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Supporting Information Section 17	

 18	

The supporting information (SI) provides description about the WRF-CHEM model 19	

configuration, methodology, synoptic conditions, and model evaluations during the study 20	

episode. 21	

 22	

Section SI-1 WRF-CHEM Model and Configuration 23	

SI-1.1 WRF-CHEM Model  24	

The WRF-CHEM used in this study includes a new flexible gas phase chemical module 25	

and the CMAQ aerosol module developed by US EPA (Li et al., 2010; Binkowski and 26	

Roselle, 2003). The wet deposition employs the method used in the CMAQ and the surface 27	

deposition of chemical species is parameterized following Wesely (1989). The photolysis 28	

rates are calculated using the FTUV (Li et al., 2005, 2011a), considering the effects of 29	

aerosols and clouds on photolysis.  30	

The simulation of inorganic aerosols in the WRF-CHEM model adopts the ISORROPIA 31	

Version 1.7 (Nenes et al., 1998). The secondary organic aerosol (SOA) formation is 32	

calculated using a non-traditional SOA module. The volatility basis-set (VBS) modeling 33	

method applied in the module assumes that primary organic components are semi-volatile 34	

and photochemically reactive and are distributed in logarithmically spaced volatility bins. 35	

Detailed information about the volatility basis-set approach can be found in Li et al (2011b). 36	

The SOA formation from glyoxal and methylglyoxal is also parameterized as a first-order 37	

irreversible uptake by aerosol particles and cloud droplets.  38	

SI-1.2 Model Configuration 39	

The physical parameterizations include the microphysics scheme of Hong et al (Hong 40	

and Lim, 2006), the Mellor, Yamada, and Janjic (MYJ) turbulent kinetic energy (TKE) 41	
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planetary boundary layer scheme (Janjić, 2002), the Unified Noah land-surface model (Chen 42	

and Dudhia, 2001), the Goddard longwave radiation scheme (Chou and Suarez, 2001) and the 43	

Goddard shortwave parameterization (Chou and Suarez, 1999). The NCEP 1° × 1° reanalysis 44	

data are used to obtain the meteorological initial and boundary conditions, and the 45	

meteorology has been nudged in the model simulation. The chemical initial and boundary 46	

conditions are interpolated from the 6h output of MOZART (Horowitz et al., 2003). The 47	

spin-up time of the WRF-CHEM model is 28 hours. The SAPRC-99 (Statewide Air Pollution 48	

Research Center, version 1999) chemical mechanism is used in the present study. The 49	

anthropogenic emissions are developed by Zhang et al. (2009), including contributions from 50	

agriculture, industry, power generation, residential, and transportation sources. The biogenic 51	

emissions are calculated online using the MEGAN (Model of Emissions of Gases and 52	

Aerosol from Nature) model developed by Guenther et al (2006). 53	

 54	

Section SI-2 Methodology 55	

SI-2.1 Factor Separation Approach 56	

The formation of the secondary atmospheric pollutant, such as O3, secondary organic 57	

aerosol, and nitrate, is a complicated nonlinear process in which its precursors from various 58	

emission sources and transport react chemically or reach equilibrium thermodynamically. 59	

Nevertheless, it is not straightforward to evaluate the contributions from different factors in a 60	

nonlinear process. The factor separation approach (FSA) proposed by Stein and Alpert (1993) 61	

can be used to isolate the effect of one single factor from a nonlinear process and has been 62	

widely used to evaluate source effects (Gabusi et al., 2008; Weinroth et al., 2008; Carnevale 63	

et al., 2010; Li et al., 2014a). The total effect of one factor in the presence of others can be 64	

decomposed into contributions from the factor and that from the interactions of all those 65	

factors. 66	
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Suppose that field 𝒇 depends on a factor 𝝋: 67	

𝒇 = 𝒇(𝝋)  68	

The FSA decomposes function 𝒇(𝝋) into a constant part that does not depend on 𝝋 (𝒇(𝟎)) 69	

and a 𝝋-depending component (𝒇'(𝝋)), as follows: 70	

𝒇' 𝟎 = 𝒇 𝟎   71	

𝒇'(𝝋) = 𝒇(𝝋) − 𝒇(𝟎)  72	

Considering that there are two factors X and Y that influence the formation of secondary 73	

pollutants in the atmosphere and also interact with each other. Denoting 𝒇𝑿𝒀, 𝒇𝑿, 𝒇𝒀, and 74	

𝒇𝟎 as the simulations including both of two factors, factor X only, factor Y only, and none of 75	

the two factors, respectively. The contributions of factor X and Y can be isolated as follows: 76	

𝒇𝑿' = 𝒇𝑿 − 𝒇𝟎  77	

𝒇𝒀' = 𝒇𝒀 − 𝒇𝟎  78	

Note that term 𝒇𝑿(𝒀)'  represents the impacts of factor X(Y), while 𝒇𝟎  is the term 79	

independent of factors X and Y. 80	

The simulation including both factors X and Y is given by: 81	

𝒇𝑿𝒀 = 𝒇𝟎 + 𝒇𝑿' + 𝒇𝒀' + 𝒇𝑿𝒀'   82	

The mutual interaction between X and Y can be expressed as: 83	

𝒇𝑿𝒀' = 𝒇𝑿𝒀 − 𝒇𝟎 − 𝒇𝑿' − 𝒇𝒀' = 𝒇𝑿𝒀 − 𝒇𝑿 − 𝒇𝟎 − 𝒇𝒀 − 𝒇𝟎 − 𝒇𝟎 = 𝒇𝑿𝒀 − 𝒇𝑿 − 𝒇𝒀 +84	

𝒇𝟎  85	

The above equation shows that the study needs four simulations, 𝒇𝑿𝒀,	𝒇𝑿,	𝒇𝒀 and 𝒇𝟎, 86	

to evaluate the contributions of two factors and their synergistic interactions. 87	

SI-2.2 Statistical metrics for observation-model comparisons 88	

In the present study, the mean bias (MB), root mean square error (RMSE) and the index 89	

of agreement (IOA) are used as indicators to evaluate the performance of WRF-CEHM model 90	

in simulation against measurements. IOA describes the relative difference between the model 91	
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and observation, ranging from 0 to 1, with 1 indicating perfect agreement. 92	

𝑴𝑩 = 𝟏
𝑵

𝑷𝒊 − 𝑶𝒊𝑵
𝒊4𝟏   93	

𝑹𝑴𝑺𝑬 = 𝟏
𝑵

𝑷𝒊 − 𝑶𝒊 𝟐𝑵
𝒊4𝟏

𝟏
𝟐  94	

𝑰𝑶𝑨 = 𝟏 − 𝑷𝒊;𝑶𝒊 𝟐𝑵
𝒊<𝟏
𝑷𝒊;𝑶 = 𝑶𝒊;𝑶 𝟐𝑵

𝒊<𝟏
  95	

Where 𝑷𝒊 and 𝑶𝒊 are the predicted and observed pollutant concentrations, respectively. N is 96	

the total number of the predictions used for comparisons, and 𝑷 and 𝑶 represents the 97	

average of the prediction and observation, respectively. 98	

 99	

Section SI-3 Synoptic patterns During the Study Episode  100	

Figure S3 presents the mean geopotential heights with wind fields at 500 hPa from 23 to 101	

28 May 2015. In May, the main part of the subtropical high at 500 hPa is located in the 102	

western Pacific, with its ridgeline moving around the south of China (Chang et al., 2000; Sui 103	

et al., 2007; Jiang et al., 2011). On 23 May 2015, a shallow trough was located between 104	

120°E and 130°E, with the west-northwest wind prevailing over the NCP and its 105	

surroundings (Figure S3a). On 24 and 25 May 2015, the high-level trough intensified and 106	

moved to the east, the NCP was located behind the trough, and prevailing northwest winds 107	

dominate over the NCP (Figures S4b-c). From 26 to 28 May 2015, another weak trough was 108	

formed in the westerly wind zone and gradually intensified, moving from 120°E to 130°E. In 109	

general, during the study episode, the NCP and its surroundings were located behind the 110	

trough and northwest and west flows were prevailing across the region.  111	

Figure S4 shows the variations of the daily mean sea level pressure and wind fields from 112	

23 to 28 May 2015. During the study episode, eastern China was influenced by the high 113	

pressure whose center was located in the Yellow Sea, which was caused by the high-level 114	

trough. With the warm and humid flow induced by the Asian summer monsoon, rainstorms 115	
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began to occur in the Pearl River Delta and Yangtze River Delta. The air quality in the NCP, 116	

NEC, and NWC was barely influenced by the precipitation during the episode. From 23 to 25 117	

May 2015, when the NCP and its surroundings were located behind the high-level trough, 118	

most of the NCP and NWC regions were controlled by high pressures centering in the Yellow 119	

Sea. The high pressure system was conductive to the accumulation of air pollutants, 120	

increasing the O3 and PM2.5 levels in the NCP. Meanwhile, the low pressure system was 121	

stationed on the north of China. The Liaoning and Jilin provinces were located in the foreside 122	

of the low pressure system, and the prevailing southwest wind facilitated the transport of air 123	

pollutants from southwest to northeast. From 26 to 28 May, with the eastward movement of 124	

the high-level trough, the surface high pressure weather system began to be stagnant over 125	

eastern China, and most of the NCP regions were sandwiched between the high pressure 126	

located over the Yellow Sea and the deep low pressure lying in the north-south direction 127	

across Inner Mongolia and southern China. The resultant prevailing southeast and southwest 128	

winds were favorable for the air pollutants transport from the NCP to the NWC and NEC. In 129	

summary, under the effects of the low pressure in the continent and the high pressure over the 130	

Yellow Sea, the prevailing southeast or southwest winds over the NCP and its surroundings 131	

are expected to transport air pollutants from the NCP to the NEC and NWC. 132	

 133	

Section SI-4 Evaluations of PM2.5, O3 and NO2 Simulations in Northern China 134	

The model generally reproduces the variations of PM2.5, O3 and NO2 concentrations in 135	

Northern China, but the model biases still exist. To further evaluate the model performance, 136	

Table S1 shows the statistical comparisons of simulated and measured PM2.5 concentrations 137	

of 13 provinces over NCP, NEC and NWC of China. Over the NCP, the model simulations in 138	

Hebei, Henan and Shandong are much better than the other provinces, with IOAs of 0.87, 0.80 139	

and 0.85, respectively. The obvious overestimations of PM2.5 concentration occur in Beijing, 140	
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Tianjin and Jiangsu, with MB of 10.3 µg m-3, 10.7 µg m-3 and 10.4 µg m-3, respectively. The 141	

model bias in Beijing is likely attributed to the trans-boundary transport (Wu et al., 2017). 142	

The overestimation in Tianjin and Jiangsu might be caused by the marine cloud and the 143	

convections, which can not be well resolved in the WRF-CHEM model simulations. The 144	

underestimation generally occurs in Anhui province, particular during the last three days, 145	

which is perhaps caused by uncertainties of the biomass burning emission. Over the NEC, the 146	

PM2.5 concentrations in the four provinces are generally influenced by the trans-boundary 147	

transport from the NCP when southerly winds are prevailing. So the uncertainties of wind 148	

field simulations are one of the most important reasons for the model biases in modeling 149	

PM2.5 concentrations in the NEC (Bei et al., 2010, 2016a, b). The model performs well in 150	

simulating the PM2.5 concentration in Shanxi province in the NWC, with IOA and MB of 0.87 151	

and -1.5 µg m-3, respectively, but the overestimation occurs in Shaanxi province, with IOA 152	

and MB of 0.61 and 8.2 µg m-3, possibly caused by the uncertainty of wind field simulations 153	

and the emission inventory. 154	

Table S2 shows the statistical comparison of simulated and observed O3 concentrations 155	

of 13 provinces in Northern China. The IOAs of 7 provinces in the NCP are generally more 156	

than 0.90, except the Anhui Province, indicating the good model performance in the NCP, 157	

but the model is subject to underestimation, particular in Beijing which is influenced by the 158	

trans-boundary transport. The model simulation of O3 concentrations in the NEC is not as 159	

good as that in the NCP, and the underestimation is considerable in Jilin, Liaoning and Inner 160	

Mongolia, which is plausibly caused by uncertainties of the trans-boundary transport of air 161	

pollutants from the NCP to NEC when the southerly wind is prevailing. The O3 162	

overestimation generally occurs in the NWC, with the MB of 7.5 µg m-3 and 11.8 µg m-3 in 163	

Shanxi and Shaanxi provinces, respectively. Table S3 provides the statistical comparison of 164	

simulated and observed NO2 concentrations of 13 provinces in Northern China. The model 165	
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simulations in Tianjin and Liaoning province are not very good in comparison with the other 166	

provinces, with the IOAs less than 0.50.  167	

In general, the model can reasonably simulate the variation of air pollutants during the 168	

study episode, providing the basis to further investigate the effect of trans-boundary transport 169	

of the NCP emissions on the air quality in its surrounding provinces. 170	

 171	
 172	
 173	
 174	
  175	
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	255	
Table S1. Statistical comparison of simulated and measured PM2.5 concentrations in the NCP, 256	
NEC and NWC. 257	
 258	

Region Province MB (µg m-3)  RMSE (µg m-3) IOA 

NCP 

Beijing 10.3 30.5 0.71 
Tianjin 10.7 33.3 0.52 
Hebei 7.5 14.4 0.87 

Shandong -1.7 11.7 0.85 
Henan 2.3 21.5 0.80 
Jiangsu 10.4 18.9 0.44 
Anhui -6.3 22.8 0.43 

NEC Liaoning -1.5 12.6 0.67 
Jilin -0.8 12.3 0.58 

NWC Shanxi -1.5 14.8 0.87 
Shaanxi 8.2 14.6 0.61 

NEC+NWC Inner Mongolia -11.5 15.4 0.60 
 259	

260	
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Table S2. Statistical comparison of simulated and measured O3 concentrations in the NCP, 261	
NEC and NWC. 262	
	263	

Region Province MB (µg m-3)  RMSE (µg m-3) IOA 

NCP 

Beijing -18.6 46.0 0.90 
Tianjin -13.6 33.3 0.90 
Hebei -8.8 19.5 0.96 

Shandong -14.4 22.5 0.94 
Henan 7.9 23.8 0.94 
Jiangsu 1.3 20.6 0.95 
Anhui -6.3 22.8 0.84 

NEC Liaoning -25.4 32.8 0.84 
Jilin -23.2 34.8 0.83 

NWC Shanxi 7.5 21.3 0.94 
Shaanxi 11.8 23.3 0.89 

NEC+NWC Inner Mongolia -13.7 19.3 0.92 
	264	
	265	
	266	
	267	
	 	268	
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Table S3. Statistical comparison of simulated and measured NO2 concentrations in the NCP, 269	
NEC and NWC. 270	
 271	

Region Province MB (µg m-3)  RMSE (µg m-3) IOA 

NCP 

Beijing 5.0 17.7 0.66 
Tianjin 2.1 20.4 0.31 
Hebei 0.7 12.3 0.67 

Shandong -0.5 12.3 0.71 
Henan 4.2 13.0 0.74 
Jiangsu 2.7 10.3 0.59 
Anhui 0.4 11.2 0.56 

NEC Liaoning -0.8 12.7 0.45 
Jilin 3.3 12.2 0.68 

NWC Shanxi 1.7 11.5 0.79 
Shaanxi 4.7 11.1 0.75 

NEC+NWC Inner Mongolia 1.1 7.6 0.88 
	272	
	273	
	274	
	275	
  276	



	 14	

SI Figure Captions 277	

Figure S1 Defined three sections in Northern China. 1) Northeast China (NEC): Heilongjiang, 278	
Jilin, Liaoning, and the east part of Inner Mongolia; 2) Northwest China (NWC): 279	
Shanxi, Shaanxi, and the west part of Inner Mongolia; 3) North China Plain (NCP): 280	
Beijing, Tianjin, Hebei, Shandong, Henan, and the north part of Jiangsu and Anhui. 281	

Figure S2 Spatial distribution of anthropogenic emission rates of (a) NOx, (b) VOCs, (c) OC, 282	
and (d) SO2 (106 g month-1) in Mainland China. 283	

Figure S3 Geopotential heights and wind vectors at 500 hPa from 23 to 28 May 2015. 284	

Figure S4 The mean sea level pressure and wind vectors from 23 to 28 May 2015. 285	

 286	
 287	
 288	
 289	
  290	
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 291	
 292	
Figure S1 Defined three sections in Northern China. 1) Northeast China (NEC): Heilongjiang, 293	
Jilin, Liaoning, and the east part of Inner Mongolia; 2) Northwest China (NWC): Shanxi, 294	
Shaanxi, and the west part of Inner Mongolia; 3) North China Plain (NCP): Beijing, Tianjin, 295	
Hebei, Shandong, Henan, and the north part of Jiangsu and Anhui. 296	
 297	
 298	
 299	
 300	
  301	
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 302	

 303	
Figure S2 Spatial distribution of anthropogenic emission rates of (a) NOx, (b) VOCs, (c) OC, 304	
and (d) SO2 (106 g month-1) in Mainland China. 305	
 306	
 307	
 308	
 309	
  310	
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 311	
 312	
Figure S3 Geopotential heights and wind vectors at 500 hPa from 23 to 28 May 2015. 313	
 314	
 315	
 316	
 317	
  318	
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 319	
 320	
Figure S4 The mean sea level pressure and wind vectors from 23 to 28 May 2015. 321	
 322	
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