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SI. Model description and configuration 

The WRF-Chem model (Grell et al., 2005), which has been further modified by Li et al. (2010; 2011a; 2011b; 

2012), is employed in the present study. This specific version of the model has been successfully used to examine 

the widespread particulate and O3 pollution in China within recent years (Li et al., 2017a; Wu et al., 2019; Le et 

al., 2020; Wu et al., 2020). To be brief, the Community Multi-scale Air Quality (CMAQ) aerosol module (AERO5) 5 

developed by the US EPA is used for aerosol prediction (Binkowski and Roselle, 2003). For gas-phase simulating, 

the SAPRC-99 mechanism (Statewide Air Pollution Research Centre, version 1999) is incorporated into the model. 

Inorganic aerosols are predicted based on a thermodynamic model: the ISORROPIA Version 1.7 (Nenes et al., 

1998). The secondary organic aerosol (SOA) is calculated using a non-traditional SOA module containing 

volatility basis set (VBS) modeling approach as well as glyoxal and methylglyoxal contributions (Li et al., 2011b). 10 

The Fast Tropospheric Ultraviolet and Visible (FTUV) radiation module is used to calculate the gas-phase species 

photolysis rates with aerosol and cloud effects on photochemistry (Tie et al., 2003; Li et al., 2005). The wet 

deposition follows the method in the CMAQ module, and the surface dry deposition of chemical species is based 

on Wesely (1989), which improves the calculation of bulk surface resistances along three mass transfer pathways. 

The anthropogenic emission inventory utilized in the model is MEIC (Multi-resolution Emission Inventory for 15 

China), which encompasses industrial, agricultural, residential, transportation, and power generation contributions 

and is developed by Li et al. (2017) and Zheng et al. (2018) and further adjusted to 2022 according to observations. 

Biogenic emissions in the WRF-Chem model are online calculated by the Model of Emissions of Gases and 

Aerosols from Nature (MEGAN) Version 2.04 (Guenther et al., 2006). Table S1 provides the model details.   

S2. Statistical methods for validation 20 

Statistical parameters comprising the mean bias (MB), root mean square error (RMSE), and the index of 

agreement (IOA) are applied to validating the model performance of air pollutants simulations.  
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Where N is the number of simulations utilized for evaluation. P#  and O#  represents the predicted and 

observed pollutant concentrations, respectively. O2 denotes the average observations. The MB of zero indicates 
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that model over-predictions and under-predictions exactly cancel each other. For IOA, the value of 0 insinuates 

that there is no relationship; while the IOA of 1 implies a perfect agreement between the observations and 

simulations. 

S3. Model validation 

Considering the key role of meteorological conditions in air pollution simulations, Figure S2 displays diurnal 5 

profiles of the simulated and observed 2-m air temperature, relative humidity, 10-m wind speed and direction at 

Jinghe meteorological site from May to August in 2022. The WRF-Chem model reproduces successfully the 

temporal variations of the temperature, with the IOA valuing 0.99, but slightly overestimates the temperature 

against observations, with the MB of 0.04 oC. The model also performs well in tracking the temporal variations 

of the near-surface RH, with the IOA of 0.95. However, the model is subject to underestimating the RH, with the 10 

MB of -1.80%. The model reasonably simulates temporal variations of the near-surface wind speed and directions 

compared to observations, with the IOA of 0.70 and 0.87, respectively.  

Figure S3 provides the predicted and observed horizontal distributions of PM2.5, O3, NO2 and SO2 

concentrations against the simulated wind fields during warm season (from May to August) of 2022 in the GZB. 

In eastern GZB, the northeasterly wind is prevailing, causing transboundary transport of air pollutants from 15 

outside of the GZB. In middle and western GZB, the wind is weak or disordered generally due to blocking of 

mountains, which is favorable for accumulation of air pollutants. In southern, the prevailing of southerly winds 

could bring BVOCs emissions from the abundant forests in the Qinling mountains, which chemically react with 

anthropogenic emissions in the basin and contribute to the pollution. The simulated PM2.5 and O3 concentrations 

are spatially consistent well with the observations, with high levels in the eastern and central basin and relatively 20 

low concentrations in the western basin. The model well captures the horizontal distribution of SO2 and NO2 

concentrations, which concentrate in urban cores due to their point emissions. Figure S4 depicts the temporal 

variations of simulated and observed near-surface PM2.5, O3, NO2, SO2 and CO concentrations averaged over 

monitoring sites in the GZB from May to August 2022. The model underestimates PM2.5 and NO2 concentrations, 

with MBs of -0.2 μg m-3 and -0.4 μg m-3, respectively. O3 concentrations are slightly overestimated, with MB of 25 

0.1 μg m-3. IOAs of all pollutants range of 0.52-0.72, indicating that the model generally well captures their 

temporal profiles. 

Generally, the simulated criteria pollutant concentrations are generally in good agreement with observations, 
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indicating that the WRF-Chem model is capable of representing major physical and chemical processes and well 

produces the temporal variations associated with synoptic conditions.  
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Table S1: WRF-Chem model configurations. 
 
Region Guanzhong Basin (GZB) 

Simulation period From 01May to 31 August, 2022  

Domain size 150×150 

Domain center 34.25°N, 109°E 

Horizontal resolution 6 km × 6 km 

Vertical resolution 35 vertical levels with a stretched vertical grid with spacing ranging 
from 30m near the surface to 500m at 2.5 km and 1 km above 14 km 

Microphysics scheme WRF Single-Moment six-class graupel scheme (Hong and Lim, 2006) 

Boundary layer scheme Mellor–Yamada–Janjic turbulent kinetic energy scheme (Janjic, 2002) 

Surface layer scheme MYJ surface scheme (Janjic, 2002) 

Land-surface scheme Unified Noah land-surface model (Chen and Dudhia, 2001) 

Longwave radiation scheme Goddard longwave scheme (Chou and Suarez, 2001) 

Shortwave radiation scheme Goddard shortwave scheme (Chou and Suarez, 1999) 

Meteorological boundary and initial 
conditions NCEP 1°×1°reanalysis data 

Chemical initial and boundary 
conditions WACCM 6-h output 

Anthropogenic emission inventory SAPRC-99 chemical mechanism emissions with the base year of 2017. 
(Li et al., 2017; Zheng et al., 2018) 

Biogenic emission inventory MEGAN model developed by Guenther et al. (2006) 

 
 
  5 
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Table S2: Monthly number of MDA8 O3 exceedance days during the warm-season in the GZB from 2014 
to 2024. 
 

Days 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 

May 0 0 2 4 3 2 3 3 3 2 11 

June 0 1 12 12 17 11 4 10 13 10 10 

July 0 1 8 16 3 7 6 7 8 11 3 

August 0 1 2 10 10 4 1 4 3 3 10 

 

  5 
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Table S3：The monthly FNR derived from satellite retrievals averaged in the GZB during warm-seasons 
from 2021 to 2023.  
 

FNR May June July August 

2021 0.90 1.19 1.20 1.61 

2022 0.91 1.31 1.50 1.77 

2023 0.97 1.20 1.43 1.51 

 
  5 
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Table S4: Emission ratio of monthly anthropogenic NOX to VOCs and their sector contributions in the GZB 
during the warm season in 2022. 
 

 May June July August 

Emission Ratio  
(NOX / AVOCs) 

0.34 0.31 0.27 0.30 

 NOX AVOCs NOX AVOCs NOX AVOCs NOX AVOCs 

*Industry (%) 28.84 24.58 22.82 25.74 66.43 69.34 68.90 68.48 

*Power plants (%) 37.31 35.44 34.58 34.09 0.85 0.92 0.84 0.82 

*Transport (%) 24.94 33.16 35.94 32.34 15.85 14.81 15.20 14.30 

*Residential (%) 8.90 6.82 6.65 7.82 16.87 14.93 15.05 16.41 
* denotes the individual's contribution to total emissions from source emissions. 
 5 
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Table S5: Monthly mean concentrations of NOX (ppb), HO·(ppt) and HO2· (ppt) in the areas of the GZB 
and five cities during the warm season in 2022. 
 

 May June July August 
 NOX HO· HO2· NOX HO· HO2· NOX HO· HO2· NOX HO· HO2· 

GZB 18.09 0.23 6.32 14.69 0.32 15.23 12.47 0.35 18.62 11.44 0.3 18.66 
XA 18.9 0.22 7.25 14.22 0.31 17.72 11.35 0.34 21.36 11.08 0.29 20.62 
XY 14.85 0.25 6.59 10.07 0.36 18.89 8.1 0.39 22.61 7.23 0.31 23.34 
WN 33.2 0.16 2.45 32.8 0.24 4.94 29.64 0.24 5.62 24.08 0.26 8.05 
TC 11.83 0.27 4.68 9.05 0.38 11.6 6.62 0.43 16.95 7.45 0.35 16.06 
BJ 10.95 0.26 6.7 10.04 0.35 12.59 9.7 0.4 16.52 9.45 0.32 16.14 

 
 5 
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Figure S1: Emission reduction matrix of NOX and VOCs for O3 sensitivity study. The crosses represent 121 
scenarios with different combinations of NOX and AVOC emission reductions. 
 
 5 
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Figure S2: Temporal variations of predicted (red) and observed (black) (a) temperature at 2 m, (b) relative 
humid at 2 m, (c) wind speed and (d) wind direction at 10 m at Jinghe meteorological monitoring site from 
May to August 2022. The model performance statistic metrics of MB, RMSE and IOA are also shown. 5 
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Figure S3: Pattern comparisons of simulated versus observed average (a) PM2.5, (b) O3, (c) NO2, and (d) 
SO2 concentrations from May to August 2022. Colored circles: observations; color contour: simulations; 
black arrows: simulated near-surface winds.  5 
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Figure S4: Diurnal profiles of measured (black dots) and predicted (red line) (a) PM2.5, (b) O3, (c) NO2, (d) 
SO2, and (e) CO concentrations averaged over all ambient monitoring stations in the GZB from May to 
August 2022. 5 
 
  



 16 

 
 

Figure S5: Interannual variations of monthly mean observed MDA8 O3 concentrations in the GZB during 
warm-seasons of 2014–2024. 
 5 
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Figure S6: Spatial distribution of the satellite-derived formaldehyde-to-NO₂ ratio (FNR) over the GZB 
and surrounding regions. Monthly mean FNR values for the warm seasons (May–August) of (a–d) 2021, 
(e–h) 2022, and (i–l) 2023 are shown. FNR is calculated from tropospheric column densities of HCHO and 5 
NO₂ retrieved by the OMI sensor. According to typical threshold ranges applied in China, FNR values below 
1.0 (blue tones) generally indicate VOCs-limited ozone formation regimes, values between 1.0 and 2.0 
(green-yellow tones) indicate transitional regimes, and values above 2.0 (orange-red tones) indicate NOX-
limited regimes. Data gaps (white areas) are primarily due to cloud cover affecting the satellite retrievals. 
  10 
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Figure S7: MDA8 O3 isopleth profiles (μg m-3) and corresponding MDA8 O3 concentration variations in urban 
areas of the GZB during high-O3 pollution episodes in 2022, with aerosol-radiation effects and heterogeneous 
uptake of HO2 radicals on wet aerosol surfaces associated with aerosol variations excluded. Panels (a) and (e) 5 
show results for May, (b) and (f) for June, (c) and (g) for July, and (d) and (h) for August. 
 
 


