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Section S1 The representativeness of the observation periods 

 The measurement was conducted from 26 April to 22 May, 2019 and 15 June to 25 June, 2019, and can be representative 

of the pre-monsoon season and monsoon season, respectively.  

 Firstly, the intensity of Indian Summer Monsoon during the two measurements periods can represent that in the whole 

pre-monsoon and monsoon seasons, respectively. The intensity of Indian Summer Monsoon is an important indicator to 

distinguish the monsoon season. Here the intensity of Indian Summer Monsoon (ISM) was indicated by the ISM Index, which 

are defined by the negative outgoing longwave radiation anomalies (with respect to the climatological annual cycle) averaged 

over the Bay of Bengal–India region (10°–25°N, 70°–100°E) (Wang and Fan, 1999). As shown in Fig. S1, the measurement 

periods (green boxes) were in the pre-monsoon season (March-May) and monsoon season (June-September), respectively. 

And the IMS index during the two measurements periods were equivalent to those of the whole pre-monsoon season (average: 

-19.5 vs -20.7 W m-2) and monsoon season (average: 27.0 vs 26.3 W m-2), respectively.  

 Secondary, the characteristics of meteorology and atmospheric pollutants in the two measurements periods was generally 

in agreement with the previous long-term studies at Nam Co station and other sites in the Tibetan Plateau (TP) (Yin et al., 

2017; Cong et al., 2015; Bonasoni et al., 2010; Xu et al., 2018). That is, the characteristics of meteorology (temperature, WS 

and RH) and atmospheric pollutants (PM, BC and ozone) in the two measurements periods were matched with those in the 

whole pre-monsoon and monsoon season at Nam Co station and other sites in the TP.  

 Therefore, the two observation periods are representative in the seasonal characteristics in pre-monsoon season and 

monsoon season, respectively. 

 

Figure S1. The Indian Summer Monsoon (ISM) Index in 2019. The measurements periods are marked by the green boxes. 

 



Section S2 Model simulation 

Model Configurations 

 The meteorological conditions were simulated using the Weather Research and Forecasting (WRF) (version 4.2.1) model 

with the FNL reanalysis dataset. The 6 h FNL data were obtained from the U.S. National Centre for Atmospheric Research 

(NCAR), with a spatial resolution of 1.0° × 1.0° (http://rda.ucar.edu/datasets/ds083.2/, last accessed on 28 April 2022). The 

physical parameterizations used in this study are the Thompson microphysical process, RRTMG longwave/shortwave 

radiation scheme; Noah land-surface scheme; MYJ boundary layer scheme; and modified Tiedtke cumulus parameterization 

scheme. The detailed configuration settings could be found in the works of Hu et al. (2016), Mao et al. (2022), Wang et al. 

(2021). 

 The Community Multiscale Air Quality version 5.3.2 (CMAQv5.3.2) model, being one of the three-dimensional 

chemical transport models (CTMs) (Appel et al., 2021), configured with the gas-phase mechanism of SAPRC07tic and the 

aerosol module of AERO6i, was employed in this study to simulate the air quality over Tibet from 24 April to 24 May and 13 

June to 27 June in 2019, which contains the observation period. Air quality simulations were performed with a horizontal 

resolution of 12 km. The corresponding domain covered Tibet and the surrounding countries and regions with 166 × 166 grids 

(Fig. S2), with the 18 layers in vertical resolution. The initial and boundary conditions were provided by the default profiles. 

The simulated results of the first two days were not included in the model analysis, which served as a spin-up and reduced 

the effects of the initial conditions on the simulated results. 

Model Evaluation 

 Previous studies have investigated the impacts of meteorological conditions on the formation, transportation, and 

dissipation of air pollutants (Hu et al., 2016; Hua et al., 2021; Mao et al., 2022; Sulaymon et al., 2021b; Sulaymon et al., 

2021a). Therefore, the evaluation of the WRF model performance was carried out before the usage of its meteorological fields 

in the CMAQ simulations. The evaluation of the WRF model was achieved by comparing the predicted wind speed (WS, 

m/s), wind direction (WD, ) at 10 m above the surface, RH (%) and temperature (T, ℃) to the observed values. Fig. S3 

showed that WS was well simulated both in pre-monsoon and monsoon seasons. WD was well simulated in pre-monsoon 

season, and there seems to be some deviation in the simulation of north wind in monsoon season. The main reason about the 

deviation in WD may be due to the poor terrain and complicated weather conditions. Nevertheless, both simulations and 

measurements showed more frequent southerly winds during monsoon season. RH and temperature were well simulated in 

the whole periods (Fig. S4). The good model performance with the statistical metrics of WS, RH and temperature meeting the 

suggested benchmarks are shown in Table S1. Generally, the simulated meteorological fields were qualitied and can be further 

utilized in driving the CMAQ model 

 Fig. S5 shows the comparison of simulated hourly mean concentration about PM, O3 and VOC in observation site, which 

were simulated by CMAQ. The statistical indices used in evaluating the CMAQ model are present in Table S2. It can be seen 



that PM and O3 meet the suggested benchmarks, which reflect the good model performance. The observed VOC and predicted 

VOC in pre-monsoon season were compared to examine the model performance. The benchmarks for VOC had not been 

reported, but the MFB (mean fractional bias) and MFE (mean fractional error) values are within the range reported in previous 

VOC modelling result (Hu et al., 2017). The correlation coefficient (R) between simulated and observed VOC is 0.41, which 

reflected that the model can fairly simulate the variation of VOC concentration. It should be noted that VOC was 

underpredicted on the whole, which may due to the uncertainty of the emission inventory.  

 The comparison between simulated and observed SO2 at Mt. Yulong on the southern TP is shown in Fig. S6, which helps 

to validate the model performance. As shown in Table S2, the statistical metrics of NMB (normalized mean bias) and NME 

(normalized mean error) values are within the range reported in previous SO2 modelling result (Mao et al., 2022). The 

correlation coefficient (R) between simulated and observed SO2 is 0.44, which reflected that the model can fairly simulate the 

variation of SO2 concentration in Tibet. 

 

 

Figure S2. WRF/CMAQ modeling domain 

 

 



 

Figure S3. Comparison of simulated (in red dot-line) and observed (in blue dot) wind direction (WD, ) and wind speed (WS, 

m/s). Observed is 10 minutes mean data. Simulated is hourly mean data. 

 

 

Figure S4. Comparison of simulated and observed RH (%) and temperature (T, ℃). RH and temperature are hourly mean 

data. 

 



 

Figure S5. Comparison of simulated and observed PM (µg/m3), O3 (ppb) and VOC (ppb). PM, O3 and VOC are hourly mean 

concentration.  

 

 

Figure S6. Comparison of simulated and observed SO2 (ppb) at Mt. Yulong. SO2 is hourly mean concentration. 

 

Table S1. Model performance of meteorological factors at Nam Co station 

 WS RH T 

 MB ME RMSE R MB ME RMSE R MB ME RMSE R 

Statistic 0.42 0.87 1.20 0.51 -1.38 12.20 16.30 0.67 0.07 1.85 2.43 0.89 

Benchmarks ≤±0.5 ≤2.0 ≤2.0      ≤±0.5 ≤2.0   

MB: mean bias; ME: mean error; RMSE: root mean square error; R: correlation coefficient. The benchmarks were suggested 

by Boylan and Russell (2006). 

 

 



Table S2. Model performance of the air pollutants at Nam Co station 

 PM1 O3 VOC SO2
a 

 MFB MFE R NMB NME R MFB MFE R NMB NME R 

Statistic 0.49 0.50 0.72 0.14 0.23 0.51 -0.47 0.49 0.41 -0.44 0.50 0.44 

Benchmarks <±0.6 <0.75 >0.4 <±0.15 <0.35 >0.5       

References       <±0.77 <0.74  <±4.38 <±4.38 
0.25-

0.79 

NMB: normalized mean bias; NME: normalized mean error; R: correlation coefficient; MFB: mean fractional bias; MFE: 

mean fractional error. The benchmarks for PM and O3 were suggested by Emery et al. (2017) and Boylan and Russell (2006), 

respectively. The references for VOC and SO2 were from Hu et al. (2017) and Mao et al. (2022), respectively. 

a The statistical metrics for evaluating SO2 simulation at Mt. Yulong on the southern TP 

 

 

 

Figure S7. Relationship between SO2 and BC at Mt. Yulong in 2015. The correlation coefficient R is 0.79. 

 

 



 

Figure S8. Relationship between modelled SO2 and BC at Nam Co station. The correlation coefficient R is 0.58. 

 

 

 

Figure S9. Typical particle number size distributions of (a) a NPF day (23 June, 2019), (b) an undefined day (24 June, 

2019), and (c) a non-event day (15 May, 2019).  

 



 

Figure S10. Comparison in frequency distributions of (a) temperature, (b) RH, (c) H2O and (d) WS at Nam Co station in pre-

monsoon and monsoon seasons. 

 

 

 



 

Figure S11. Wind rose plots in (a) pre-monsoon and (b) monsoon seasons. The length of each spoke on the circle represents 

the probability of wind coming from a particular direction at a certain range of wind speed. 

 

 

 

 

 

 

 

Figure S12. The frequencies of the 48 h back trajectories of air masses arriving at Nam Co station from different directions 

during (a) pre-monsoon and (b) monsoon seasons.  

 

 

 

 



 

Figure S13. Comparison in frequency distributions of (a) PM0.8, (b) BC, (c) O3 and (d) CO at Nam Co station in pre-monsoon 

and monsoon seasons. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S14. Model spatial distribution of SO2 in (a) non-event days, (b) NPF-pre days, and (c) NPF-monsoon days. The star 

is Nam Co station.  

 

 

Figure S15. Diurnal variations of concentration of (a) tolunene, (b) styrene and (c) trimethylbenzene in NPF-pre days and 

non-event days. The upper and lower bars indicate the 75th and 25th percentiles, the markers are the average values. 



 

Figure S16. Wind rose plots of (a) non-event days, (b) NPF-pre days and (c) NPF-monsoon days. The length of each spoke 

on the circle represents the probability of wind coming from a particular direction at a certain range of wind speed. 

 

 

 

Figure S17. Model spatial distribution of wind field at 12:00 in (a) 8 May, 2019 (non-event day), (b) 5 May, 2019 (NPF-pre 

day), and (c) 17 June, 2019 (NPF-monsoon day), The star is Nam Co station.  

 

 

 



 

Figure S18. Determination of the aerosol production in 17 June, 2019. Time series of (a) PNSDs, and (b) the number 

concentrations of nucleation mode particles (PNNuc), Aitken mode particles (PNAit), accumulation mode particles (PNAcc), the 

total particles (PNTot), CCN at 𝑆𝑐 of 0.6% (CCN_0.6%) and 1.2% (CCN_1.2%) in 17 June, 2019. Ninit and Nmax denote, for 

each mode, the amount from which aerosol production are calculated.  
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