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Contents of this file 

Sect. S1: site classification methodology 

This study uses the K-means clustering method to partition the DA and VE sites. The procedure is as 

follows. Firstly, k initial cluster centers are randomly chosen, and then each observation site is assigned 

to the cluster closest to its nearest cluster center. After that, the center of each cluster is recalculated, and 

these two steps are repeated until the cluster centers no longer change or the maximum number of 

iterations is reached. The number of clusters is determined using the elbow method, which involves 

plotting the relationship between the number of clusters and the sum of squared errors (SSE) of the 

clustering results (Fig. S1a). The appropriate number of clusters is identified at the inflection point where 

the rate of decrease in SSE slows down (14 clusters are identified in this study). The final site division 

result is shown in Fig. S1b. 

 
Figure S1: The relationship between the number of clusters and the sum of squared errors (a), the site division 

result (b), the red sites for assimilation, and the green sites for spatial independent validation. 

 

Figure S2: Assessment of assimilation interval dependency based on mean absolute error (MAE) (a), root 



mean square error (RMSE) (b), correlation coefficient (CORR) (c) at forecast step. 

 
Figure S3: Scatterplots of the VE site simulations versus the VE site observations with probability density for 

the free-running (FR) field (a1-a5), forecast (FOR) field (b1-b5), and analysis (ANA) field (c1-c5). The stippled 

gray lines represent the 2:1, 1:1, and 1:2 lines, and the solid red line represents the fitting regression line. 

 

Figure S4: Probability distributions of bias between VE site observations and VE site simulations for the free-

running (FR) field (a1-a5), forecast (FOR) field (b1-b5), and analysis (ANA) field (c1-c5). 



 

Figure S5: Spatial distribution of VE site bias for five PM2.5 chemical components from the observation (OBS) 

for the free-running (FR) field (a1-e1), forecast (FOR) field (a2-e2), and analysis (ANA) field (a3-e3). 

 

Figure S6: Spatial distribution of VE site statistical indicators for five PM2.5 chemical components. Panels (a1-

e1) represent the values of RMSE and CORR for the forecast (FOR) field, (a2-e2) same as (a1-e1) but for the 

analysis (ANA) field, (a3-e3) represent the improvement in RMSE and CORR for the forecast (FOR) field, 

and (a4-e4) are the same as (a3-e3) but for the analysis (ANA) field. The size represents the value of RMSE in 

(a1-e2) and the improvement percentage compared to non-assimilation in (a3-e4). 

  



Table S1: The physicochemical process parameterization schemes in NAQPMS. 

Process Scheme Feature Reference 

Advection process 

High precision positive 

definite mass conserving 

difference scheme 

Fixed-grid size, mass 

conserving, stability, 

computational 

accuracy 

(Walcek and Aleksic, 

1998) 

Eddy diffusion Gradient transport theory 
High precision, local K 

theory scheme 

(Byun and Dennis, 

1995) 

Dry deposition Resistance model 

Consideration of 

gravity deposition for 

aerosol 

(Wesely, 2007; Slinn 

and Slinn, 1980) 

Wet scavenging 𝑊𝑎𝑠ℎ =𝑊𝑎𝐶𝑖 
Calculation of gas and 

particulate matter 
\ 

Gas-phase 

chemistry 

Carbon Bond Mechanism 

version Z (CBM-Z) 

71 species and 134 

reactions, lumped 

structure, carbon 

number conservation, 

computational 

efficiency 

(Zaveri and Peters, 

1999) 

Aqueous 

chemistry 

Regional Acid Deposition 

Model version 2 

(RADM2) 

63 species and 157 

reactions, high vertical 

coverage range 

(Stockwell et al., 1990) 

Aerosol 

physicochemical 

process 

Thermodynamic 

equilibrium model 

(ISORROPIA), 

Secondary Organic 

Aerosol Production 

(SOAP) model 

Calculation of 

inorganic aerosol 

fractions and 

secondary organic 

aerosol, respectively 

(Nenes et al., 1998; 

Strader et al., 1999) 

Heterogeneous 

reactions 

The first-order rate 

constant (khet) 

28 reactions, 

simulation of the 

mixing of aerosols 

with anthropogenic 

gases 

(Li et al., 2012) 

Other processes 

Radiative transfer model, 

online emission 

calculation 

Simulation of the 

mixing of aerosols 

with gases, calculation 

of dimethyl sulfide, sea 

salt, and dust 

(Li et al., 2011; Li et al., 

2018; Lana et al., 2011; 

Athanasopoulou et al., 

2008; Wang et al., 2000) 

 

  



Table.S2. Parameterization schemes in WRF. 

Physical processes Parameterization schemes Reference 

Cloud microphysics process Lin scheme (Lin et al., 1983) 

Longwave radiation 
Rapid Radiative Transfer Model 

(RRTM) 
(Mlawer et al., 1997) 

Shortwave radiation Goddard scheme 
(Chou and Suarez, 

1999) 

Planetary boundary layer 

process 
Yonsei University (YSU) scheme (Hong et al., 2006) 

Cumulus convection process Kain-Fritsch scheme 
(Kain and Fritsch, 

1990) 

Land surface processes Noah Land Surface Model (LSM)  (Niu et al., 2011) 

Surface layer scheme MM5 similarity theory scheme 
(Hari Prasad et al., 

2016) 

 

Table S3: The statistical indicators (CORR and RMSE) in the free-running field (FR), forecast field (FOR), 

and analysis field (ANA) at three representative DA sites and three representative VE sites. 

Stations 
FR FOR ANA 

CORR RMSE (µg/m3) CORR RMSE (µg/m3) CORR RMSE (µg/m3) 

DA 

Tianjin 0.66 52.26 0.67 38.78 0.94 22.98 

Langfang 0.61 50.73 0.63 35.15 0.94 14.08 

Jiaozuo 0.48 67.86 0.52 41.19 0.91 11.45 

VE 

Beijing 0.48 58.53 0.46 49.10 0.75 19.57 

Zibo 0.66 73.87 0.64 51.61 0.75 19.80 

Xinxiang 0.49 66.21 0.51 41.18 0.71 22.10 
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