Supporting Material
When the Wind Blows: Spatial Spillover Effects of Urban Air Pollution in China

Section A: Contributing factors to PM2.5 pollution in Chinese cities
Local factors
Weather conditions, such as precipitation, wind, temperature, sunshine, relative humidity, and atmospheric pressure, have been well recognized as important factors affecting ambient PM2.5 concentrations. Precipitation can increase the weight of PM that is floating in the air and cause the particles to fall. Strong winds can facilitate atmospheric dispersion and thus reduce PM2.5 concentrations. While wind affects the horizontal movement of PM2.5, the literature on atmospheric pollution suggests that temperature influences the vertical movement of PM2.5 (Arya 1999). When ground temperature increases, warm air tends to rise, expand, and move to areas with cold air, which causes air to move vertically. The vertical movement of air as a result of temperature rise can move PM2.5 away from the ground level, and reduce ground-level PM2.5 concentrations. Other weather variables, such as sunshine hours, relative humidity, and atmospheric pressure, are also important factors affecting local PM2.5 concentrations (Arya 1999; Pankow, Storey, and Yamasaki 1993). 
The primary source of PM2.5 pollution in Chinese cities is combustion of fossil fuels, including vehicle fuel consumption and coal burning for winter heating and industrial production. China’s private car sector has experienced explosive growth during the past decade. The number of privately owned vehicles in Chinese cities increased from 7.7 million in 2001 to 88.4 million in 2012, with an average annual rate of growth of nearly 25% (NBS 2013). A recent emission inventory indicates that, although contributions of vehicles to urban air pollution differ by region, vehicle emissions are a major contributor to the overall PM problem in many Chinese cities.[footnoteRef:1] As the primary energy source in China, burning coal in industrial sectors, such as cement, paper, and chemical factories, is also associated with the release of PM.  [1:  “China vehicle emissions control annual report,” available at: http://transportpolicy.net/index.php?title=China:_Compliance_and_Enforcement] 

Rapid urbanization is another important local factor contributing to the formation of PM2.5. Massive infrastructure construction in China in the past decade has generated a significant amount of dust.[footnoteRef:2] Illicit burning of crop residues and occasional sand storms have also contributed to poor air quality.  [2:  The Chinese-language version of the website is available at: http://www.bjepb.gov.cn/bjepb/323474/331443/331937/333896/396191/index.html] 

On the mitigation side, central and local governments have undertaken various efforts to improve air quality, including closing heavily polluting facilities, regulating the content of gasoline and diesel, saving energy during construction, and requiring coal-powered plants to install and operate dust-removing technologies (Zhao and Gallagher 2007). Driving restrictions have also been implemented by some Chinese cities to reduce traffic congestion and improve air quality, although the impacts of those policies are found to be mixed (Wang, Xu, and Qin 2014; Viard and Fu 2015).  

Neighboring factors
Because wind can transport certain air pollutants from one region to other regions, ambient PM2.5 concentrations in areas downwind of a city are expected to be negatively affected by PM2.5 released in that city. Guo et al. (2014) discovered that pollutants emitted from industrial sectors in Beijing’s neighboring provinces contributed substantially to the PM formation in Beijing. Kallos et al. (1998) found evidence that the wind blew polluted air from southern Europe to Africa. The US EPA also believes that international transport of air pollution has a significant negative impact on US air quality.[footnoteRef:3] [3:  “International transport of air pollution,” available at: http://www.millenniumbulkeiswa.gov/comments/MBTL-EIS-0002256-58930.pdf ] 


Section B: Regional transport of particulate matter 
Particulate matter (PM) is a mixture of small particles and liquid droplets floating in the air. The composition of PM varies with location, time, and weather conditions (Allen et al. 1997). It mainly includes aerosols, smoke, fumes, dust and ash, originating from both human and nature activities. PM can be created directly from fossil fuel combustion, road or windblown dust, and combustion of agricultural and forest biomass, or can be formed in the atmosphere through multiphase chemical reactions. Natural sources, such as volcanoes, dust storms, and wildfires, also contribute to the overall PM formation. 
PM can be divided into two types according to size: PM10 (or coarse particles) and PM2.5 (or fine particles) with a diameter of 2.5 μm or less. PM10 and PM2.5 behave differently in the atmosphere. In general, PM10 may spread out more rapidly than PM2.5 and usually can be found close to the emission sources, while PM2.5 can be transported long distances by wind. However, the long-distance transport of major particle components of PM10, such as yellow sand and aerosols, has also been observed. For instance, Duce et al. (1980) and Parrington et al. (1983) found that Asian dust was transported to the tropical North Pacific and Hawaiian islands, respectively. Recent studies have also discovered that yellow sand originating from dust storms in Mongolia, the Gobi desert, and the Loess Plateau can be transported by wind to Taiwan and Korea (Kim and Park 2001; Lin 2001; Jia and Ku 2016). 
Transporting PM in the atmosphere from emission sources to destinations is a very complex process (Arya 1999). The transport processes of PM in the atmosphere can be divided into two independent processes: (i) advection of PM in the direction of wind by mean air motion; and (ii) mass diffusion due to concentration gradients. Diffusion occurs in both the horizontal crosswind direction and the vertical crosswind direction (Ermak 1977). Ermak (1977) developed an analytical model for air pollutant transport from a point source, assuming flat terrain, constant average wind velocity, and unlimited atmosphere in the vertical direction. He showed that the steady-state downwind pollutant concentration is positively correlated with emission strength, and negatively correlated with distance and average wind speed at the point source (see Eq. (5) in Ermak 1977). These analytical findings are consistent with other well-known atmospheric dispersion models, such as the Gaussian plume model (Foster-Wittig, Thoma, and Albertson 2015) and the CALINE3 model, which is one of the US EPA’s preferred air pollutant dispersion models (Mishra and Padmanabhamutry 2003). 
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Section C: Tables and figures
Table C1. Descriptive statistics showing means and standard deviations (SDs) of PM2.5, weather variables and gasoline price 
	Variable
	    Unit
	Monsoon Season
	Mean
	SD
	Min
	Max

	[bookmark: _GoBack]PM10 concentration
	µg/m3
	Winter
	104.3
	73.3
	0
	2519.0

	
	
	Summer
	56.0
	20.8
	0
	277.0

	PM2.5 concentration
	µg/m3
	Winter
	67.0
	51.2
	0.0
	1033.0

	
	
	Summer
	32.2
	20.8
	0.0
	414.0

	Precipitation
	1 cm
	Winter
	0.2
	0.6
	0.0
	20.1

	
	
	Summer
	0.6
	1.7
	0.0
	28.4

	Sunshine duration
	1 hour
	Winter
	4.3
	3.8
	0.0
	11.9

	
	
	Summer
	6.6
	4.2
	0.0
	14.4

	Tmax
	1°C
	Winter
	11.8
	8.6
	-26.4
	37.8

	
	
	Summer
	31.7
	3.9
	13.2
	41.2

	Tmin
	1°C
	Winter
	3.4
	9.2
	-44.4
	25.7

	
	
	Summer
	23.5
	3.5
	5.2
	31.9

	Average wind speed
	1 m/s
	Winter
	2.2
	1.3
	0.0
	16.2

	
	
	Summer
	2.1
	1.0
	0.1
	12.0

	Atmospheric pressure
	1hPa
	Winter
	991.5
	52.5
	673.3
	1043.2

	
	
	Summer
	975.4
	48.5
	678.8
	1013.4

	Relative humidity
	1%
	Winter
	68.7
	18.2
	8.0
	100.0

	
	
	Summer
	77.3
	10.2
	35.0
	100.0

	Gasoline price
	Yuan/ton
	Winter
	7600.7
	829.8
	6860.0
	9750.0

	
	
	Summer
	7944.2
	880.6
	6950.0
	9955.0


Notes: The sample includes 303 cities in China’s EMR from 2014 to 2016. N=106,811 during the winter monsoon season and N=20,482 during the summer monsoon season.







Table C2. Correlations of weather variables during the winter monsoon season
	
	Precipitation
	Sunshine duration
	Tmax
	Tmin
	Average wind speed
	Atmospheric pressure

	Sunshine duration
	-0.233***
	-
	
	
	
	

	Tmax
	-0.106***
	0.300***
	-
	
	
	

	Tmin
	0.063***
	-0.263***
	0.635***
	-
	
	

	Average wind speed
	0.089***
	-0.032***
	-0.104***
	0.055***
	-
	

	Atmospheric pressure
	-0.094***
	0.140***
	-0.558***
	-0.583***
	0.002***
	-

	Relative humidity
	0.281***
	-0.560***
	-0.093***
	0.229***
	-0.153***
	-0.266***


Notes: The Pearson's correlation coefficients of weather variables, after removing weather station and year fixed effects, are reported in the table. N=106,811.
* p < 0.10, ** p < 0.05, *** p < 0.01


Table C3. Correlations of weather variables during the summer monsoon season
	
	Precipitation
	Sunshine duration
	Tmax
	Tmin
	Average wind speed
	Atmospheric pressure

	Sunshine duration
	-0.356***
	-
	
	
	
	

	Tmax
	-0.330***
	0.699***
	-
	
	
	

	Tmin
	-0.202***
	0.172***
	0.525***
	-
	
	

	Average wind speed
	0.162***
	-0.032***
	-0.072**
	0.151***
	-
	

	Atmospheric pressure
	-0.182***
	0.150***
	-0.031***
	-0.168***
	-0.252***
	-

	Relative humidity
	0.396***
	-0.698***
	-0.690***
	-0.287***
	-0.026***
	-0.080***


Notes: The Pearson's correlation coefficients of weather variables, after removing weather station and year fixed effects, are reported in the table. N=20,482
* p < 0.10, ** p < 0.05, *** p < 0.01
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(a) Winter monsoon	
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Fig. C1 Spatial correlations of PM2.5 concentrations in Beijing and Chengdu with their upwind cities during the winter (a) and summer (b) monsoon seasons
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Fig. C2 Wind direction during the winter and summer monsoon seasons

Notes: Wind directions are characterized by 16 cardinal directions. Cardinals of 1-5 and 13-16 denote northerly winds, while cardinals of 6-12 denote southerly winds. No wind blowing is denoted by 17 in the figure.   
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 (a) Winter monsoon							 (b) Summer monsoon	

Fig. C3 Sensitivity analysis. This figure shows the sums of coefficient estimates of the spatially-lagged PM2.5 and the spatially and temporally-lagged PM2.5 variables in the various scenarios considered in the robustness check section and their 95% confidence intervals
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The correlation coefficients between cities are 0.89 and 0.85 over the total sample.
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The correlation coefficients between cities are 0.24 and 0.54 over the total sample.
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The correlation coefficients between cities are 0.60 and 0.58 over the total sample.
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The correlation coefficients between cities are 0.26 and 0.25 over the total sample.


