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Supplementary Information Text 

1 GEOS-Chem simulations 

1.1 Detailed GEOS-Chem description 

The simulations of tropospheric ozone were carried out with the nested-grid version of the 

GEOS-Chem model with a horizontal resolution of 0.5° × 0.625° (version 11-02, http://geos-

chem.org) (1), driven by the assimilated meteorological data of MERRA-2. The nested domain is 

set over Asia (60°–150°E, 10°S–55°N), and chemical boundary conditions are updated every 3 h 

from a global simulation with 4° × 5° resolution. The GEOS-Chem model includes fully coupled 

ozone-NOx-VOC-halogen-aerosol chemistry (2) with up-to-date chemical rate constants from JPL 

Publication 15-10. The impact of aerosols on gas-phase chemistry in GEOS-Chem is through the 

effect of aerosol extinction on photolysis rates (3) and through heterogeneous processes (4). 

Heterogeneous processes include N2O5 uptake by aerosols from Evans and Jacob (5), the 

absorption of NO3 and NO2 on wet aerosols (4), and HO2 uptake with a reactive uptake 

coefficient of 0.2 for conversion to H2O (4, 6).  

Emissions in GEOS-Chem model are computed by the Harvard-NASA Emission Component 

(HEMCO), as introduced by Keller et al. (7). Global default anthropogenic emissions are from 

the CEDS (Community Emissions Data System, 8). They are overwritten by MEIC (Multi-

resolution Emission Inventory for China) in China and by MIX in other regions of Asia (9). Open 

fire emissions are from the Global Fire Emissions Database (GFED4) (10). Natural emissions of 

ozone precursors, including NOx from lighting and soil and VOCs from vegetation, are calculated 

on the basis of the assimilated MERRA-2 meteorology. The biogenic emissions of VOC are 

calculated according to the Model of Emissions of Gases and Aerosols from Nature (MEGAN-2; 

11).  

1.2 Evaluation of GEOS-Chem simulation 

The capability of the GEOS-Chem model to simulate surface ozone over China has been 

evaluated using ground-level measurements (12–14), aircraft (15,16), ozonesonde data (16), and 

satellites (17). Here we evaluate the GEOS-Chem simulation with the China Ministry of Ecology 

and Environment (MEE) surface measurement network used in this work. Fig. S2 shows the 

comparison for 2017. MDA8 ozone over China has an average value of 58.5±15.4 ppb in the 

observations and 63.0±14.8 ppbv in the model. The spatial pattern of summertime ozone is well 

captured, with a correlation coefficient of 0.89. For PM2.5, observed and simulated values have an 

average of 27.2±10.8, and 28.7±16.8 µg m-3, respectively, with a correlation coefficient of 0.70. 

 



 
 

3 
 

1.3 Sensitivity simulations 

To identify the driving factors of the ozone trend, we performed a set of sensitivity simulations 

using the GEOS-Chem model (Table S4). We conducted a control run simulation with 2013 

MEIC emissions and 2013 MERRA-2 meteorology (CTRL) and a set of sensitivity runs:  

(1) The same as the CTRL simulation except Chinese anthropogenic NOx and VOC emissions are   

set to 2017. (Run_NOx_VOC);  

(2) The same as the CTRL simulation except Chinese anthropogenic NOx emissions are set to 

2017 (Run_NOx);  

(3) The same as the CTRL simulation except simulated aerosol extinction (AOD) is scaled to 

2017 using satellite-based AOD changes in the calculation of photolysis rates and simulated 

aerosol surface area is scaled to 2017 using measurement-based PM2.5 changes in the 

calculation of heterogeneous reactions (Run_Hete_All);  

(4) The same as the Run_Hete_All simulation except measurement-based PM2.5 changes are not 

applied in the calculation of aerosol chemistry reactions for N2O5 (Run_Hete_N2O5); 

(5) The same as the Run_Hete_All simulation except measurement-based PM2.5 changes are not 

applied in the calculation of aerosol chemistry reactions for NO2/NO3 (Run_Hete_NOx); 

(6) The same as the Run_Hete_All simulation except measurement-based PM2.5 changes are not 

applied in the calculation of aerosol chemistry reactions for HO2 (Run_Hete_HO2); 

(7) The same as the CTRL simulation except simulated aerosol extinction (AOD) is scaled to 

2017 using satellite-based AOD changes in the calculation of photolysis rates and 

(Run_AOD).  

(8) The same as the Run_Hete_HO2 simulation except product of HO2 uptake by aerosol changed 

from H2O to H2O2. (Run_Hete_HO2_H2O2).  

The effect of aerosol chemistry in the sensitivity simulation is estimated using changes in 

measured PM2.5 concentrations from 2013 to 2017 that are applied as scaling factors to simulated 

aerosol surface area in the boundary layer below 1.3 km. The effect of changing AOD on 

photolysis rates is estimated using observed changes in AOD from 2013 to 2017 applied as 

scaling factors to simulated AOD in the calculation of photolysis rate through the tropospheric 

column. All simulations were performed for the period of 1 June to 31 August of meteorological 

year 2013 after a one-month model spin up. 

2 Attribution of anthropogenic drivers in ozone trend 

The roles of changing emissions of ozone precursors (NOx and VOC) are quantified by 

simulations of Run_NOx_VOC and Run_NOx. The role of aerosol chemistry is estimated by 
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simulations of Run_Hete_All, Run_Hete_N2O5, Run_Hete_NOx, and Run_Hete_HO2. The effect 

of aerosols on photolysis rates is estimated by Run_AOD. Fig. S7 shows the measured and 

simulated 2013–2017 anthropogenic trends (ppbv a-1) for the representative cities in the four 

focus megacity clusters, including the effects from individual model processes. The observed 

trends are for the residuals after removing the effect of meteorological variability (Fig. 3), and are 

for a single 0.5° × 0.625° grid cell representative of the urban core (to avoid averaging effects 

between grid cells). 
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Fig. S1. Top: summer mean PM2.5 concentrations (µg m-3) (A) and MODIS aerosol optical depth 
(AOD) (B) during 2013–2017. Bottom: changes in summer mean PM2.5 concentrations (µg m-3) 
(C) and MODIS aerosol optical depth (AOD) (D) from 2013 to 2017. Changes in PM2.5 
concentrations are applied to aerosol surface area in the lower atmosphere (1st-10th model level, 
i.e., below 1.3 km) in the calculation of heterogeneous reactions by aerosols. Changes in AOD are 
applied to the calculation of photolysis rate through tropospheric column. Hourly surface PM2.5 
concentrations for 2013–2017 were obtained from the MEE surface observation network. The 
MODIS AOD is based on the monthly level-3 product (MYD08_M3) from the Aqua satellite at 
550 nm with a resolution of 1° × 1°. 
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Fig. S2. Comparison of simulated (contour) and observed (dotted) MDA8 ozone (top) and PM2.5 
(bottom) in summer of 2017. The observed and simulated ozone concentration have an average of 
58.5±15.4 and 63.0±14.8 ppbv, respectively, and a correlation coefficient of 0.89. For PM2.5, 
observed and simulated values have an average of 27.2±10.8, and 28.7±16.8 µg m-3, respectively, 
and a correlation coefficient of 0.70. 

 
 
 

 



 
 

7 
 

 
 

Fig. S3. 2013–2017 changes in anthropogenic emissions estimated from the MEIC inventory. 
Changes of NOx emissions (Gg NOx/grid cell) (A) and VOC emissions (Gg C/grid cell) (B) in 
summer between 2017 and 2013. The grid cells are 0.5° × 0.666°. 
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Fig. S4.  Effects of 2013–2017 anthropogenic NOx emission changes on summer MDA8 ozone. 
The Figure shows GEOS-Chem model results for the changes in MDA8 ozone resulting from 
2013–2017 changes in NOx emissions alone. 
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Fig. S5.  GEOS-Chem simulated relative contributions of major loss pathways to the total HOx 
sink over northern China (100°–120°E, 34°–42°N, left) and southern China (100°–120°E, 22°–
30°N, right) in summer 2016. MO2 refers to the methylperoxy radical (CH3O2) and RO2 refers to 
all other organic peroxy radicals. 
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Fig. S6. Simulated effects on mean summer MDA8 ozone when the product of HO2 uptake by 
aerosols is taken to be H2O (left) or H2O2 (right), as determined by difference between 
corresponding GEOS-Chem simulations for 2013 (see Table S4).  
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Fig. S7. Measured and simulated 2013–2017 anthropogenic ozone trends (ppbv a-1) for 
representative cities in the four focus megacity clusters, including the effects from individual 
model processes. The observed trends are for the residuals after removing the effect of 
meteorological variability (Fig. 3), and for single 0.5° × 0.625° grid cells in the urban core.  
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Fig. S8. Correlation coefficients between MERRA-2 and weather station measurements of  daily 
maximum temperature (Tmax, left) and daily mean relative humidity (RH, right) during the 
2013–2017 summers. A total of 839 Chinese weather stations with continuous records from the 
China National Meteorological Information Center (NMIC; http://data.cma.cn/en) are used, with 
data averaged onto the 0.5° latitude × 0.625° longitude MERRA-2 grid. 
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Fig. S9. Correlation coefficients of daily MDA8 ozone and meteorological variables for 2013–
2017 summers. Only correlation coefficients that are statistically significant at 95% confidence 
level are shown. See details for variables in Table S3. 
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Fig. S9. Continued. 
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Table S1. Statistics for observed ozone trends (ppbv a-1) during 2013–2017a. 

Region number of 
sites 

Average Median Maximum Minimum 

BTH 13 3.11 2.97 5.25 0.20 
YRD 22 2.29 1.64 10.2 -2.88 
PRD 12 0.56 0.74 3.99 -1.82 
SCB 14 1.63 1.25 6.72 -0.65 
a Trends for the ensemble of sites in the four megacity clusters of Fig. 1. 
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Table S2. Percentage changes (%) of emissions and PM2.5 concentrations from 2013 to 
2017.a  

Region NOx VOC SO2 OC BC         PM2.5 
BTH –23 +6.7 –66 –46 –39 –41 
YRD –21 +8.2 –67 –35 –26 –36 
PRD –16 +3.7 –45 –32 –19 –12 
SCB 

China 
–17 
–21 

+5.8 
+2.0 

–67 
–59 

–32 
–32 

–31 
–28 

–39 
–40 

aAnthropogenic emission trends of NOx, VOC, SO2, organic carbon aerosol (OC), and black 
carbon aerosol (BC) are estimated from the MEIC inventory (18). PM2.5 trends from the MEE 
surface observation network. 
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Table S3. Meteorological fields considered as possible ozone covariates. 

aTemporal resolution is one-hour. 
bTemporal resolution is three-hour. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MERRA-2 surface variablesa MERRA-2 surface variablesa 

Acronym Description Acronym Description 

T2 2-m air temperature (K) PBLH.daytime planetary boundary layer height 
averaged over 08:00 to 16:00 LT (m) 

Tmax daily maximum 2-m air temperature 
(K) 

TCC total cloud area fraction (100%) 

U10 10-m zonal wind (m s-1) TCC.daytime total cloud area fraction averaged over 
08:00 to 16:00 LT (%) 

U10.daytime 10-m zonal wind averaged over 
08:00 to 16:00 LT (m s-1) 

Rainfall total precipitation (mm d-1) 

V10 10-m meridional wind (m s-1) SLP sea level pressure (Pa) 

V10.daytime 10-m zonal wind averaged over 
08:00 to 16:00 LT (m s-1) 

Shortwave@surface  surface incoming shortwave flux  

(W m-2) 

PBLH planetary boundary layer height (m)   

MERRA-2 variables at pressure level (1000 hPa, 850 hPa, and 500 hPa)b 

U zonal wind (m s-1) Omega vertical pressure velocity (Pa s-1) 

V meridional wind (m s-1) RH relative humidity (100%) 
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Table S4. GEOS-Chem sensitivity simulations 

Simulation NOx  VOC  Aerosol chemistry Photolysis rates 
CTRL 2013 2013 YES YES 
Run_NOx_VOC 2017 2017 same as CTRL same as CTRL 
Run_NOx 2017 2013 same as CTRL same as CTRL 
Run_Hete_All 2013 2013 scaled by PM2.5 changes for  

all aerosol chemistry 
scaled by AOD change 

Run_Hete_N2O5 2013 2013 scaled by PM2.5 changes only  
for NO2/NO3 and HO2 

scaled by AOD change 

Run_Hete_NOx 2013 2013 scaled by PM2.5 changes only  
for N2O5/HO2 

scaled by AOD change 

Run_Hete_HO2 
 

2013 
 

2013 
 

scaled by PM2.5 changes only  
for N2O5/NO2/NO3 

scaled by AOD change  
 

Run_AOD 2013 
 

2013 
 

same as CTRL 
 

scaled by AOD change 
 Run_Hete_HO2_H2O2 2013 2013 same as Run_Hete_HO2 

but with H2O2 being HO2 uptake product 
scaled by AOD change 
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