively more important and may be of similar or larger magnitude as anthropogenic 166 

effects, resulting in a net zero change in AOD, as shown in this paper.  167 

In Section 2, we briefly describe the study area, with 5 selected regions, the MODIS/MAIAC C6.1 data 168 

set and the CESM model used in this study. Time series of the MODIS/MAIAC C6.1 monthly mean 169 

AOD and the simulated AOD are presented and discussed in Section 3, together with time series of 170 

centered moving averages, normalized in July 2010, of both the MODIS/MAIAC AOD and the CESM 171 

simulated AOD. Meteorological and anthropogenic effects on AOD temporal variation, derived from 172 

the normalized CMA12 time series, are presented for each region. The results are discussed in Section 173 

4, with a focus on features common to the five regions. Conclusions are summarized in Section 5. 174 

2 Methods  175 

2.1 Study area 176 

The coarse resolution of the CESM model (Section 2.3) used in this study requires relatively large study 177 

areas. The study areas selected are the North China Plain (NCP), the Yangtze River Delta (YRD), the 178 

Pearl River Delta (PRD), Hunan and Hubei (HNB) and the Sichuan Basin (SCB). Their locations are 179 

indicated in the map of southeast Asia, overlaid over the spatial distribution of the annual mean AOD in 180 

2014, with coordinates presented in Table 1. These five study areas were selected because of their high 181 

population density and industrial activity. They are situated in different climate zones with different 182 
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geography, different meteorological conditions and influences from large scale circulation, different 183 

aerosol conditions and influences from long-range transport. The AOD spatial distributions over the 184 

different regions show some sharp transitions, such as over the NCP where mountains to the north and 185 

to the west are blocking transport of atmospheric constituents, resulting in a large spatial gradient. 186 

Likewise, the SCB is a basin surrounded by high mountains which prevent ventilation and thus 187 

atmospheric constituents are trapped. The AOD map also shows the large AOD differences between the 188 

five regions, with high AOD over most of the SW of the NCP and a north-south gradient leading into 189 

the highest AOD in the north of Henan. Over the YRD, a large north-south gradient is observed, but 190 

with the highest AOD in the north (Jiangsu and Anhui) and substantially lower AOD in Zhejiang. In 191 

contrast, the AOD in the PRD is mainly centered around the urban area of Guangzhou which is situated 192 

in the central and southern part of Guangdong province, in the north of the Pearl River Delta. The 193 

prevailing northerly wind in the winter facilitates the transport of air pollution whereas the southerly 194 

wind in the summer brings clean air from the South China Sea (Liu et al., 2020).   195 

 196 

Figure 1: Map showing the study area in southeast Asia, overlaid on the annual mean AOD in 2014 (see legend for color 197 
scale). The five selected study areas are indicated by the rectangles, their coordinates are indicated in Table 1.  198 

Table 1. Five study areas were selected in China as shown in Fig. 1. Each area is defined by the latitude and longitude 199 
at the lower-left and upper-right corner.  200 

 NCP YRD PRD SCB HNB 

latitude of the lower-left corner 35 29 20 27 27 

longitude of the lower-left corner 111 116 110 102 110 

latitude of the upper-right corner 42 33 25 32 32 

longitude of the upper-right corner 120 122 116 109 116 

 201 
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2.2 MODIS/MAIAC 202 

The MODerate resolution Imaging Spectroradiometer (MODIS) was launched on board the Terra 203 

satellite in December 1999 and on board the Aqua satellite in May 2002. Terra flies in a near-polar sun 204 

synchronous orbit in a descending mode with a daytime equator crossing at 10:30 local time (LT) and 205 

Aqua flies in an ascending mode with an equator crossing at 13:30 LT. MODIS is a single view 206 

instrument with a swath width of 2330 km across track and a nominal pixel resolution at nadir of 250m 207 

(2 bands), 500m (5 bands) and 1000m (29 bands). The 36 wavebands cover wavelengths between 405 208 

nm and 14.28 μm. MODIS has been designed for the retrieval of aerosol and cloud properties and several 209 

algorithms have been developed for this purpose, of which the dark target (DT) (Levy et al., 2013), deep 210 

blue (DB) (Sayer et al., 2014; Sayer et al., 2015; Sayer et al., 2019; Hsu et al., 2013; Hsu et al., 2019), 211 

the merged dark target/deep blue (DTDB) (Sayer et al., 2014) and the Multi-Angle Implementation of 212 

Atmospheric Correction (MAIAC) algorithm (Lyapustin et al., 2018) products are most widely used. 213 

Aerosol products from these algorithms are publicly available from the Land Processes Distributed 214 

Active Archive Center (LPDAAC) website (https://lpdaac.usgs.gov/, last access 24 Feb 2025) within 215 

the NASA Earth Observing System Data and Information System (EOSDIS).  216 

In this study, the AOD at 550 nm (in this paper further referred to as AOD) is used, based on the daily 217 

L2 MAIAC C6.1 AOD retrieval products downloaded from the LPDAAC website. Monthly mean AOD 218 

was calculated using the Google Earth Engine (GEE) cloud computing platform 219 

(https://earthengine.google.com/last access 24 Feb 2025).  220 

The MAIAC algorithm (Lyapustin et al., 2018) produces a combined MODIS/Terra and MODIS/Aqua 221 

gridded L2 daily AOD product at 1 km resolution on a sinusoidal grid. The MAIAC algorithm retrieves 222 

AOD using MODIS L1B data gridded on a fixed 1 km grid accumulated over 16 days with a sliding 223 

window technique. The algorithm effectively separates surface and atmospheric contributions to the 224 

TOA reflectance by using observations of the same grid at different times and at different angles from 225 

different orbits (Lyapustin et al., 2018). The MAIAC MCD19A2.061 (C6.1, further referred to as 226 

MAIAC C6.1 or simply MAIAC) product was released on 6 July 2022. MAIAC C.6.1 and differences 227 

with previous versions are described by Lyapustin and Wang (2022) , LPDAAC (2024) and Huang et al. 228 

(2024). In C6.1, the AOD discontinuity around 30oN (De Leeuw et al., 2022), has been addressed by 229 

implementing a gradual transition between aerosol models over a buffer area of 300 km. MAIAC C6.1 230 

does not attempt retrieval over snow-covered surfaces and the ice mask is unreliable (Lyapustin and 231 

Wang, 2022).  232 

MAIAC C6.1 has been validated over China by Ji et al. (2024) and Huang et al. (2024). Both studies 233 

report that the overall accuracy of the MAIAC AOD products over China is good.  The validation by Ji 234 

et al. (2024) over bright surfaces shows a significant underestimation and negative bias of the MAIAC 235 

C6.1 product, which however performs slightly better than DB and C6.  The comparison with collocated 236 
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AERONET AOD by Huang et al. (2024) shows good consistency, but with a slight overestimation of 237 

C6.1 at low AOD (<0.5) and a small underestimation at higher AOD.  238 

2.3 CESM Model  239 

Meteorological-induced AOD variations were determined by using the Community Earth System Model 240 

(CESM) Version 1.0.4 (Hurrell et al., 2013) with the Community Atmospheric Model version 5 (CAM5) 241 

(Neale et al., 2012). CESM has a spatial resolution of 1.9° × 2.5° (latitude × longitude) and 56 vertical 242 

levels from the surface to 4 hPa. Concentrations of aerosol components, including sulfate, ammonium 243 

nitrate, black carbon, primary and secondary organic aerosol, dust and sea salt, are calculated based on 244 

the MOZART-4 (Model for Ozone and Related chemical Tracers version 4) chemical mechanism 245 

(Emmons et al., 2010). Model performance on aerosol has been widely evaluated (Lamarque et al., 2012; 246 

Fang et al., 2020; Emmons et al., 2010). 247 

The CESM model simulations were made with anthropogenic emissions fixed at the 2010 level, but with 248 

actual meteorological parameters, including horizontal winds, air temperature, land surface temperature, 249 

surface pressure, heat fluxes, and wind stresses. The meteorological parameters in the CAM5 250 

simulations were constrained by nudging to the MERRA-2 (Modern Era Retrospective analysis for 251 

Research and Applications, Version 2) reanalysis data (Gelaro et al., 2017; Rienecker et al., 2011) (see 252 

also https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/; last access 4 March 2024) with a time resolution 253 

of 6 hours. Natural emissions of sea salt and dust were calculated online using the actual MERRA-2 254 

reanalysis meteorological parameters. Biomass burning emissions from the Global Fire Emissions 255 

Database version 2 (GFEDv2) (Randerson et al., 2006) were treated as anthropogenic emissions (Yan et 256 

al., 2006; Wu et al., 2020) and thus fixed at the 2010 level. As a result, all variation in the simulated 257 

AOD is due to changes in meteorological parameters, including their effects on emission of natural 258 

aerosols. 259 

AOD was calculated from the concentrations of the aerosol species at each grid point and for each time 260 

step with the model developed by Zhang et al. (2017b). The spatial distribution of the thus calculated 261 

AOD is similar to that of the MAIAC-retrieved AOD. However, the CESM estimates for desert dust are 262 

too high and therefore contributions from desert dust were not included in the AOD calculations, 263 

Differences between simulated and MAIAC-retrieved monthly mean AOD over each region will be 264 

discussed in Section 3.3.   265 

The model simulations were made for the period from January 2009 to July 2023 (14 years and 7 266 

months), with the first year used as spin-up time. The end date of July 2023 was determined by the 267 

availability of the reanalysis meteorological data used in the simulation at the time of this study (August 268 

2024).  269 
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3 Results 270 

3.1 Data overview 271 

MAIAC C6.1 monthly mean AOD time series over the 5 regions are presented in Fig. 2. The data in Fig. 272 

2 shows very high AOD peaks in June 2014 over the HNB (1.07) and the YRD (1.05), in June 2012 over 273 

the YRD (0.97) and over HNB (0.90) and in June 2010 over the HNB (0.93). Other high peaks with an 274 

AOD of 0.8 are observed in 2010 over the SCB in February and over the NCP in June, in 2011 over the 275 

HNB (0.80) in February, over the YRD (0.86) in June and over the NCP (0.84) in August and in April 276 

2024 over the PRD (0.80). The AOD time series over each region will be discussed in detail in Section 277 

3.3. 278 

 279 

Figure 2: Time series of monthly mean MAIAC C6.1 AOD data for all five regions (see legend). 280 

3.2 Common features and tendencies 281 

The overall AOD variations between 2010 and 2024 are clearly observed in the centered moving average 282 

of the monthly mean observational data, CMA12, which acts as a low-pass filter and removes short-283 

term variations with cycles of up to 12 months, while retaining long term variations. The CMA12 filtered 284 

monthly mean AOD data for the five regions in Fig. 3 clearly show the differences between the five 285 

regions which are difficult to see in the monthly mean data in Fig. 2. For instance, the high AOD during 286 

the first 5 years appears to cover two periods with substantially enhanced AOD, over the YRD, HNB 287 

and PRD, separated by a deep minimum in 2013. In contrast, the AOD over the NCP decreased 288 

monotonously between 2012 and 2018, with a small enhancement in 2014 which coincided with the 289 

elevated AOD in other regions. Over the SCB, the AOD decreased in 2012 at a rate similar to that over 290 

the YRD and the HNB, and in 2014 at a faster rate, with a shoulder in 2013.  291 

In 2014, very high AOD occurred over both the YRD and the HNB, peaking in April/May (0.60; 292 

referring to CMA12) and March (0.58), respectively, with a gradual decrease toward the end of the year 293 

when the filtered AOD dropped substantially during the next 3 - 4 months. A broad maximum also 294 

occurred over the PRD, with high AOD between February and September, but less extreme (0.42). 295 

Obviously, the AOD over the HNB and YRD in 2014 was influenced by the extremely high monthly 296 
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mean AOD peaks in June (Fig. 2), but these peaks did not have a determining role as evidenced by tests 297 

in which the June peak values were set to the local average of 0.5. The data in Fig. 2 show that the AOD 298 

was also high during preceding months and the CMA12 data in Fig. 3 show the gradual increase from 299 

the minimum in the spring of 2013 to the maximum in 2014. This has been attributed to anomalous 300 

meteorological situations during 2014 (De Leeuw et al., 2024).  301 

A third period (2015 - 2018) shows the accelerated AOD decrease, attributed to the effective 302 

implementation of the 2013 - 2017 Clean Air Action Plan. The data show the differences and similarities 303 

in the tendencies and rates of the AOD reduction in the five regions, as well as fluctuations which may 304 

be due to meteorological influences as discussed in the following sections. It is noted that over the SCB 305 

the largest reduction was achieved during the period 2013 - 2015 (see Section 3.3.5). 306 

A fourth period, between the summer of 2018 and the end of 2020 shows the strong enhancement of the 307 

AOD, peaking in 2019, over the YRD, HNB and PRD, less effective over the NCP and not effective 308 

over the SCB. This period was followed by a strong reduction over all 5 regions with a minimum in 309 

2022, and recovery in 2023 when the AOD reached a maximum early in the year, higher than in 2021 310 

over the HNB and the SCB. Over these regions and also over the PRD, the AOD decreased in the second 311 

half of 2023 and over all five regions the AOD remained high until March 2024 (the end of the CMA12 312 

of the MAIAC C6.1 AOD time series in this study). 313 

 314 

Figure 3. Time series of CMA12 filtered monthly mean AOD for the five regions (see legend) from 315 

July 2010 until March 2024. 316 

Detailed comparisons between the monthly mean AOD from MAIAC, the CESM model simulations 317 

and the CMA12 filtered data are presented in the following Sections, for each of the 5 regions separately. 318 

CMA12 time series are used to determine tendencies. However, as discussed in Kang et al. (2019), the 319 

CESM results are not representative for actual situations because AOD was simulated using fixed 320 

emissions to identify meteorological effects on the AOD. The CMA12 filtered observational and 321 

simulated AOD data were normalized for quantitative comparison and to determine anthropogenic and 322 

meteorological influences. The anthropogenic effect (Ai) on the AOD has been deduced from the 323 

normalized observations (Oi) and model simulations (Mi) following the method presented in Kang et al. 324 

(2019), using: 325 
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Ai = (Oi - Mi)/ Mi        (1) 326 

At the start of the normalized time series, i = 1, Ai = 0, Oi = 1 and Mi = 1. Normalized model-simulated 327 

AOD larger than 1, i.e. enhanced AOD, results from unfavorable meteorological effects. Unfavorable 328 

meteorological effects offset the effects of emission reductions aimed at decreasing aerosol 329 

concentrations and thus AOD. Vice-versa, favorable meteorological effects reduce AOD and thus 330 

reinforce emission reduction policy. Normalized anthropogenic effects larger than zero results from 331 

unfavorable anthropogenic effects (such as increased emissions) and effective emission reduction 332 

renders favorable anthropogenic effects (Ai < 0). 333 

3.3 AOD time series over individual regions 334 

In the following Sections, MAIAC monthly mean AOD time series are presented for January 2010 - 335 

September 2024 and simulated monthly mean AOD time series for January 2010 - July 2023, together 336 

with CMA12 filtered monthly mean MAIAC AOD time series from July 2010 to March 2024, for each 337 

of the five regions separately. In addition, normalized (to July 2010) CMA12-filtered time series of 338 

MAIAC and simulated data, showing meteorological contributions to the AOD, are presented for July 339 

2010 to January 2023, together with anthropogenic contributions calculated using eq. (1).  340 

3.3.1 AOD time series over the NCP 341 

Time series of the monthly mean MAIAC and CESM AOD over the NCP in Fig. 4 show that, overall, 342 

the observed AOD variations are qualitatively reasonably well reproduced by the CESM model, but not 343 

in a quantitative sense. A discrepancy was expected because in the model simulations the emissions were 344 

fixed to those in 2010. During the first years, the simulated AOD is substantially lower than the 345 

observations, although the minima in November/December are in good agreement. The discrepancies 346 

during the spring and summer are attributed to the omission of the effect of desert dust in the AOD 347 

calculations (Section 2.3), although also anomalous meteorological conditions may have influenced the 348 

aerosol properties in the NCP (Fang et al., 2020). Desert dust strongly contributes to the AOD over the 349 

NCP (Proestakis et al., 2018; De Leeuw et al., 2018). The better agreement between the simulated and 350 

observed AOD during the period 2015 - 2020 is attributed to the reduction of the observed aerosol 351 

concentrations in response to the 2013 - 2017 Clean Air Action Plan (which initially did not result in a 352 

reduction of the AOD, possibly because of unfavorable meteorological effects as discussed below), 353 

while the contribution from dust is not influenced by these measures. Further reduction of anthropogenic 354 

emissions after 2020 resulted in increased differences between the observations and the CESM model 355 

simulations.  356 

The model-simulated AOD over the NCP varies seasonally with maxima mostly occurring in June and 357 

minima in December, often followed by a strong increase into January. Deviations from this pattern are 358 

observed, such as during 2013 and the first half of 2014 when strong fluctuations occurred with overall 359 

higher AOD, followed by a deep minimum in December 2014 (AOD 0.23 as compared with overall 360 
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minima on the order of 0.26 - 0.31). Also, in 2011 and 2018/2019 the patterns were more variable than 361 

in other years.  362 

The MAIAC observations initially followed a similar pattern, with high AOD peaks during the summer 363 

(June/July) and deep minima during the winter which may have lasted a few months. Anomalously high 364 

peaks in June 2010 and in August 2011 were followed by a steep descent into September and a period 365 

of about 6 months when the AOD remained relatively high (0.42) and variations were small. During 366 

2013 and 2014, the variation of the monthly mean satellite data was qualitatively similar to that of the 367 

model simulations, i.e. fluctuations occurred with overall somewhat higher AOD than in previous years, 368 

followed by a deep minimum in December 2014 and a maximum of 0.61 in July 2015. Thereafter, the 369 

peak values decreased, the minimum values decreased too but were higher than before 2015. The pattern 370 

changed dramatically from 2018. In 2018 the monthly mean AOD varied from month to month and 371 

thereafter the AOD peaked in winter (January - March) instead of summer. Winter peaks were also 372 

observed in 2011, 2013 and 2014, but these were overshadowed by the high maxima in the summer.   373 

 374 

Figure 4: Time series of monthly mean observed (MAIAC) and simulated (CESM) AOD, from 2010 to September 2024 375 
and July 2023, respectively, over the NCP, together with the MAIAC CMA12 filtered data. 376 

Fig. 5 shows normalized time series over the NCP of CMA12 filtered MAIAC monthly mean AOD and 377 

CESM-simulated monthly mean AOD. The model data show an overall unfavorable meteorological 378 

influence (except in 2021), offsetting anthropogenic effects such as due to emission reduction policy. 379 

The latter resulted in effective reduction of the normalized AOD between 2010 and 2013, which varied 380 

around 1, as the CMA12 filtered MAIAC observations show. These data also show that the AOD 381 

decreased monotonously by about 30%, with some fluctuations, from the maximum value at the end of 382 

2012, until a steady value was reached in the summer of 2018. This decrease is attributed to the 383 

successful implementation of the 2013 - 2017 Clean Air Action Plan. The different behavior of the model 384 

simulations and the satellite data implies that emissions were reduced by anthropogenic effects, but the 385 

effect on AOD was offset due to unfavorable meteorological influences. Anthropogenic and 386 
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meteorological effects were of similar magnitude in 2012 and early 2013 and thus the net effect was 387 

close to zero. Fluctuations such as those in 2014, 2015/2016 and 2017 coincide with variations in the 388 

simulated data and are attributed to meteorological effects.  389 

Between 2018 and 2021 the AOD changed very little, due to unfavorable meteorological effects. The 390 

anthropogenic data in Fig. 5 show that emission reduction was effective until February 2019, but the 391 

effect on AOD was very small due to the offset by unfavorable meteorological effects. From February 392 

2019, the meteorological effects continued to increase until June, then decreased while the 393 

anthropogenic effects became less favorable. As a result, the observed AOD increased somewhat until 394 

August and remained relatively constant until May 2021, when anthropogenic and meteorological 395 

effects were in balance. These observations explain the apparent flattening reported in De Leeuw et al. 396 

(2023). After May 2021, the AOD started to decrease to a minimum in the summer of 2022, followed 397 

by a rebound in 2023 (Fig. 5). More precisely, the monthly mean data in Fig. 4 show a strong decrease 398 

after a maximum in August 2021, to a low minimum in December 2021 followed by a period in 2022 399 

when AOD was lower than in 2021 and 2023 and decreased between May and December.  400 

The minimum in 2022 is attributed to anthropogenic conditions, meteorological effects were small and 401 

turned slightly unfavorable. The monthly mean AOD (Fig. 4) was much smaller than the simulated AOD, 402 

which peaked in July. The anthropogenic influences leading to the strong minimum in 2022, are 403 

anticipated to be a consequence of several COVID lock down periods and resulting economy slowdown 404 

in 2022 (Worldbank, 2022). Liu et al. (2024b) reported that the Shanghai lockdown in 2022 resulted in 405 

a stagnating economy in parts of China.  406 

 407 

Figure 5: Time series of CMA12 filtered MAIAC and CESM-simulated monthly mean AOD over the NCP from July 408 
2010 to March 2024 and January 2023, respectively, normalized in July 2010. The black line shows the anthropogenic 409 
effect on the AOD (secondary vertical axis). The thin black line has been drawn to guide the eye. 410 
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3.3.2 AOD time series over the YRD 411 

Time series of the monthly mean MAIAC and CESM-simulated AOD over the YRD are presented in 412 

Fig. 6. The simulated AOD time series show a regular pattern with peak values in March and minima in 413 

Oct/Nov of most years. The peak AOD values were around 0.65 and varied little during the first 6 years. 414 

In 2016 and 2017 the peak values decreased to 0.61 and 0.53, whereafter they gradually increased to 415 

0.63 in 2021. The next 2 years they decreased to 0.53 in 2023. The simulated data show smaller 416 

secondary peaks between August and October, with varying intensities. Also, the minimum values vary 417 

from year to year, with the lowest value in 2017 and the highest value in 2014. The interannual variations 418 

in the simulated AOD show the clear influence of meteorological conditions which are illustrated by the 419 

variation in their effects on the AOD in Fig. 7. The meteorological effects were overall unfavorable, 420 

except in 2016 and 2017. Clear unfavorable conditions occurred in 2011 (up to 9%), 2014 (8%) and 421 

2020 (8%).  422 

The regular AOD pattern with maxima in March is also visible in the MAIAC data but with strong 423 

deviations in the first 5 years. In particular, anomalously high peaks occurred in June, in 2012 (AOD 424 

0.97) and in 2014 (1.05), but also in 2010 and 2011 (both 0.86). In each of these four years, no clear 425 

peak was observed in March (as in the model simulations), the AOD was overall high, while relatively 426 

low minima occurred in December 2010 (0.31) and in July in 2012 and 2013 (both 0.32). During the 427 

first half of 2014 the AOD was overall higher than in other years but after the anomalously high peak in 428 

June, the AOD decreased during the second half of the year. From 2015, the observational data and the 429 

model simulations followed a similar pattern with maxima in March, often with another peak in 430 

June/July, and the observational peak AOD clearly decreased until 2018. The CMA12 time series shows 431 

that this decrease lasted until Spring 2018, followed by a substantial increase during about 1 year. From 432 

summer 2019 the AOD declined until August 2022, to a minimum AOD of 0.30 (CMA12 value). The 433 

monthly mean AOD confirms the strong decline in 2021/2022, to a minimum of 0.20 in October, 434 

followed by a rebound in 2023 with peaks in March and June with higher AOD than in 2021. The overall 435 

decrease of the AOD over the YRD between 2019 and 2022 is attributed to anthropogenic effects, with 436 

fluctuations due to meteorological effects. The lowest AOD was observed in 2022, decreasing between 437 

April and October. In contrast, the simulated AOD was substantially higher and peaked in August.   438 
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 439 

Figure 6: As Fig. 4, but for the YRD. 440 

The normalized CMA12 time series in Fig.7 show an initial increase by 15% in the MAIAC AOD 441 

between mid-2010 and mid-2011, with similar contributions from unfavorable meteorological and 442 

anthropogenic effects. In 2012 the AOD was close to the July 2010 value and decreased by about 13% 443 

in 2013 before it increased to a maximum in April 2014. The maximum AOD was 12% larger than the 444 

July 2010 value, mainly due to anthropogenic effects, reinforced by a contribution from unfavorable 445 

meteorological conditions. The AOD remained high throughout 2014 but declined substantially by 17%, 446 

between October 2014 and April 2015, in spite of unfavorable meteorological conditions of about 7%. 447 

The AOD changed little during 2015 as a result of opposite anthropogenic and meteorological 448 

contributions. During the following years, 2016 - 2018, the meteorological contributions were very small 449 

while anthropogenic effects caused an increased reduction of the AOD, attributed to the 2013 - 2017 450 

Clean Air Action Plan, resulting in a net decrease by 31% between July 2010 and early 2018. This 451 

decrease was followed by an initial increase until mid-2019 (by ~12%, referenced to July 2010), 452 

whereafter the AOD steadily decreased further until mid-2022, which is mainly attributed to emission 453 

control policy as part of the 2018-2020 blue sky and the 14th five-year plans, with some variations due 454 

to unfavorable meteorological conditions of up to 6% in 2020. However, in the second half of 2021, the 455 

anthropogenic effects decreased but the increase in AOD was offset by meteorological effects which 456 

became less unfavorable. This resulted in a relatively constant AOD during the last months of 2021, 457 

followed by a strong decrease until mid-2022. The monthly mean AOD data in Fig. 6 show the 458 

contrasting behavior between the AOD in 2022 and both earlier and later years, in spite of the offset by 459 

meteorological effects as shown in both Figs. 6 and 7. Overall, a substantial AOD reduction was 460 

achieved between 2010 and 2022, to 57% of the 2010 value. The rebound in the second half of 2022 is 461 

suggested to be due to meteorological effects (Fig. 7). Lacking model data, the increase during 2023 462 

cannot be further analyzed but is anticipated to be due the rebound of the economy and associated 463 

activities after the Shanghai lockdown (Liu et al., 2024b).  464 
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 465 

Figure 7: As Fig. 5, but for the YRD. 466 

3.3.3 AOD time series over the PRD 467 

Time series of the monthly mean MAIAC AOD and CESM-simulated AOD over the PRD are presented 468 

in Fig. 8. The time series of the simulated monthly mean AOD show a very regular pattern with peak 469 

values in March/April and minima in July of most years. The simulated monthly mean AOD peak values 470 

increase substantially between 2011 and 2016, and between 2018 and 2021, with much lower values in 471 

2017, 2018 and 2022. Overall, the peak AOD was higher during 2013 - 2016 than after 2016. The similar 472 

behavior of observed and simulated data indicates the influence of meteorological effects. 473 

The peak values in the observational and simulated AOD data occur in about the same months, but the 474 

simulated maxima are much higher than those of the observations. A reason for this discrepancy may be 475 

the large influence of smoke on aerosols in the PRD (Zhang et al., 2010; Liu et al., 2021) which in the 476 

CESM model is treated as anthropogenic emissions and thus fixed at the 2010 level (Section 2.3). The 477 

data in Fig. 8 show that the simulated AOD in March 2010 was substantially higher than the observed 478 

AOD.  479 

In-between the peaks, the simulations traced the observations reasonably well. In particular, the summer 480 

minima are well reproduced, whereas during the autumn the patterns are similar but the simulated AOD 481 

is higher. However, during the period June 2021 - February 2023, the simulated values show a clearly 482 

increasing tendency whereas the satellite-derived AOD was overall substantially smaller and in 483 

particular the maxima were much smaller than in other years. This clearly indicates that the emissions 484 

during this period were strongly reduced with respect to other years.  485 

Secondary peaks are often observed in October, except in 2010 and 2011, shifted to September in later 486 

years and to August in 2019 and 2020. These peaks also occur in both data sets but are relatively larger 487 

in the observations than in the simulations.  488 
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 489 

Figure 8: As Fig. 4, but for the PRD 490 

Time series of normalized CMA12 of simulated and observational AOD data over the PRD are presented 491 

in Fig. 9, together with the anthropogenic contributions to the AOD. The model time series show that 492 

the meteorological effects on the AOD were initially favorable but anthropogenic effects were large and 493 

unfavorable, which led to an increase in AOD by up to about 8% throughout 2011. In the first half of 494 

2012, opposing meteorological and anthropogenic effects resulted in a net zero effect on the AOD. 495 

Anthropogenic effects changed to favorable which resulted in a minimum AOD in May 2013 (Fig. 9; 496 

the monthly mean data in Fig. 8 show a minimum in both the observational and simulated data in July).  497 

After May 2013, the anthropogenic effects gradually changed to unfavorable resulting in the high AOD 498 

observed throughout 2014. From September 2014, the anthropogenic effects changed to favorable and 499 

the AOD decreased during one year to a minimum in September 2015, whereafter the anthropogenic 500 

effects gradually became less favorable. Between May 2013 and mid-2016 the meteorological effects 501 

were small and fluctuated between favorable and unfavorable, thus modifying the AOD. However, from 502 

2016 the meteorological effects were favorable with a reduction of the AOD of up to 14% in the winter 503 

of 2018. Favorable meteorological and anthropogenic effects of similar magnitude resulted in a gradual 504 

decrease of the AOD between the end of 2015 and mid-2018. Between July 2018 and July 2019, the 505 

AOD increased substantially due to both meteorological and anthropogenic effects changing to less 506 

favorable. From August 2019, the AOD decreased due to anthropogenic effects and in 2021/2022 a 507 

strong AOD minimum was observed which is attributed to meteorological effects, as indicated by both 508 

the monthly mean and filtered time series for the simulated AOD, reinforced by anthropogenic effects. 509 

The monthly mean observational data in Fig. 8 show that the AOD in the second half of 2021 and 510 

throughout 2022 was substantially lower than in 2020 and 2023, and likewise, the simulated AOD shows 511 

that in 2022 both the peak value in March and the summer minimum AOD were lower than in other 512 

years. In conclusion, the large AOD minimum in 2021/2022 was caused by contributions from both 513 

meteorological and anthropogenic effects between September 2021 and October 2022. 514 
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The CMA12 of the MAIAC observational AOD data show a broad maximum in 2014 which, as 515 

compared to the situation over the YRD, could not be caused by an anomalous peak in 2014 (compare 516 

Fig. 8 with Fig. 6). Rather, the monthly mean AOD was overall high in the second half of 2013 and in 517 

2014, with month-to-month variations. The comparison with the centered moving average of the 518 

simulated AOD, normalized to 2010 (Fig. 9), shows that the AOD in 2011/2012 would have been 519 

substantially higher if it would not have been reduced by up to 10% due to favorable meteorological 520 

conditions.  521 

 522 

Figure 9: As Fig. 5, but for the PRD. 523 

3.3.4 AOD time series over the HNB 524 

The time series of the monthly mean model-simulated AOD over the HNB in Fig. 10 show a regular 525 

pattern with distinct peaks in March and minima in the summer centered around July. The simulated 526 

monthly mean AOD peak values vary by more than 15%: increase between 2011 and 2013, decrease 527 

between 2015 and 2018 when the simulated peak value is lowest, and increase between 2018 and 2020. 528 

Furthermore, in 2014 the minimum AOD was substantially higher than in other years and lasted a longer 529 

time, from May to December. Likewise, minima in 2018 and 2019 were higher and lasted longer than 530 

in other years. These variations in the simulated AOD show the large influence of the meteorological 531 

conditions on the AOD.  532 

In contrast to the model simulations, there is no regular pattern in the monthly mean MAIAC 533 

observational AOD data. Three strong and distinct peaks were observed, all in June instead of in March, 534 

in 2010 (0.93), in 2012 (0.90) and in 2014 (1.07). AOD maxima in March occur during the period 2015 535 

- 2019, but overall, the variations in the observational data are not regular as in the simulated data. The 536 

CMA12 was high (~0.60) until February 2012 and again in early 2014, with a minimum in April 2013. 537 

This minimum reflects the clear decrease in the monthly mean AOD data from the secondary peak in 538 

March (0.61) to the lowest value in the first 5 years in July (0.27) to a maximum in October (0.57). The 539 

October maximum was the start of a period with high AOD leading into the 2014 peak in June whereafter 540 
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the AOD stayed relatively high until November. The 2013 minimum is quite well reproduced by the 541 

model simulations, except for the October peak. Furthermore, apart from the June peak values in the 542 

observational data in 2010, 2012 and 2014, the simulated AOD peak values are higher than those 543 

observed, which makes it hard to reach quantitative conclusions about the relative contributions from 544 

meteorological and anthropogenic factors from the comparison of monthly mean data. 545 

 546 

Figure 10: As Fig. 4, but for the HNB. 547 

The normalized CMA12 time series of the model data in Fig. 11 show that the meteorological effects on 548 

the AOD were unfavorable during the first 6 years (up to 10%) and much smaller thereafter, fluctuating 549 

between favorable and unfavorable. The initially unfavorable meteorological contributions resulted in 550 

an AOD increase in 2011, with only a small anthropogenic contribution. In the second half of 2014, 551 

unfavorable meteorological effects were of similar magnitude as the favorable anthropogenic effects, 552 

which resulted in a zero net effect on the AOD.  553 

The AOD decreased overall from 2015 until the end of 2018, which was mostly attributable to 554 

anthropogenic influences, the effect of which was modified by slowly changing meteorological effects 555 

from slightly unfavorable to slightly favorable (Fig. 11). During 2019 the meteorological effects changed 556 

to more unfavorable (up to about 7%) opposing the anthropogenic effects and thus causing a small 557 

increase in the observed AOD. A relatively fast AOD decrease occurred between July 2019 and the 558 

summer of 2021, During the second half of 2021 the anthropogenic effect became less favorable, but 559 

the meteorological effect changed faster to more favorable, resulting in an effective but small decrease 560 

in the AOD. In early 2022 this was followed by a period when the monthly mean AOD (Fig. 10) 561 

decreased from 0.39 in January to a minimum of 0.14 in July before it increased into a peak value of 562 

0.58 in February 2023, the highest value since 2015. The low AOD in 2022 was in part due to the 563 

favorable meteorological conditions while, as Fig. 11 shows, anthropogenic effects contributed to the 564 

decrease in the first half of 2022. The anthropogenic and meteorological contributions were similar 565 
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during this period of low AOD. From August 2022 both effects were less favorable, leading to an 566 

increase of the AOD. 567 

 568 

Figure 11: As Fig. 5, but for the HNB. 569 

3.3.5 AOD time series over the SCB 570 

Time series of the monthly mean MAIAC AOD and CESM-simulated AOD over the SCB are presented 571 

in Fig. 12. The time series of the model-simulated AOD shows a regular pattern with distinct peaks in 572 

March and minima in July and in most years a second minimum in September. The simulated monthly 573 

mean AOD peak values are similar between 2010 and 2017, with some variation, whereas from 2018 574 

they are 10 - 16% lower. The simulated monthly mean AOD values are initially smaller than the monthly 575 

mean MAIAC observational AOD values. In 2015 and 2016 the simulated and observed peak values 576 

match well, and also in 2020, 2021 and 2023, with smaller observational values in the intermediate years. 577 

The MAIAC AOD pattern was less regular than that of the simulations, with distinct peaks visible in 578 

any of the winter months December - March, but also in June and September, especially during the 579 

period 2010 - 2014 when AOD was high. Between 2018 and 2022 the MAIAC AOD was lower, and 580 

peaked during the whole winter period.  581 
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 582 

Figure 12: As Fig 4, but for the SCB. 583 

Normalized CMA12 time series of the observational and simulated AOD over the SCB are presented in 584 

Fig. 13. The model time series show that the meteorological effect on the AOD was up to 10%, 585 

unfavorable during 2010 - 2015, small and mostly unfavorable between 2016 and 2020, favorable after 586 

2020 (up to 9%) and again unfavorable from July 2022. The unfavorable meteorological effects opposed 587 

the favorable anthropogenic effects during 2010 and 2011, which resulted in small net changes of the 588 

AOD and a maximum by the end of 2011. Accelerated emission reduction resulted in a fast decrease of 589 

the AOD during the period 2012 - 2014, reinforced by the decrease in unfavorable meteorological effects.  590 

Between 2015 and 2019 a smaller reduction was achieved due to anthropogenic effects, with some 591 

modifications attributed to meteorological influences, such as the small increase in early 2018 and the 592 

decrease later that year. In contrast, during 2021 and 2022 the AOD decreased substantially to a 593 

minimum in the summer of 2022. The monthly mean AOD data in Fig. 12 show the lower AOD between 594 

May 2021 and the autumn of 2022, with a very low value in June 2022 (0.15). This decrease was initially 595 

reinforced by favorable meteorological effects which was most effective in the first half of 2022, as Fig. 596 

13 shows. The rebound in the second half of 2022 was reinforced by unfavorable meteorological effects. 597 
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 598 

Figure 13: As Fig. 5, but for the SCB. 599 

4 Discussion 600 

Satellite measurements of AOD over China show that emission reduction policy has been successful in 601 

reducing the aerosol concentrations between 2011 and 2018, with an additional but smaller reduction 602 

toward the end of the study period, in 2024. However, a closer look shows that the AOD did not vary 603 

monotonously and substantial variations occurred, as revealed after low-pass filtering (CMA12). Also, 604 

not only varied the AOD between the five different regions, but also the AOD variations within a region 605 

followed different patterns. Furthermore, at the beginning of the study period (2010 - 2016), when the 606 

AOD was high, the patterns within a region were different from those at the end (2016 - 2024), when 607 

the AOD was low. Before 2016, AOD peaks were observed over different areas and in different months 608 

than after 2016. The aerosol reduction, together with the occurrence of anomalous meteorological 609 

situations (Wang and He, 2015; Yin et al., 2024; Yin et al., 2017), may have resulted in changes in 610 

aerosol properties across different regions such as observed in, e.g., Shanghai (Wang et al., 2024) and 611 

Beijing (Li et al., 2021). In particular, variations in emissions of trace gases such as SO2 and NO2 or 612 

organic vapors, which are aerosol precursor gases, influence aerosol composition (Zhang et al., 2015; 613 

Geng et al., 2017; Geng et al., 2019; Li et al., 2021). These authors show that the aerosol composition 614 

changed during the periods they studied. In particular, Jing et al. (2025) discuss the evolution of 615 

tropospheric aerosols over Wuhan for the same period of our study (2010 - 2024), using a comprehensive 616 

suite of data, indicate aerosol chemistry as a key factor for the evolution of aerosol properties and 617 

illustrate this with examples and case studies. Aerosol chemistry influences the optical and physical 618 

properties of aerosols and thus may be a major factor leading to the different AOD patterns observed 619 

during the beginning and the end of the study period. The model simulations were made with fixed 620 

emissions and thus cannot reproduce this situation. 621 
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The AOD reduction in 2015 - 2018 can be attributed to the implementation of the 2013 - 2017 Clean Air 622 

Action Plan e.g. (Feng et al., 2019; Zhang et al., 2019b), but with variations due to meteorological effects, 623 

and different tendencies between the five regions. The AOD reduction achieved between 2015 and 2018 624 

was smaller than that in earlier years, i.e. between the summers of 2011 and 2013, except over the NCP 625 

where the AOD decreased monotonously between December 2011 and May 2018. Over the SCB, most 626 

of the AOD reduction was achieved during two episodes between January 2012 and February 2015, in 627 

spite of unfavorable meteorological conditions and a year (2013) when the anthropogenic reduction was 628 

discontinued. The accelerated decline over the SCB is attributed to the implementation of stricter 629 

emission standards for thermal power plants in 2012 which required all coal power plants to reduce 630 

effluent NOx (counted as NO2) emissions to 100 mg/m3 or lower, except for some special unusual cases. 631 

This resulted in the quick installation of flue-gas denitration facilities such as Selective Catalytic 632 

Reduction equipment at coal-fired power plants (Mee and General Administration of Quality 633 

Supervision Inspection and Quarantine, 2011; Yan et al., 2023).  634 

The interruption of the AOD decrease from the summer of 2013 until early 2015 is clearly visible in the 635 

monthly mean AOD data, showing elevated AOD between July 2013 and December 2014, especially 636 

over the YRD and HNB, but also over the PRD. Similar, but much smaller, effects explain the somewhat 637 

elevated AOD over the NCP. The interruption of the AOD reduction over the SCB in 2013 seems to be 638 

a combination of relatively high AOD in the summer/autumn of 2013 and the peak in January 2014, 639 

which in the CMA12 time series resulted in a flat AOD curve in 2013. The high AOD over the YRD, 640 

HNB and PRD resulted from elevated AOD, with respect to other years, in the second half of 2013 and 641 

most of 2014 as discussed in Section 3.3.2. This anomalously high AOD may be attributable to a 642 

combination of anomalous meteorological situations, such as winter haze in the NCP (Yin et al., 2017) 643 

and summer drought (Wang and He, 2015). By the end of this situation, in early 2015, the AOD was at 644 

a similar level as in the summer of 2013.  645 

A similar situation as in 2014 may have occurred in 2011, when anomalous weather was reported during 646 

winter/spring (Sun and Yang, 2012; Jin et al., 2013). The monthly mean AOD data show that the AOD 647 

was high and meteorological effects were unfavorable. The CMA12 time series show that the AOD 648 

decreased between the summer of 2011 (YRD, HNB, PRD) or January 2012 (NCP, SCB) and 2013. The 649 

fast decrease of the AOD between the summers of 2011 and 2013 may thus have been a combined effect 650 

of meteorological effects and emission reduction in response to the implementation of environmental 651 

regulations. The AOD over the NCP, YRD was high in 2011 and both the meteorological and 652 

anthropogenic effects were unfavorable, but the latter changed to favorable in 2013.  653 

The AOD observations and, in particular, the CMA12 time series, show that the AOD declined until 654 

2018 over all regions, except over the SCB. However, from the summer of 2018, the AOD increased 655 

substantially during one year over the YRD, PRD and HNB, but not over the NCP and the SCB. The 656 

meteorological effects increased to less favorable over the PRD and to more unfavorable over the NCP, 657 

YRD and HNB. Thus, part of the AOD increase may be attributable to meteorological effects. However, 658 
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over the NCP, YRD and PRD also the anthropogenic effects changed to less favorable during this period 659 

while a slight decrease was observed over the HNB and SCB, where the AOD enhancements were small 660 

(HNB) or did not occur (SCB). It is further noticed, that the increase of the meteorological effects to 661 

more unfavorable was substantially larger over the NCP than over other regions, but the anthropogenic 662 

effect continued to change to more favorable in 2018 while over the YRD and PRD it already changed 663 

to less favorable. Hence, the change in timing of the events and the magnitudes of the respective changes 664 

resulted in substantially different AOD variations. In particular, there was no AOD maximum over the 665 

NCP in 2019 due to the balance between anthropogenic and meteorological effects. Over the PRD there 666 

was reinforcement of effects that were both changing to more unfavorable. Over the YRD the very small 667 

meteorological effect caused some small variations on top of strong anthropogenic effects. The interplay 668 

between variations of anthropogenic and meteorological effects influenced the effectiveness of the 2018 669 

- 2020 three-year action plan for cleaner air.  670 

In contrast to the enhanced AOD events in 2011, 2014 and 2019 discussed above, a strong reduction 671 

occurred in 2022, over the YRD and HNB preceded by a small anomaly in 2021. As described in Section 672 

3.3, the strong reduction in 2022 was clearly observed in the monthly mean data, and mainly attributed 673 

to anthropogenic effects with a small contribution from meteorological effects. The year 2022 was 674 

anomalously warm with heat waves and drought, with a specific meteorological situation (Xu et al., 675 

2024), which may have influenced the aerosol properties in a variety of ways. For instance, changes in 676 

large scale circulation may affect transport pathways and the evolution of the atmospheric boundary 677 

layer influences local and regional transport as well as ventilation, changes in relative humidity influence 678 

aerosol optical properties, and air temperature influences the formation of new aerosol particles. 679 

However, the 2022 minimum is mainly attributable to anthropogenic influences, i.e. the economy slow-680 

down (Section 3.3.1) resulting in reduced production and transport across a large part of China when 681 

sea harbors were closed and export stagnated (Wang and Su, 2025). As discussed in Section 3.3, 682 

favorable meteorological effects contributed to reinforce this minimum in the SCB, HNB and especially 683 

the PRD.  684 

The simulated monthly mean AOD time series (Section 3.3) show distinct patterns with a single 685 

maximum in a specific month, often accompanied by a secondary peak with lower AOD and a minimum 686 

covering a longer period. The patterns and peak months vary between regions and the maximum and 687 

minimum AOD values in each region vary from year to year. Distinct changes are observed in the 688 

variation of the peak values over the YRD and HNB in 2016, over the PRD in 2017, and over the SCB 689 

in 2018. These years mark the start of the period when peak AOD values were lower than in earlier years. 690 

The normalized CMA12 of simulated AOD time series in Section 3.3 show large differences between 691 

the five regions. Over the NCP, the meteorological effects were generally unfavorable, resulting in a 692 

smaller AOD decrease between 2012 and 2019, with episodical increases in 2011, 2014 and 2015/2016, 693 

while during 2018 - 2020 the AOD did not change as a result of cancellation of opposing effects of 694 

similar magnitude. These cases illustrate the increasing importance of meteorological effects as the AOD 695 
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becomes smaller: in 2014 and 2019 the meteorological effects were similar but they were relatively 696 

more important in 2019. 697 

Over the YRD, the meteorological effects were more variable than over the NCP, with stronger 698 

unfavorable influences in 2011 and 2014/2015 when they reinforced unfavorable anthropogenic effects, 699 

and during 2019 - 2022, when they reinforced strong anthropogenic effects, resulting in a strong increase 700 

of the AOD. Over the PRD, the meteorological effects were mostly favorable, resulting in a substantially 701 

lower AOD than due to anthropogenic effects alone. In particular the strong 2022 minimum benefitted 702 

from reinforcement by favorable meteorological effects. Over the HNB and the SCB the meteorological 703 

effects were unfavorable during the first years of the study period, when they reduced the effect of 704 

anthropogenic efforts, and small and variable thereafter. However, they did have a favorable effect on 705 

the AOD during the 2022 minimum. 706 

It is noted that the anthropogenic effects, such as those during the 2022 minimum, were confirmed by 707 

the monthly mean time series which showed more detail than the CMA12 time series as regards the 708 

timing of the AOD reductions. The CMA12 time series smear the effects over a year and thus dilute 709 

them. Nevertheless, tendencies become clear in such time series and are difficult to determine in monthly 710 

mean time series due to the monthly and seasonal variations.  711 

The results were obtained using new experimental data, i.e., the new MAIAC C6.1 AOD data that 712 

replace and improve upon MAIAC C6 and extend the time series beyond 2021. The extended time series 713 

reveal new phenomena and new insights as explained in detail in Section 3 and discussed above, with a 714 

focus on features common to the five areas, as well as differences across them. These new phenomena 715 

include the substantial increase around 2019 over the YRD, the PRD and, to a lesser extent, over the 716 

HNB, a clear minimum in 2022 over all areas with a strong recovery in 2023, decreasingly favorable 717 

anthropogenic contributions over the NCP in 2019 - 2021, over the YRD in 2018 - 2019 and the 718 

stagnation of the AOD decrease over the PRD due to the decreasingly favorable contributions between 719 

2016 and 2019. Furthermore, the comparison between the AOD time series between 2010 and 2016 and 720 

in later years shows different patterns between these periods, both in the observations and the 721 

simulations. In view of the length of the current MS, the detailed analysis and discussion of these new 722 

phenomena will be presented in a separate publication. 723 

5 Conclusions  724 

Satellite-derived monthly mean time series of AOD over five representative regions in China were 725 

presented for the period January 2010 - September 2024. AOD variations, both temporal variations 726 

within a region and differences between the five regions, were discussed and contributions from 727 

anthropogenic and meteorological factors were analyzed based on comparison with model simulations.  728 

The time series confirm the effective reduction of the AOD over China, which is attributed to the 729 

implementation of a series of policy measures aimed at the reduction of emissions of aerosols and traces 730 
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gases to improve air quality. However, meteorological effects have a large influence on the aerosol load 731 

over China and their importance increased as AOD decreased. In particular in recent years, the important 732 

role of meteorological factors has become evident, for instance from the large increase of the AOD over 733 

the YRD, and to a smaller extent over the HNB and PRD, between 2018 and 2021. During this period, 734 

the potential decrease of the AOD over the NCP was effectively cancelled due to unfavorable 735 

meteorological effects. The results presented lead to the following conclusions: 736 

- Emission reduction policy has resulted in the effective decrease of the AOD over China, in 737 

particular between 2015 and 2018 in response to the 2013 - 2017 Clean Air Action Plan. 738 

However, the 2018 - 2020 three-year action plan for cleaner air and the 14th five-year plan have 739 

been less effective: the overall reduction of AOD between 2018 and 2024 was substantially 740 

smaller than in the previous period.  741 

- The effectiveness of the anthropogenic effects initially decreased during different periods of 1 - 742 

2 years between 2018 and 2024, over the NCP, YRD and PRD, followed by a stronger AOD 743 

reduction until mid-2022 and an increase to a level in January 2023 that was similar to that by 744 

the end of 2021. This resulted in an AOD in January 2023 that was reduced with respect to that 745 

in 2018, due to only anthropogenic effects. This reduction is attributed to emission reduction 746 

which, however, was smaller than in 2013 - 2017. The strong AOD decrease in 2022 is shown 747 

as an anthropogenic effect, but it is not due to emission reduction. Rather, this is short term 748 

effect that is mainly attributed to the “Shanghai” lock down effect which resulted in stagnation 749 

of the economy in large parts of China and associated activities such as transport and energy 750 

production. The accelerated decrease of the AOD over the SCB before 2015 is attributed to the 751 

implementation of strict emission standards for thermal power plants in 2012.  752 

- Meteorological effects have a substantial influence on the AOD, which increased as AOD 753 

decreased. Unfavorable meteorological effects have been shown to reduce effects of emission 754 

reduction on AOD and favorable meteorological effects can reinforce emission reduction effects. 755 

Meteorological effects contributed to the AOD increase over several regions in 2018 and 2019 756 

and the strong decrease in 2022, which contributed to the small effect of the 2018 - 2020 three-757 

year action plan for cleaner air and the 14th five-year plan during the period 2018 - 2024.  758 

- Very high AOD was observed in 2011 and 2014 which may in part be caused by anomalous 759 

meteorological situations. The high AOD in 2014 has been suggested to be due to anomalous 760 

circulation associated with effects of El Niño / La Niña and the strengths of the East Asian 761 

summer and winter monsoon. 762 

- AOD variations show distinctly different patterns during the periods before and after 2016, 763 

suggested to be due to changes in aerosol composition and optical and physical properties in 764 

response to the reduction of aerosol precursor gases. 765 

In summary, emission reduction policy has been effective in reducing AOD, but with many deviations 766 

due to meteorological effects. Phenomena such as ENSO (El Niño-Southern Oscillation), East Asian 767 
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Monsoon and Heat Waves have been reported to influence AOD and PM2.5, through their effects on large 768 

scale circulation, regional transport and local meteorology. As discussed in Section 1, AOD and PM2.5 769 

are different measures for aerosol concentrations but are not comparable. Qi et al. (2022) report that 770 

influences of meteorology changes on trends of AOD are larger than those on surface PM2.5. Hence, 771 

findings of meteorological effects on AOD reported in the current study may be significantly different 772 

from findings from studies on meteorological effects on PM2.5. The importance of the current study is 773 

the use of AOD in climate studies on interaction with solar radiation for instance for meteorological 774 

purposes, such as effects on heat waves (Wu et al., 2021) and local meteorology (Zhang et al., 2018), or 775 

application in solar energy (Lin et al., 2023). 776 
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