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Table S1 Linear correlation coefficients of the baseline components (PM2.5BL) of daily PM2.5 concentrations respectively with 

the baseline components of air temperature (TBL), relative humidity (RHBL), wind speed (WSBL), sea level pressure (SLPBL) 

and precipitation (PreBL) in 14 sites over the THB.  

Sites Linear correlation coefficients with PM2.5BL 

TBL RHBL WSBL SLPBL PreBL 

JZ –0.81** –0.26** –0.43** 0.79** –0.50** 

XN –0.82** –0.04 –0.42** 0.79** –0.37** 

XY –0.88** –0.25** –0.24** 0.85** –0.41** 

JM –0.86** –0.38** 0.11** 0.83** –0.58** 

YC –0.84** –0.29** –0.11** 0.79** –0.57** 

SZ –0.84** –0.20** 0.00 0.82** –0.43** 

WH –0.85** –0.06* –0.10** 0.81** –0.37** 

EZ –0.79** –0.04 –0.23** 0.75** –0.25** 

HG –0.81** –0.14** 0.08** 0.75** –0.28** 

HS –0.70** –0.05* –0.42** 0.67** –0.57** 

CS –0.83** –0.20** –0.15** 0.84** –0.43** 

YY –0.84** –0.26** –0.24** 0.85** –0.41** 

XG –0.82** –0.13** –0.07** 0.80** –0.39** 

CD –0.81** –0.33** –0.33** 0.81** –0.55** 

** Passing the confidence level of 99 %, * Passing the confidence level of 95 %. 



Table S2 Linear correlation coefficients of the baseline components (SO2BL) of daily SO2 concentrations respectively with the 

baseline components of air temperature (TBL), relative humidity (RHBL), wind speed (WSBL), sea level pressure (SLPBL) and 

precipitation (PreBL) in 14 sites over the THB. 

Sites Linear correlation coefficients with SO2BL 

TBL RHBL WSBL SLPBL PreBL 

JZ –0.61** –0.27* –0.27** 0.61** –0.30** 

XN –0.16** 0.02 –0.21** 0.19** –0.12** 

XY –0.73** –0.44** –0.12** 0.76** –0.22** 

JM –0.54** –0.34** 0.19** 0.50** –0.25** 

YC –0.50** –0.08** 0.03 0.48** –0.25** 

SZ –0.55** –0.17** 0.18** 0.56** –0.23** 

WH –0.51** –0.05* –0.09** 0.51** –0.26** 

EZ –0.39** –0.30** –0.42** 0.38** -0.02 

HG –0.23** –0.30** 0.03 0.28** –0.15** 

HS –0.38** –0.22** –0.14** 0.33** –0.39** 

CS –0.34** 0.08** 0.05* 0.31** –0.06** 

YY –0.07** 0.00 0.23** 0.09** 0.07** 

XG –0.61** –0.14* 0.13** 0.61** –0.26** 

CD –0.23** –0.07* 0.21** 0.26** –0.16** 

** Passing the confidence level of 99 %, * Passing the confidence level of 95 %. 



Table S3 Linear correlation coefficients of the baseline components (NO2BL) of daily NO2 concentrations respectively with 

the baseline components of air temperature (TBL), relative humidity (RHBL), wind speed (WSBL), sea level pressure (SLPBL) 

and precipitation (PreBL) in 14 sites over the THB.  

Sites Linear correlation coefficients with NO2BL 

TBL RHBL WSBL SLPBL PreBL 

JZ –0.79** –0.38** –0.63** 0.85** –0.55** 

XN –0.80** –0.16** –0.29** 0.85** –0.54** 

XY –0.81** –0.38** –0.41** 0.88** –0.37** 

JM –0.75** –0.46** 0.21** 0.79** –0.58** 

YC –0.76** –0.29** –0.17** 0.78** –0.50** 

SZ –0.87** –0.40** –0.21** 0.90** –0.63** 

WH –0.77** –0.13** –0.30** 0.78** –0.35** 

EZ –0.82** 0.01 0.17** 0.84** –0.44** 

HG –0.80** –0.15** –0.07** 0.83** –0.39** 

HS –0.81** 0.04 –0.36** 0.80** –0.68** 

CS –0.80** –0.16** –0.21** 0.83** –0.38** 

YY –0.76** –0.39** –0.51** 0.78** –0.41** 

XG –0.85** –0.29** –0.21** 0.85** –0.37** 

CD –0.76** –0.34** –0.21** 0.82** –0.53** 

** Passing the confidence level of 99 %, * Passing the confidence level of 95 %. 



 

Table S4 The linear trends 𝑘LT of long-term PM2.5, SO2 and NO2 and the linear trends 𝑘𝑒𝑚𝑖𝑠𝑠 of emission-related long-term 

components (Unit: 10–2 μg m–3 d–1), as well as the ratio of 𝑘LT and 𝑘𝑒𝑚𝑖𝑠𝑠 in the THB.  

 PM2.5 SO2 NO2 

Sites 𝑘LT 𝑘emiss 
𝑘𝐿𝑇
𝑘𝑒𝑚𝑖𝑠𝑠

 𝑘LT 𝑘emiss 
𝑘𝐿𝑇
𝑘𝑒𝑚𝑖𝑠𝑠

 𝑘LT 𝑘emiss 
𝑘𝐿𝑇
𝑘𝑒𝑚𝑖𝑠𝑠

 

JZ –1.51 –1.62 0.93 –0.98 –0.92 1.06 –0.23 –0.18 1.28 

XN –1.12 –1.06 1.06 –0.48 –0.45 1.06 0.33 0.29 1.14 

XY –0.18 –0.07 2.57 –0.09 –0.09 1.00 0.12 0.19 0.63 

JM –0.62 –0.57 1.09 –0.82 –0.82 1.00 –0.07 –0.08 0.88 

YC –1.00 –1.20 0.83 –0.66 –0.56 1.18 –0.33 –0.29 1.14 

SZ –1.35 –1.22 1.11 –0.49 –0.42 1.17 –0.10 –0.13 0.77 

WH –1.30 –1.40 0.93 –0.63 –0.65 0.97 –0.46 –0.53 0.87 

EZ –1.59 –0.99 1.61 –0.70 –0.44 1.59 0.18 0.06 3.00 

HG –1.07 –1.08 0.99 –0.29 –0.28 1.04 –0.22 –0.20 1.10 

HS –1.69 –1.49 1.13 –0.38 –0.32 1.18 0.31 0.30 1.03 

CS –0.84 –1.03 0.82 –0.67 –0.66 1.02 –0.39 –0.41 0.95 

YY –0.61 –0.68 0.90 –1.17 –0.99 1.18 0.07 –0.09 –0.78 

XG –1.16 –1.15 1.01 –0.27 –0.21 1.28 –0.16 –0.16 1.00 

CD –0.66 –0.83 0.80 –0.90 –0.72 1.25 –0.34 –0.27 1.26 

 

 

 

 



Table S5 The linear trends 𝑘LT of long-term PM2.5 and the linear trends 𝑘𝑒𝑚𝑖𝑠𝑠 of emission-related long-term components, 

as well as the contribution rates 𝐶𝑜𝑛𝑚𝑒𝑡 of meteorology calculated with Eq.(10) in the THB.  

Sites 𝑘LT 

(10–2 μg m–3 d–1) 

𝑘emiss 

(10–2 μg m–3 d–1) 

𝐶𝑜𝑛𝑚𝑒𝑡 

(%) 

XY –0.18 –0.07 61.92 

JM –0.62 –0.07 7.81 

JZ –1.51 –1.62 –6.91 

SZ –1.35 –1.22 9.95 

XG –1.16 –1.15 0.26 

WH –1.30 –1.40 –7.34 

XN –1.12 –1.06 4.72 

YC –1.00 –1.20 –19.81 

EZ –1.59 –0.99 37.31 

HG –1.07 –1.08 –0.44 

HS –1.69 –1.49 11.74 

YY –0.61 –0.68 –12.44 

CD –0.66 –0.83 –24.93 

CS –0.84 –1.03 –23.03 

 



 

Figure S1 (a) The regional averaged long-term (PM2.5-LT), emission-related long-term (PM2.5-LT-emi) and meteorology-

related long-term (PM2.5-LT-met) components over the THB from 2015 to 2019. (b) Meteorologically driven, and non-

meteorologically (emission) driven trends of annual and seasonal PM2.5 concentrations during 2014–2018 for Central China. 

Blue and red bars respectively represent meteorologically driven trends and non-meteorologically (emission) driven trends 

(Chen et al., 2020).  

 

 

Figure S2 (a) Interannual variations in the ratios of MEIC emissions for 2010–2017 compared with satellite- and ground- 

based observations relative to those in 2013 (Zheng et al., 2018), (b) interannual variations in the ratios of annual total emission 

of SO2, NOx and PM relative to those in 2015 averaged over the THB reported by National Bureau of Statistic of China.  

 

1.1 Air pollutant emission inventories  

For anthropogenic pollutant emissions, we used the monthly multi-resolution emission inventory for China (MEIC) 



covering 2013–2017 (http://www.meicmodel.org/, last access: January 18, 2022), which was developed by Tsinghua 

University and has been evaluated by satellite remote sensing and ground based observations (Zheng et al., 2018). This 

inventory considers emissions of sulfur dioxide (SO2), nitrogen oxides (NOx), non-methane volatile organic compounds 

(NMVOCs), ammonia (NH3), carbon monoxide (CO), PM2.5, PM10, black carbon (BC), organic carbon (OC) and carbon 

dioxide (CO2) from power generation, industrial, residential, transportation and agricultural sectors, which has been used in 

modeling studies with a reliability (Gao et al., 2020; Liu et al., 2020). Considering the influence of primary emissions and 

gaseous precursors on PM2.5, we calculated the anthropogenic emissions of SO2, NOx, NH3, PM2.5, BC, OC and other species 

in 2018 and 2019 with quadratic function fitting based on the total emission of 2013–2017 from MEIC.  

 

1.2 WRF-Chem modeling configuration 

The WRF-Chem version 3.9 was employed in this study with two nesting domains with horizontal resolutions of 81 km 

and 27 km cover Asian region and Eastern China (Fig. S3), with 33 vertical layers extending from the surface to 100 hPa. The 

physical parameterizations included the Noah land surface model, Grell 3D cumulus parameterization (Grell et al., 2005), the 

Mesoscale Model (MM5) similarity surface layer, the Yonsei University (YSU) boundary layer scheme (Hong and Noh, 2006), 

the Rapid Radiative Transfer Model (RRTM) longwave scheme (Mlawer et al., 1997), the Goddard shortwave scheme (Chou 

and Suarez, 1998) and the Lin microphysics scheme (Lin et al., 1983). The gas phase chemical mechanism CBMZ (Zaveri and 

Peters, 1999) coupled with the 4-bin sectional MOSAIC model with aqueous chemistry (Zaveri et al., 2008) was adopted. 

Initial and boundary meteorological conditions were driven with the reanalysis meteorological data in the horizontal 

resolutions of 1 °×1 ° obtained from NCEP (https://rda.ucar.edu/datasets/ds083.2/, last access: January 18, 2022).  

http://www.meicmodel.org/
https://rda.ucar.edu/datasets/ds083.2/


 

Figure S3 Two nesting domains d01 and d02 for the WRF-Chem simulation.  

 

1.3 Experiment design  

To evaluate the effect of changes in meteorological conditions and anthropogenic emissions on PM2.5 variations, three 

sets of modeling experiments with WRF-Chem were designed for December from 2015 to 2019 (Table S6): (1) control tests 

(CTRL), simulations with changing meteorology and anthropogenic emissions over 2015–2019, (2) sensitivity tests on 

meteorology (SENS-MET), simulations with changing meteorological conditions and fixed anthropogenic emissions of 2015, 

and (3) sensitivity tests on emissions (SENS-EMI), simulations with changing anthropogenic emissions and fixed 

meteorological conditions of 2015.  

 

Table S6 Settings of WRF-Chem simulation experiments for modeling the effects of changes in meteorological conditions and 

anthropogenic emissions on PM2.5 variations 

 Experiments Descriptions 

Control tests 

(CTRL) 

M15E15 Model run with 2015 meteorology and 2015 emission 

M16E16 Model run with 2016 meteorology and 2016 emission 



M17E17 Model run with 2017 meteorology and 2017 emission 

M18E18 Model run with 2018 meteorology and 2018 emission 

M19E19 Model run with 2019 meteorology and 2019 emission 

Sensitivity tests on 

meteorology 

(SENS-MET) 

M16E15 Model run with 2016 meteorology and 2015 emission 

M17E15 Model run with 2017 meteorology and 2015 emission 

M18E15 Model run with 2018 meteorology and 2015 emission 

M19E15 Model run with 2019 meteorology and 2015 emission 

Sensitivity tests on 

emissions  

(SENS-EMI) 

M15E16 Model run with 2015 meteorology and 2016 emission 

M15E17 Model run with 2015 meteorology and 2017 emission 

M15E18 Model run with 2015 meteorology and 2018 emission 

M15E19 Model run with 2015 meteorology and 2019 emission 

 

1.4 Modeling verification  

The WRF-Chem experiments CTRL simulated meteorological fields, which included relative humidity, wind speed, 

pressure and air temperature were compared with observations at 14 sites over the THB. The correlation coefficients were 

calculated and found to pass the significance level of 0.01, and the normalized standardized deviations were determined to be 

low (Taylor, 2001) (Fig. S4). Based on these results, it was evaluated that the WRF-Chem modeling meteorology was 

reasonably consistent with observations.  



 

Figure S4 A Taylor plot with the normalized standard deviations and correlation coefficients between WRF-Chem simulated 

and observed meteorological fields. The radian of the sector represents the correlation coefficient. The solid line indicates the 

ratio of standard deviation between simulations and observations. The distance from the marker to “REF” reflect the 

normalized root-mean-square error (NRMSE).  

 

Figure S5 shows the daily variations of regional averaged PM2.5 concentrations over the 14 sites in THB for December 

of 2015–2019. The general variations of simulated PM2.5 concentrations were consistent with that of the observed PM2.5 

concentrations. The evaluation results of regional averaged PM2.5 during five simulation periods for 14 sites in the THB were 

listed in Table S7. The simulated PM2.5 concentrations were slightly overestimated with NMBs and NMEs less than 40 % and 

50 % respectively in 5 years. The values of NMBs and NMEs were comparable to other modelling studies (Zhang et al., 2019), 

fell within the “good” or “satisfactory” criteria (Boylan and Russell, 2006; Morris et al., 2005). The high correlation 

coefficients (over 0.50, passing the confidence level of 99 %) indicated the WRF-Chem simulation of experiments CTRL could 

reasonably reproduce the PM2.5 observations, which could be used in the further analysis of emission and meteorological 

impact on PM2.5 change.  

 



 

Figure S5 Daily variations of observed (gray lines) and simulated (blue lines) PM2.5 averaged over the 14 sites in the THB for 

December of (a) 2015, (b) 2016, (c) 2017, (d) 2018, and (e) 2019.  

 

Table S7 Evaluation results for the modeling PM2.5 concentrations with the observations in December from 2015 to 2019. Obs. 

is mean observation; Sim. is mean simulation; r is correlation coefficient; RMSE is root mean square error; MFB is the mean 

fractional bias; MFE is the mean fractional error. 

Year 
Obs. (μg m–3) Sim. (μg m–3) r RMSE MFB(%) MFE(%) 

2015 
85.69 109.86 0.46 47.74 31.90 43.44 

2016 89.47 110.34 0.57 31.16 22.32 26.59 

2017 87.54 93.80 0.63 23.84 8.69 22.17 

2018 69.06 90.88 0.56 36.67 37.38 45.00 

2019 68.70 93.35 0.52 34.34 31.03 
33.61 
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