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Abstract 28 

We used the WRF-Chem model to simulate the surface PM2.5 concentrations over the Northern 29 

China Plain (NCP) during a severe haze event between December 6 and 10, 2015, with the goal of 30 

assessing the effectiveness of the emergency response measures (ERMs) implemented during this 31 

period to alleviate the haze pollution. We estimated that, with the exception of NH3, anthropogenic 32 

pollutant emissions were significantly reduced by 8% to 48% over the NCP during December 6 to 33 

10 as a result of the ERM-implementation. Our simulations using the reduced anthropogenic 34 

emissions reproduced the observed PM2.5 concentrations and compositions over the NCP during the 35 

severe haze event. During the haze event, stagnant regional meteorological conditions led to a 36 

lengthening of the PM2.5 lifetime in the NCP boundary layer to 5 days, compared to a 1-day lifetime 37 

during the preceeding clean period. During the severe haze event, only approximately 20% of the 38 

surface PM2.5 in Beijing was attributable to local emissions, while more than 62% of the surface 39 

PM2.5 in the rest of NCP was attributable to local emissions. We found that the effects of the 40 

implemented ERMs to be modest, reducing the mean surface PM2.5 concentrations during the 41 

polluted period by 7% in Beijing and by 4% for the rest of the NCP. This modest effect was because 42 

the duration of the ERM enforcement was much shorter than the lifetime of PM2.5 during the haze 43 

event, such that there was insufficient time for the PM2.5 concentrations to fully reflect the reduction 44 

in emissions. We conclude that anthropogenic emissions in the NCP during severe wintertime haze 45 

events would have to be reduced by a much larger percentage if more pronounced abatement of 46 

PM2.5 concentrations were desired. 47 

Keywords: 48 

PM2.5; Severe haze; Emission reduction; Northern China; WRF-Chem. 49 
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1. Introduction 51 

The Northern China Plain region (hereafter referred to as the NCP, as shown in Fig 1b), 52 

including the Beijing-Tianjin-Hebei (BTH) area and the surrounding provinces of Shandong and 53 

Henan, has been experiencing severe winter haze pollution events of hourly PM2.5 concentrations 54 

exceeding 150 g m-3 in recent years (Dang and Liao, 2019), which pose threats to public health 55 

(e.g., Chen et al., 2013). These severe wintertime PM2.5 pollution events are typically associated 56 

with the accumulation of PM2.5 and its precursors under stagnant weather conditions. Such stagnant 57 

conditions prevent the horizontal and vertical ventilation of pollutants and are often associated high 58 

humidity near the surface, which in turn promotes secondary PM2.5 production (Jeong and Park 59 

2013; R. Zhang et al., 2014; Tie et al., 2017; Leung et al., 2018; Zhang et al., 2018). The NCP is 60 

blocked by mountains to the north and to the west, which also contributes to the accumulation of 61 

PM2.5 and its precursors under calm or southerly wind conditions (F. Wang et al., 2010; Wang et al., 62 

2019). These severe winter haze events are terminated by the passage of a cold front, which 63 

ventilates the region with strong wind and clean air from the north (J. Wang et al., 2017). 64 

In September 2013, the State Council of China promulgated the “Air Pollution Prevention and 65 

Control Action Plan” (State Council of the People’s Republic of China, 2013; hereafter referred to 66 

as the “Action Plan”), which outlined the policies on reducing nationwide anthropogenic emissions, 67 

as well as set specific improvement targets for the annual mean PM2.5 concentrations for key areas, 68 

including Beijing and the BTH area, by 2017. Between 2013 and 2018, the annual mean PM2.5 69 

concentrations for most Chinese cities have dropped (Ministry of Environmental Protection of the 70 

People’s Republic of China, 2014, 2015, 2016, 2017; Ministry of Ecology and Environment of the 71 

People’s Republic of China, 2018, 2019), likely in part due to the nationwide emission reduction. 72 

The annual mean PM2.5 concentrations in Beijing and in BTH in 2017 were reduced to 58 g m-3 73 

and 64 g m-3 (Ministry of Ecology and Environment of the People’s Republic of China, 2018), 74 

respectively, both meeting the improvement targets set by the “Action Plan”. However, analyses of 75 

observations showed that the frequency and intensity of wintertime haze events over the NCP have 76 

not shown significant decline since 2013 (Q. Zhang et al., 2018; Dang and Liao, 2019). 77 

To alleviate the severe haze events, the “Action Plan” mandated that local Environmental 78 

Protection Bureaus and Meteorological Bureaus join forces to establish a protocol for the issuance 79 
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and execution of emergency response measures (ERMs). For the NCP area, “Monitoring and 80 

Warning Scheme for Heavy Pollution Weather in Beijing, Tianjin, Hebei, and Its Surrounding Areas” 81 

was issued in September 2013 to combat severe haze events (Ministry of Environmental Protection 82 

of the People’s Republic of China, 2013). This scheme categorized the severity of local air pollution 83 

into four levels, based on the duration for which the forecasted hourly Air Quality Index (AQI) 84 

exceeds 200 (equivalent to hourly PM2.5 exceeding 150 g m-3). When such severe PM2.5 pollution 85 

events are forecasted, the provincial and municipal governments are to issue emergency alerts at 86 

least 24 hours in advance. Each alert level corresponds to a set of ERMs to reduce anthropogenic 87 

pollutant emissions (Table S1): 88 

(1) Blue alert: hourly PM2.5 concentrations are forecasted to exceed 150 μg m-3 and to persist 89 

for 24 hours. 90 

(2) Yellow alert: hourly PM2.5 concentrations are forecasted to exceed 150 μg m-3 and to persist 91 

for 48 hours. 92 

(3) Orange alert: hourly PM2.5 concentrations are forecasted to exceed 150 μg m-3 and to persist 93 

for 72 hours. 94 

(4) Red alert: hourly PM2.5 concentrations are forecasted to exceed 150 μg m-3 and to persist 95 

for more than 72 hours. 96 

On December 5, 2015, at 11:00 UTC (19:00 local time), the Beijing municipal government 97 

issued an orange alert for severe haze pollution, with the corresponding ERMs to be initiated at 98 

16:00 UTC of December 6. The City of Tianjin and most cities in Hebei, Henan, and Shandong 99 

provinces issued various alert levels for severe haze pollution, with corresponding ERMs to be 100 

initiated between 16:00 UTC of December 5 and 16:00 UTC of December 7 (Fig. S1). The City of 101 

Beijing later upgraded its alert level to the first-ever red alert at 10:00 UTC December 7, with the 102 

corresponding stricter ERMs to be initiated at 23:00 UTC December 7. Tianjin and Hebei also 103 

updated their alert levels, with stricter ERMs to be initiated between 23:00 UTC December 7 to 104 

16:00 UTC December 8 (Fig. S1). The issuance of the red alert led to the enforcement of stricter 105 

emission reduction measures, including the emergency shut-down of more industrial plants and 106 

further restrictions of vehicle numbers on the road (Table S1). This was the first time the Chinese 107 
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government evoked restrictive ERMs based on air quality forecasts to mitigate severe pollution 108 

events. Though the alert levels issued in the NCP varied, the ERM-initiation times in > 90% of the 109 

cities were within 16 hours of the ERM-initiation times in Beijing. We referred to the emission 110 

reductions in two stages according to the ERM-initiation times in Beijing (Fig S1). Stage I was 111 

between 16:00 UTC of December 6 and 23:00 UTC of December 7, during which the orange alert 112 

was in effect in Beijing and Henan, and the yellow alert was in effect in Tianjin, Hebei, and 113 

Shandong. Stage II was between 23:00 UTC of December 7 and 04:00 UTC of December 10, during 114 

which the red alert was in effect in Beijing, the orange alert was in effect in Tianjin, Hebei, and 115 

Henan, and the yellow alert was in effect in Shandong. 116 

The Chinese government had previously administered pre-planned emission controls before 117 

and during several important events that took place in Beijing to improve the local air quality (Table 118 

S2). Such events included the Sino-African Summit in November 2006 (Wang et al., 2007; Cheng 119 

et al., 2008), the Beijing Olympic Games in August 2008 (S. Wang et al., 2010; Schleicher et al., 120 

2012), the Asia-Pacific Economy Cooperation (APEC) Summit in November 2014 (Li et al., 2015; 121 

Guo et al., 2016a; Zhang et al., 2016; H. Liu et al., 2017), and the Chinese Military Parade in 122 

September 2015 (G. Wang et al., 2017; Huang et al., 2018). The emission control actions taken 123 

included temporary closures of factories, restrictions on the numbers and types of on-road motor 124 

vehicles, and restrictions on constructions. The control actions were enforced in Beijing and its 125 

surrounding cities and provinces, including Tianjin, Hebei, Shandong, Shanxi, Henan and the Inner 126 

Mongolia Autonomous Region. The resulting reductions in primary pollutant emissions were 127 

estimated to be 40% to 70% in Beijing and 30% to 70% in the surrounding cities and provinces 128 

(Wang et al., 2007; Liu et al., 2015). Previous studies estimated that these emission control actions 129 

may have led to dramatic declines in SO2, NOx, and PM2.5 concentrations in Beijing and its 130 

surrounding areas by 30% to 70% during the APEC (Liu et al., 2015; Zhang et al., 2016) and by 50% 131 

during the Chinese Military Parade (G. Wang et al., 2017). However, these pre-planned emission 132 

controls were enforced over much larger spatial areas, often lasted for weeks, and were in most 133 

cases stricter than the ERMs implemented during December 6-10, 2015. More importantly, those 134 

previous events all took place either in summer or in fall, when the regional meteorological 135 

conditions were more favorable to the dispersion or removal of pollutants, aiding the efficacy of the 136 
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emission control actions (Zhang et al., 2016; Huang et al., 2018). 137 

In comparison, the short-term ERMs administered during severe wintertime haze events were 138 

likely to be less effective, because the stagnant meteorological conditions impeded pollutant 139 

dispersion, the controls were less strict, and the enforcement was over a smaller domain and for a 140 

shorter period of time. A few studies have attempted to quantify the impacts of emission reduction 141 

measures on the PM2.5 concentrations in the NCP during haze events or haze seasons, but these 142 

studies did not distinguish the impacts of China-wide long-term emission controls and the short-143 

term ERMs. Wu et al. (2017) simulated the effects of a hypothetical 30% reduction of monthly 144 

anthropogenic emissions in the BTH area during the entire January 2012 and found a 20% decline 145 

in the local monthly mean PM2.5 concentration. T. Liu et al. (2017) estimated that the overall 146 

reduction of anthropogenic emissions since the year 2014 over the NCP led to a 9% decline in the 147 

monthly mean PM2.5 concentration over the NCP in December 2015 relative to December 2014. 148 

Chen et al. (2019) simulated the PM2.5 concentrations in Beijing during four seasonal haze episodes 149 

(November 2016 versus November 2017; March 2013 versus March 2018). They estimated that the 150 

overall reduction of anthropogenic emissions since 2013 led to 33% and 16% decreases of the 151 

simulated monthly mean PM2.5 concentrations in Beijing in November 2017 and March 2018, 152 

relative to November 2016 and March 2013, respectively. However, it is likely that the decline in 153 

monthly mean PM2.5 concentrations inferred by these three previous studies were mainly due to the 154 

long-term emission control in China and not specifically to the ERMs. Wang et al. (2020) 155 

hypothetically simulated the effects of emergency emission reduction on PM2.5 concentrations 156 

during a 5-day severe haze event over the Yangtze River Delta area. They found that a short-term, 157 

20% to 90% reduction of power, transportation, and industry emissions, comparable to the strictest 158 

ERMs, would only lead to a 16% reduction in PM2.5 concentration. To the best of our knowledge, 159 

the effectiveness of the ERMs administered over the NCP area during severe haze events have not 160 

been explicitly evaluated. 161 

It is also important to quantitatively assess the relative contributions of local and regional 162 

pollutant emissions to the local PM2.5 concentrations during severe haze events, in order to help 163 

municipal policy-makers formulate effective emergency responses. Zhang et al. (2015) previously 164 

found that 50% of the PM2.5 in Beijing during January 2013 was due to emissions within Beijing, 165 
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while the remaining 50% were due to emissions nearby provinces in Northern China. However, in 166 

view of the large emissions reductions in all provinces and cities in Northern China since 2013, that 167 

fraction may have changed significantly and should be reevaluated. 168 

In this study, we explicitly simulated surface PM2.5 concentrations over the NCP during 169 

December 2 to 10, 2015 both with and without the emission reductions associated with the ERMs, 170 

to assess the effectiveness of the ERMs on alleviating severe haze pollution. We also quantified the 171 

relative contributions of local and regional emissions to PM2.5 concentrations in Beijing and over 172 

the rest of NCP during this severe haze event. Finally, we analytically interpret the 173 

effectiveness/ineffectiveness of the ERMs during this haze event, in order to better inform future 174 

emergency response strategies. 175 

 176 

2. Model and data 177 

2.1 WRF-Chem model 178 

We used the WRF-Chem regional air quality model version 3.6.1 (Grell et al., 2005) to simulate 179 

surface PM2.5 over the NCP from November 26 to December 10, 2015. The first 6 days spun up the 180 

model; results for December 2 to 10, 2015 were analyzed. Fig 1 shows the two nested domains in 181 

our simulations with horizontal resolutions of 81 km and 27 km, respectively. The 27-km horizontal 182 

resolution in the inner domain was consistent with the 0.25o resolution of the anthropogenic 183 

emission inventory (Section 2.2). The model consisted of 30 vertical layers extending from the 184 

surface to 50 hPa, with 7 layers in the bottom 1 km. Meteorological initial and boundary conditions 185 

into WRF-Chem were from the NCEP FNL Operational Global Analysis data (Kalnay et al., 1996) 186 

and updated every 6 hours. Chemical initial and boundary conditions were from a MOZART global 187 

model simulation (Emmons et al., 2010), except we reduced the boundary conditions of dust 188 

concentrations by 50% following Georgiou et al. (2018). We nudged the temperature, humidity, and 189 

wind in WRF-Chem with hourly surface meteorological measurements and twice-daily rawinsonde 190 

profiles over China (Guo et al., 2016b) using four-dimensional data assimilation to reduce errors in 191 

the simulated meteorology (Gilliam et al., 2012). 192 

Gas-phase chemistry in WRF-Chem was simulated using the SAPRC-99 mechanism (Carter, 193 
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2000), updated to include the photochemistry of dicarbonyls (Li et al., 2013). PM2.5 in our model 194 

included primary elemental carbon aerosols (EC), primary organic aerosols (POA), secondary 195 

inorganic aerosols (sulfate, nitrate, and ammonium), secondary organic aerosols (SOA), 196 

anthropogenic and natural dust, and sea salt. Aerosol microphysics and gas-particle partitioning 197 

were simulated using the MOSAIC module (Zaveri et al., 2008). SOA productions from 198 

anthropogenic and biogenic volatile organic precursors were simulated with the VBS module (Lane 199 

et al., 2008). We also included the aqueous uptake of glyoxal and methylglyoxal as a source of SOA 200 

(Fu et al., 2008, 2009; Li et al., 2013). We optimized the deposition velocity of fog droplets in WRF-201 

Chem to 0.3 cm s-1 to be consistent with the observed fog droplet radius of 2 to 3 μm over the NCP 202 

(J. Zhang et al., 2014; Seinfeld and Pandis, 2006). 203 

A number of studies have proposed fast, heterogeneous sulfate production pathways, 204 

potentially catalyzed by nitrogen dioxide or metal ions, during severe haze events over the NCP (He 205 

et al., 2014; Cheng et al., 2016; Wang et al., 2016; M. Liu et al., 2017; Zhao et al., 2017; Hung et 206 

al., 2018; Shao et al., 2019). The exact pathway responsible for the high sulfate concentrations 207 

during the severe wintertime haze events in the NCP is still uncertain. Nevertheless, we added in 208 

our WRF-Chem simulation the sulfate production via the heterogeneous uptake of SO2 by aqueous 209 

aerosols as parameterized by Wang et al. (2016), on the account that this parameterization led to a 210 

good simulation of the observed sulfate concentration during our study period (Section 3.1.2). The 211 

production rate of sulfate by the heterogeneous oxidation of SO2 on particles was parameterized as: 212 

ௗൣୗ୓ర
మష൧

ௗ௧
|୦ୣ୲ୣ୰୭ ൌ   

ଵ

ସ
𝛾𝑣̅𝑆௖ሾSOଶሿ     Eq. (1) 213 

d[SO4
2-]/dt|hetero was the rate of heterogeneous production of sulfate (ppmv s-1);  was the effective 214 

uptake coefficient of SO2 on aqueous aerosol surfaces;v was the mean molecular speed of SO2 (m 215 

s-1); Sc was the aerosol surface area density (m2 m-3 dry air); [SO2] was the gaseous SO2 216 

concentrations (ppmv). We used the values  = 1.6 × 10-5 for relative humidity (RH) < 41%,  = 217 

2.1 × 10-5 for RH between 41% and 56%, and  = 4.5 × 10-5 for RH > 56%, as observationally 218 

constrained by Wang et al. (2016). 219 

 220 

2.2 Emissions 221 
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Chinese monthly anthropogenic emissions of PM2.5 precursors and primary PM2.5 were from 222 

the Multi-resolution Emission Inventory for China (MEIC), developed by Tsinghua University 223 

(http://meicmodel.org, Li et al., 2017) for the year 2016 at a horizontal resolution of 0.25°. 224 

Anthropogenic source activities included power generation, industries, residential activities, on-225 

road transportation, and agriculture. Activity levels were based on provincial statistics for the year 226 

2016. Anthropogenic emissions for the rest of Asia were from the MIX inventory (Li et al., 2017), 227 

developed for the year 2010 at a horizontal resolution of 0.25°. We applied diurnal variations to 228 

transportation and residential emissions (Li et al., 2013). Emissions from power generation were 229 

injected into the second vertical layer in the model, approximately 100 m above the surface. 230 

Daily biomass burning emissions were taken from the Fire INventory from NCAR (FINN, 231 

version 1.5, Wiedinmyer et al., 2011) for the study period. Dust emissions were calculated online 232 

using the Goddard Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) dust 233 

scheme (Ginoux et al., 2001) with the Air Force Weather Agency modifications (GOCART-AFWA, 234 

LeGrand et al., 2019). Biogenic emissions were calculated online using the MEGAN module 235 

(version 2.04, Guenther et al., 2006). 236 

 237 

2.3 Emission reductions associated with ERMs 238 

We systematically surveyed the government announcements and news reports released during 239 

December 6 to 10, 2015 to determine the issued alert levels, the ERMs administered for each of the 240 

cities and provinces in the NCP, and the start/end times of ERM implementation (Table S1, Fig S1). 241 

The emission reductions associated with the ERMs for the industrial, residential, and transportation 242 

sectors were estimated based on the guidelines and activity advisories in the “Emergency Plan for 243 

Heavy Air Pollution” issued by each city or province. Table 1 summarized the percentages of 244 

sectoral emission reductions as a result of the ERMs for Beijing, Tianjin, Hebei, Henan, and 245 

Shandong, respectively, from December 6 to 10, 2015. 246 

Table 2 shows the calculated short-term reductions in anthropogenic pollutant emissions for 247 

each of the cities and provinces in the NCP from December 6 to 10, 2015 using the percentages in 248 

Table 1. As shown in Table 2, anthropogenic emissions were reduced most dramatically in Beijing, 249 
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due to the enforcement of the strictest ERMs. Anthropogenic emissions of VOCs, SO2, and NOx in 250 

Beijing during Stage II were reduced by 48%, 34%, and 38%, respectively. Anthropogenic 251 

emissions of primary PM2.5 constituents, such as EC, POA, and anthropogenic dust, were also 252 

significantly reduced in Beijing due to enforced restrictions on residential emissions and 253 

constructions. Emissions of most anthropogenic pollutants in Tianjin, Hebei, and Henan were 254 

significantly reduced by 11% to 27%, but the emission reductions in Shandong were generally less 255 

than 10%. Anthropogenic NH3 emissions were reduced by only 1% to 9% across the NCP, as NH3 256 

was mostly emitted by agricultural activities and minimally affected by the ERMs. 257 

Several previous studies have assessed the emission reductions associated with pre-planned 258 

emission control actions in Beijing using inverse modeling of observations. For example, satellite-259 

based NO2 observations indicated that the prohibition of heavy-duty diesel vehicles and the 50%-260 

reduction of vehicle numbers on city roads throughout the NCP reduced the NOx emission by 30% 261 

to 47% in the NCP during the Beijing Olympic Games (S. Wang et al., 2010), the APEC (Huang et 262 

al. 2015), and the Chinese Military Parade (Zhang et al. 2017). Similarly, satellite-based SO2 263 

observations indicated that the reduction of industrial production, the temporary closure of power 264 

plants, and the prohibition of heavy-duty diesel vehicles on roads reduced the SO2 emissions in 265 

Beijing by 34% to 46% during the APEC and the Chinese Military Parade (G. Wang et al. 2017, 266 

Zhang et al. 2017). These control actions were similar to the ERMs implemented in Beijing during 267 

our haze event, and we also estimated a 38% reduction of NOx emissions and 34% reduction of SO2 268 

emission in Beijing. 269 

 270 

2.4 Measurements of meteorological conditions and air pollutants 271 

Hourly air pollutant concentrations were measured at 239 surface sites across the NCP, 272 

operated by the China National Environmental Monitoring Centre (http://www.cnemc.cn). At each 273 

site, PM2.5 mass concentrations were measured using either the micro-oscillating balance method or 274 

the -absorption method (Ministry of Environmental Protection of the People’s Republic of China, 275 

2012). 276 

Hourly PM2.5 concentrations were also continuously measured at the Chinese Research 277 
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Academy of Environmental Sciences in Beijing (CRAES; 40.04° N, 116.42° E) from December 2 278 

to 10, 2015. The CRAES site is located 8 m above ground in a mixed residential/commercial area 279 

with no strong point sources nearby (Gao et al., 2016). Approximately 10 km away, daily 24-h filter 280 

samples of PM2.5 were collected at the Peking University Urban atmosphere Environment 281 

monitoRing Station (PKUERS; 39.99° N, 116.31° E), located on the roof of an academic building 282 

(Tang et al., 2018). Teflon filter samples were analyzed for inorganic ions using the DIONEX ICS-283 

2500 and ICS-2000. Quartz filter samples were analyzed for EC and organic carbon (OC) using a 284 

thermal-optical instrument (Model-4, Sunset Laboratory) following the NIOSH protocol (Tang et 285 

al., 2018). 286 

Meteorological observations used to validate our simulations included hourly measurements at 287 

surface weather sites across China, as well as twice-daily rawinsondes in Beijing (39.93° N, 116.28° 288 

E), Zhangqiu (36.70° N, 117.55° E; Shandong Province), Taiyuan (37.78° N, 112.55° E; Shanxi 289 

Province), and Hohhot (40.81° N, 111.68° E; Inner Mongolia Autonomous Region). We used the 290 

Gridded Population of the World dataset for 2015 (version 4, 291 

http://sedac.ciesin.columbia.edu/data/collection/gpw-v4) to calculate the population-weighted 292 

PM2.5 concentrations (Text S1) from our simulations to evaluate the effect of ERMs on population 293 

health. 294 

 295 

2.5 Sensitivity simulations 296 

We conducted six sensitivity simulations to examine the impacts of the ERMs on air quality in 297 

the NCP for December 2 to 10, 2015. Table 3 summarizes the setup of the sensitivity experiments. 298 

The ERM experiments was the control experiment, reflecting our best knowledge of the actual event. 299 

We used the simulated differences between the NOERM and the ERM experiments to evaluate the 300 

effects of the ERMs on PM2.5 concentrations over the NCP. The simulated differences between the 301 

ERM and ERM_NOBJ experiments and the simulated differences between the NOERM and the 302 

NOERM_NOBJ experiments indicated the impacts of emissions from Beijing with and without the 303 

ERMs, respectively. The simulated differences between the ERM and ERM_NOOTH experiments 304 

and the simulated differences between the NOBJ and the NOERM_NOOTH experiments indicated 305 
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the impacts of emissions from other provinces/cities in the NCP with and without the ERMs, 306 

respectively. 307 

 308 

3. Results and discussions 309 

3.1 Simulation of the severe haze pollution event 310 

3.1.1 Meteorological conditions during the severe haze pollution event 311 

Fig 2 shows the observed synoptic meteorological conditions during December 2 to 10, 2015. 312 

Between December 2 and 4 (hereafter referred to as the clean period), the NCP was affected by a 313 

mid-latitude cyclone moving across Northeastern China to Northern Japan. The passage of the cold 314 

front and the intrusion of cold, clean air masses ventilated the boundary layer over the NCP with 315 

northwesterly winds, resulting in the lower PM2.5 concentrations (< 60 g m-3) during this period. 316 

During Stage I (16:00 UTC of December 6 and 23:00 UTC of December 7), the NCP was under the 317 

influence of a stagnant high-pressure system, which led to weak southwesterly winds, compressed 318 

boundary layer, and consequently the accumulation of PM2.5 over the NCP. During Stage II (23:00 319 

UTC of December 7 and 04:00 UTC of December 10), the conditions over the NCP continued to be 320 

stagnant with high relative humidity, which was not only unfavorable to pollutant dispersion but 321 

also conducive to secondary PM2.5 production. Finally, on December 10, a weak cold front passed 322 

through the NCP and ventilated the boundary layer, terminating the severe haze event. 323 

We verified that the model correctly simulated the progression of the meteorological conditions 324 

associated with the haze event during December 2 to 10, 2015. Fig S2 shows that our model 325 

correctly reproduced the observed changes in the planetary boundary layer heights (PBLHs) around 326 

the NCP from >1 km during the clean period to 0.1 to 0.8 km during the polluted period. The 327 

simulated surface temperatures, relative humidity, wind speeds, and wind directions also agreed 328 

well with observations at the Beijing Capital International Airport (BCIA; 40.08o N, 116.59o E, Fig 329 

S3) and at other surface sites in the NCP (not shown). 330 

 331 

3.1.2 Observed and simulated surface PM2.5 over the NCP 332 

Fig 3 shows the observed hourly surface PM2.5 concentrations averaged over sites in Beijing, 333 

Tianjin, Hebei, Henan, and Shandong, respectively. During December 2 to 4, the observed PM2.5 334 
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concentrations across the NCP were generally less than 80 g m-3. Observed PM2.5 concentration 335 

began to rise on December 5 and continued to do so through Stages I and II, peaking at 336 

approximately 300 g m-3 on December 9 in most cities and provinces in the NCP. The exception 337 

was the Shandong province, where the observed PM2.5 peaked at approximately 200 g m-3 on 338 

December 10. 339 

Fig 3 also shows the simulated surface PM2.5 concentrations at the five cities and provinces in 340 

the NCP using the reduced anthropogenic emissions associated with the ERMs. Our simulation 341 

captured the temporal variation of PM2.5 between December 2 and 10 in Beijing, Tianjin, Hebei, 342 

Henan, and Shandong. The correlation coefficients (R) between the observed and simulated hourly 343 

PM2.5 concentrations ranged from 0.80 to 0.95 for the five cities and provinces. The model showed 344 

good skills in reproducing the observed PM2.5 concentrations in Beijing, Hebei, and Henan. The 345 

model overestimated the PM2.5 concentrations during the polluted period in Tianjin and Shandong 346 

by 40% and 50%, respectively, likely due to an overestimation of local anthropogenic emissions. 347 

Fig 4a compares the spatial distribution of the simulated surface PM2.5 concentrations in the 348 

ERM experiment during Stages I and II against those observed. The spatial distribution of the 349 

simulated PM2.5 concentrations was consistent with that of the observations, with high PM2.5 350 

concentrations exceeding 200 g m-3 extending from the Henan province northward to Beijing. In 351 

Fig 4a, the simulation showed a hot spot in Tianjin that was not in the observation, likely indicating 352 

an overestimation of industrial emissions in Tianjin. 353 

Fig 5 further compares the simulated PM2.5 concentrations and compositions from the ERM 354 

experiment against measurements at the CRAES and PKUERS sites in Beijing during December 2 355 

to 10, 2015. The simulated PM2.5 concentrations in the ERM experiment agreed well with the 356 

measurements at the CRAES site (Fig 5a). The model captured the relative low PM2.5 concentrations 357 

during December 2 to 5, the rise of PM2.5 concentrations during December 5 to 10, as well as the 358 

sharp decline of PM2.5 concentrations on December 10. The simulated peak PM2.5 concentration of 359 

308 g m-3 was also in good agreement with the observation (317g m-3). Fig 5c showed the 360 

observed average daily PM2.5 compositions at the PKUERS site in Beijing for December 6 to 10. 361 

OA (including primary and secondary OA) was the largest chemical component in PM2.5 measured 362 

at PKUERS, constituting 33% of the total PM2.5 mass. This was followed by nitrate, sulfate, and 363 

ammonium, contributing 18%, 15%, and 11% of the total PM2.5 mass, respectively. At PKUERS, 364 
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19% of the observed total PM2.5 mass was unidentified, most likely constituted of dust. Fig 5d shows 365 

our simulated PM2.5 compositions in the ERM experiment, which were in good agreement with the 366 

measurements. The model also indicated OA as the largest chemical component, followed by nitrate, 367 

sulfate, and ammonium. Our simulation indicated that 58% of the simulated PM2.5 was of secondary 368 

origin, consistent with previous measurement studies which found that more than half of the PM2.5 369 

in Beijing during severe wintertime haze events were secondary (Huang et al., 2014). 370 

To better understand the cause of the severe haze event, we examined the lifetime of PM2.5 () 371 

in the boundary layer of the NCP. For a species in a well-defined reservoir, the mass balance 372 

equation is (Jacob, 1999): 373 

ௗ௠

ௗ௧
ൌ ∑ sources ൅ ∑ sinks        Eq. (2) 374 

where m is the mass of the species in the reservior, 𝑑𝑚 𝑑𝑡⁄   is the rate of mass change, and 375 

∑ sources  and ∑ sinks  are the total sources and total sinks of the species, respectively. The 376 

residence time of the species in the reservoir is defined as 𝜏 ≡ 𝑚 ∑ sinks⁄  (Jacob, 1999). In the 377 

case of PM2.5 in the boundary layer of the NCP: 378 

𝜏 ≡
௠

∑ୱ୧୬୩ୱ
ൌ

௠

௅೓ష೚ೠ೟ା௅ೡష೚ೠ೟ା௅೏ೝ೤೏೐೛ା௅ೢ೐೟ೞ೎ೌೡା௅೎೓೐೘
    Eq. (3) 379 

where m was the total PM2.5 mass in the atmospheric boundary layer of the NCP. The denominator 380 

in Eq. (3) was the sum of rates of PM2.5 mass removal from the NCP boundary layer, which included 381 

removal by horizontal ventilation (Lh-out), vertical ventilation (Lv-out, including large-scale vertical 382 

advection and convective transport), dry deposition (Ldrydep), wet scavenging (Lwetscav), and chemical 383 

loss (Lchem). We diagnosed the individual terms in Eq. (3) using the NOERM simulation for the clean 384 

and polluted periods, respectively (Table S3). There was no rainfall over the NCP during both 385 

periods, so Lwetscav was 0. The chemical loss of PM2.5 (Lchem) has been shown to be two orders of 386 

magnitude smaller than the removal rates of ventilation and deposition, especially in winter (Guth 387 

et al., 2018; Huang et al., 2019). The simulated mass of PM2.5 in the boundary layer of the NCP 388 

averaged during the clean and polluted periods were 7.3×1016 g and 1.0×1017 g, respectively. 389 

During the clean period, horizontal ventilation by the northwesterly wind was strong 390 

throughout the NCP. By applying the numbers in Table S3 into Eq. (3), we estimated a lifetime of 391 

0.9 day for PM2.5 in the boundary layer of the NCP. In comparison, the horizontal ventilation of 392 

PM2.5 was much weaker under the stagnant conditions during the polluted period. As such, the 393 
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lifetime of PM2.5 in the boundary layer of the NCP during the polluted period (Stages I and II) 394 

dramatically lengthened to 4.8 days. This led to significant accumulation of PM2.5 in the boundary 395 

layer of the NCP. 396 

 397 

3.2. Effects of the ERMs on surface PM2.5 concentrations over the NCP 398 

Fig 4b and 4c show the differences in simulated surface PM2.5 concentrations between the 399 

NOERM and the ERM experiments during Stages I and II, which represent the effects of the ERMs 400 

on surface PM2.5 concentrations. During Stage I (Fig 4b), most areas across the NCP saw only a 2% 401 

to 8% decline in surface PM2.5 as a result of the ERMs. During Stage II, the decline of PM2.5 402 

exceeded 8% and was statistically significant (relative to the hourly variability) around Beijing, 403 

Tianjin, and the industrial areas of southern Hebei and northern Henan. The decrease of PM2.5 was 404 

much smaller over Shandong, where the reduction in anthropogenic pollutant emissions associated 405 

with ERMs were less than 10% (Table 2). Overall, the effects of the ERMs were modest, reducing 406 

the mean PM2.5 over the NCP by 2.5% during Stage I and by 4.2% during Stage II. 407 

Fig 5a compares the simulated PM2.5 concentrations in the NOERM and ERM experiments at 408 

the CREAS site in Beijing. The mean abatements in the simulated PM2.5 concentrations at this site 409 

due to the ERMs were 3% and 10% during Stage I and Stage II, respectively. The largest simulated 410 

abatement of 11% occurred on December 9, reflecting the cumulative effect of emission reductions 411 

up to that time. Fig 5b shows the reduction of individual PM2.5 components at the CREAS site. The 412 

reduction in secondary aerosols accounted for over 53% of the total PM2.5 decrease during the 413 

polluted period, including most importantly SOA (-10 g m-3). Primary OA and EC were reduced 414 

by 8 g m-3 and 5 g m-3, respectively. Although there was a significant reduction of anthropogenic 415 

dust emissions due to the ERMs, the resulting change in PM2.5 concentrations attributable to dust 416 

was only 7% due to its small share in the total PM2.5 during the haze event. Fig 5c-e compare the 417 

simulated PM2.5 composition in the ERM and NOERM experiments against the observations at the 418 

PKUERs site. Although the implementation of ERMs resulted in varying amounts of concentration 419 

decrease in different chemical species (Fig. 5b), the overall composition in the ERM and NOERM 420 

experiments remained similar, as the total PM2.5 concentration reduction was small. 421 

We also calculated the population-weighted PM2.5 concentrations from our simulations to 422 
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evaluate the effect of ERMs on population health. Fig 6 compares the simulated daily PM2.5 423 

concentrations and PPM2.5 concentrations from the NOERM and the ERM experiments for each of 424 

the five administrative areas for December 6 to 10. The mean reductions of PM2.5 (PPM2.5) 425 

attributable to the ERMs over Beijing, Tianjin, Hebei, Henan and Shandong during the polluted 426 

period (Stages I and II) were 7% (11%), 7% (7%), 5% (6%), 4% (4%), and 3% (3%), respectively. 427 

The largest decrease of daily PM2.5 was 9% in Beijing and Tianjin. The largest decrease of daily 428 

PPM2.5 of 14% was also in Beijing, indicating that the benefit of the ERMs in reducing public PM2.5 429 

exposure was greatest in the most densely-populated locations. 430 

Overall, the reductions in PM2.5 and PPM2.5 as a result of the ERMs were surprisingly modest 431 

in the NCP, considering that the emissions of PM2.5 and its precursors were significantly reduced by 432 

8% to 48% due to the implementation of the ERMs (Table 2). In the sections below, we examined 433 

the causes for the ineffectiveness of the ERM in reducing PM2.5 concentrations over the NCP during 434 

this severe winter haze event. 435 

 436 

3.3. Spatial source attribution of PM2.5 in the NCP during clean and polluted periods 437 

We used sensitivity simulations (Table 3) to quantify the relative contributions of local versus 438 

regional emissions to PM2.5 concentrations in Beijing and in the rest of the NCP (Tianjin, Hebei, 439 

Henan and Shandong) during the severe haze event. Using model simulations driven by Chinese 440 

anthropogenic emissions for the year 2010, Zhang et al. (2015) previously found that 50% of the 441 

monthly mean PM2.5 concentration in Beijing in January 2013 was due to emissions within Beijing. 442 

However, this number should be re-evaluated, as there have been substantial changes in the annual 443 

anthropogenic pollutant emissions in Beijing and its surrounding areas between the 2010 inventory 444 

(Zhang et al., 2009; Lei et al., 2011; Lu et al., 2011) used by Zhang et al. (2015) and the 2016 445 

inventory (Li et al., 2017) used in our study (Fig. S4). 446 

Fig 7a shows the percentages of the PM2.5 in Beijing attributable to emissions from Beijing, 447 

from the rest of the NCP and from outside the NCP, respectively. During the clean period, 60% of 448 

the simulated mean PM2.5 concentration in Beijing was due to emissions from outside the NCP. This 449 

was mostly dust transported to Beijing by northwesterly winds. Pollutants emitted within Beijing 450 
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and pollutants emitted from the rest of the NCP contributed only 25% and 15% of the PM2.5 in 451 

Beijing, respectively, during the clean period. During polluted periods and basing on the NOERM 452 

simulation, pollutants emitted within Beijing contributed only 18% to 22% of the PM2.5 in Beijing 453 

during Stages I and II, much lower than the 50% inferred by Zhang et al. (2015) for January 2013. 454 

In comparison, pollutants emitted from the rest of the NCP and from outside the NCP contributed 455 

49% to 58% and 23% to 29% of the PM2.5 in Beijing, respectively. However, Han and Zhang (2017) 456 

got similar results in July, 2015 that Beijing local emissions contributed 20% to 30% to the PM2.5 457 

concentrations in Beijing and the surrounding regions contributed the majority. The large 458 

contribution of pollutants emitted from outside Beijing to the PM2.5 in Beijing during the severe 459 

haze event reflected the regional stagnant weather, which enabled the accumulation of pollutants 460 

over the entire NCP. 461 

Due to the implementation of ERMs, the simulated mean PM2.5 concentrations in Beijing 462 

decreased by 4% and 9% relative to the NOERM case during Stages I and II, respectively. During 463 

Stage I, the decrease was due to the combined effects of ERMs implemented in Beijing (2%) and in 464 

the rest of the NCP (2%). During Stage II, the decrease was mostly due to the combined effects of 465 

ERMs implemented in Beijing (5%) and the rest of the NCP (3%). A remaining 1% decrease of the 466 

PM2.5 concentration in Beijing during State II was due to small nonlinearity in the PM2.5 production. 467 

We will return to this point later. 468 

Fig 7b shows the simulated attribution of the mean PM2.5 concentration in the rest of the NCP. 469 

Under both clean and polluted conditions, more than 62% of the mean PM2.5 concentrations in the 470 

rest of the NCP was from local emissions, while 34% to 37% was attributed to emissions from 471 

outside the NCP. Contributions from Beijing were small throughout the study period. The simulated 472 

mean concentrations of PM2.5 in the rest of the NCP decreased by 3% and 5% in the ERM case 473 

relative to the NOERM case during Stages I and II, respectively. All of the simulated abatements in 474 

PM2.5 were attributed to emission reductions in the rest of the NCP. 475 

Our sensitivity simulations used the “emission zero-out” approach to quantify the percent 476 

contribution of a particular source area to the PM2.5 concentration in a receptor area. For example, 477 

we compared the simulated Beijing PM2.5 concentrations between the ERM and ERM_NOOTH 478 

experiments to quantify the contribution of emissions from the rest of the NCP to the PM2.5 479 
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concentrations in Beijing. One concern for this approach is that secondary PM2.5 production is 480 

nonlinear, and that zeroing-out the emissions from a source area may cause nonlinear chemical 481 

responses to the simulated PM2.5 concentrations in the receptor area. Another potential source of 482 

nonlinearity involves the feedback between PM2.5 and meteorology, but that was not an issue in our 483 

case because our WRF-Chem simulations were nudged with meteorological observations. We found 484 

however, that the overall nonlinear chemical responses was small in this particular pollution event. 485 

Using the “emission zero-out” approach, we estimated that the pollutants from Beijing and from the 486 

rest of the NCP contributed 29.7 and 89.4 g m-3 of PM2.5 in Beijing under the NOERM scenario 487 

during Stage I (Fig. 7a). This meant that the PM2.5 contributed from outside the NCP was 36.1 g 488 

m-3 under the NOERM scenario during Stage I. Under the ERM scenario, we similarly calculated a 489 

36.3 g m-3 contribution from outside the NCP. This indicated that, during this particular pollution 490 

event, there was no strong nonlinearity in PM2.5 production, otherwise the perturbation in emissions 491 

by the ERM enforcement would have led to differences in the calculated contribution from outside 492 

the NCP, where no control measures was implemented. We further compared the sensitivity 493 

simulations for Beijing and for the NCP during Stages I and II. Overall, the chemical nonlinearity 494 

accounted for, at most a 1% decrease in the PM2.5 concentration in Beijing during Stage II under the 495 

ERM scenario. This small nonlinearity did not change our overall source attribution. 496 

 497 

3.4. Cause of the ineffectiveness of the ERMs during the severe haze event of December 6 to 498 

10, 2015 499 

We analytically examined the cause of the ineffectiveness of the ERMs in abating surface PM2.5 500 

concentrations over the NCP during December 6 to 10, 2015. Without the ERMs implemented, the 501 

daily source of PM2.5 contributed by source area j to a specific receptor area i during the polluted 502 

period was SNOERM,i,j (g m-3 day-1), which included contributions of both primary and secondary 503 

from source area j. The total daily PM2.5 source for a receptor area i (SNOERM,i) was the sum of 504 

SNOERM, i, j over all values of j. In our case, j = 1 to 3, indicating contributions from Beijing (j = 1), 505 

from the rest of the NCP (j = 2), and from all other regions outside the NCP (j = 3), respectively: 506 

𝑆୒୓୉ୖ୑,௜ ൌ ∑ 𝑆୒୓୉ୖ୑,௜,௝
ଷ
௝ୀଵ      Eq. (3a) 507 
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The individual SNOERM, i, j can also be expressed as: 508 

𝑆୒୓୉ୖ୑,௜,௝ ൌ 𝑔௜,௝ ∙ 𝑆୒୓୉ୖ୑,௜      Eq. (3b) 509 

where gi,j was the fractional contribution of pollutants from source area j to surface PM2.5 in receptor 510 

area i. The values gi,j for j = 1, 3 were given by the source attribution in Section 5 (Fig. 7). For the 511 

receptor area Beijing, the values of gi,j for j = 1, 3 were 0.19, 0.58, and 0.23 during Stage I and 0.22, 512 

0.49, 0.29 during Stage II. Similarly, for the receptor area of the rest of the NCP, the values of gi,j 513 

for j = 1, 3 were 0.01, 0.65, and 0.34 during Stage I and 0.01, 0.62, and 0.37 during Stage II. 514 

For a well-defined receptor area i, SNOERM,i was also equal to the sum of the inflow of PM2.5 515 

from other source areas, the local primary PM2.5 emissions, and the local chemical production of 516 

secondary PM2.5: 517 

𝑆୒୓୉ୖ୑,௜ ൌ 518 

𝑠୒୓୉ୖ୑,௜|PMమ.ఱ inflow ൅ 𝑠୒୓୉ୖ୑,௜|local primary PMమ.ఱ emis ൅ 𝑠୒୓୉ୖ୑,௜|local secondary PMమ.ఱ prod  Eq. (4) 519 

The first two terms on the right-hand-side in Eq. (4) can be directly calculated from our NOERM 520 

simulation. The third term involves the efficiencies at which precursors were converted to secondary 521 

PM2.5. We estimate this third term using the simulated local conversion ratios of individual 522 

anthropogenic precursors to their respective secondary aerosol products. For example, we used the 523 

simulated local sulfur oxidation ratio (SOR) ≡ [SO4
2- (a)] / ([SO4

2- (a)] + [SO2 (g)]) to estimate the 524 

local conversion efficiency of SO2 to sulfate (Fang et al., 2017). Similarly, the local nitrogen 525 

oxidation ratio (NOR), the local ammonia conversion ratio (NHR), and the anthropogenic VOC 526 

oxidation ratio (VOR) were calculated from our NOERM simulation (Fang et al., 2017). The 527 

definitions and values of these ratios are shown in Table S4. Our simulated SOR, NOR, and NHR 528 

values were in the range of values previously reported in wintertime observation studies over the 529 

NCP (Liu et al., 2020). Using the model emissions and the values in Table S4, we estimated the 530 

third term on the right-hand-side of Eq. (4) as: 531 

𝑠୒୓୉ୖ୑,௜|local secondary PMమ.ఱ prod ൌ  𝐸ௌைమ,௜ ∙ SOR௜ ൅ 𝐸ேைೣ,௜ ∙ NOR௜ ൅ 𝐸ேுయ,௜ ∙ NHR௜ ൅ 𝐸VOC,௜ ∙ VOR௜ 532 

                  Eq. (5) 533 

Using the NOERM simulated results to calculate the values in Eqs. (4) and (5), we estimated 534 
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SNOERM,i to be 68 g m-3 day-1 in Beijing and 76 g m-3 day-1 for the rest of the NCP during the 535 

polluted period. 536 

We assumed that the transport pathways and transport efficiencies of PM2.5 and the production 537 

efficiencies of secondary PM2.5 from precursors during the polluted period were similar with and 538 

without the implementation of ERMs for a given period. I.e., we assumed that the values of gi,j and 539 

the conversion ratios in Table S4 were similar with and without the implementation of ERMs for a 540 

given period. This is a reasonable assumption given that the simulated impacts of the ERMs on 541 

PM2.5 concentrations were small across the NCP. Also, our sensitivity simulations indeed showed 542 

the source attributions (gi,j) to be very similar with and without the ERMs (Fig. 7). Then, the 543 

fractional abatement of the total PM2.5 source contributed from source area j to any other receptor 544 

area, j, was: 545 

𝛼௝ ൌ
ௌొోు౎౉,೔,ೕିௌు౎౉,೔,ೕ

ௌొోు౎౉,೔,ೕ
ൌ

ாొోు౎౉,ೕିாు౎౉,ೕ

ாొోు౎౉,ೕ
      Eq. (6) 546 

where SERM,i,j was the daily source of PM2.5 contributed by source area j to a specific receptor area 547 

i during the polluted period with the ERM implemented. ENOERM,j and EERM,j were the emission rates 548 

of precursors from source area j. Table 2 shows the emission reduction percentages of primary PM2.5 549 

and precursors to be in the range of 4% and 15% during Stage I. We estimated the overall j by 550 

weighting the precursor emission reduction percentages with the simulated composition of PM2.5 551 

(Fig. 5e). In this way, we estimated j to be 12% and 34% for Beijing during Stages I and II, 552 

respectively. Using the same method, the values of j were estimated to be 11% and 14% for the 553 

rest of NCP during Stages I and II, respectively. 554 

Finally, if the ERMs were implemented, the total daily source of PM2.5 in area i during the 555 

polluted period was SERM,i: 556 

𝑆୉ୖ୑,௜ ൌ ∑ ൣ൫1 െ 𝛼௝൯ ∙ 𝑔௜,௝൧
ଷ
௝ୀଵ ∙ 𝑆୒୓୉ୖ୑,௜          Eq. (7) 557 

For region i and from an initial PM2.5 concentration ci(t = t0) in the boundary layer, if ERMs were 558 

not implemented, the PM2.5 concentration (cNOERM,i) at time t = t0 + t during the polluted period 559 

was (Jacob, 1999): 560 

𝑐୒୓୉ୖ୑,௜ሺ𝑡଴ ൅ Δ𝑡ሻ ൌ 𝑐௜ሺ𝑡଴ሻ ∙ 𝑒ି∆௧ ఛ೔⁄ ൅ 𝑆୒୓୉ୖ୑,௜ ∙ 𝜏௜൫1 െ 𝑒ି∆௧ ఛ೔⁄ ൯  Eq. (8) 561 
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where i is the lifetime of PM2.5 in region i, which was 4.8 days throughout the NCP during the 562 

polluted period. If ERMs were implemented, the PM2.5 concentration (cERM,i) at time t = t0 + t 563 

during the polluted period was: 564 

𝑐୉ୖ୑,௜ሺ𝑡଴ ൅ Δ𝑡ሻ ൌ 𝑐௜ሺ𝑡଴ሻ ∙ 𝑒ି∆௧ ఛ೔⁄ ൅ 𝑆୉ୖ୑,௜ ∙ 𝜏௜൫1 െ 𝑒ି∆௧ ఛ೔⁄ ൯   Eq. (9) 565 

Eqs. (8) and (9) thus give the analytical solution of how the PM2.5 concentrations change with time 566 

given the initial concentration (𝑐௜ሺ𝑡଴ሻ), the PM2.5 source (𝑆୒୓୉ୖ୑,௜ or 𝑆୉ୖ୑,௜), and the lifetime of 567 

PM2.5 (i) in the reservoir (boundary layer of NCP). At time t = t0 + t, the analytical solution of the 568 

fractional abatement of PM2.5 in area i associated with the implementation of the NCP-wide ERMs 569 

was: 570 

𝑓௜ ൌ
௖ొోు౎౉,೔ሺ௧బା୼௧ሻି௖ు౎౉,೔ሺ௧బା୼௧ሻ

௖ొోు౎౉,೔ሺ௧బା୼௧ሻ
         Eq. (10) 571 

where cNOERM,i(t0 + t) and cERM,i(t0 + t) were described analytically by Eqs (8) and (9), respectively.  572 

Using Eqs (8), (9), and (10), we can analytically compute the fractional abatements of PM2.5 573 

concentrations (fi) in Beijing and in the rest of NCP as a result of the enforced ERMs, as functions 574 

of days since the initiation of the ERM enforcement (t). The results are shown in Fig. 8. The 575 

fractional abatements of PM2.5 gradually become more evident over time. The rates of changes of fi 576 

were determined not only by the emission reductions, but also by the lifetimes of PM2.5, as indicated 577 

in Eqs. (8) to (10). In Beijing, the mean analytical fractional abatements of PM2.5 during Stages I 578 

and II were 4% and 9%, respectively (Fig 8a). In the rest of the NCP, the mean analytical fractional 579 

abatement of PM2.5 during Stages I and II were 3% and 6%, respectively (Fig 8b). These analytically 580 

calculated mean fractional abatements of PM2.5 were consistent with our simulated results in Section 581 

3.3. 582 

As calculated in Section 3.1.2, the lifetime of PM2.5 in the boundary layer of the entire NCP 583 

(i) was 4.8 days during the polluted periods. Hypothetically, if the lifetime of PM2.5 were very short, 584 

or if the ERMs were enforced for a duration (t) much longer than i, then t/i  ∞ and exp(-t/i) 585 

would approach 0 in Eqs. (8) and (9). Under this hypothetical situation, the fractional abatement (fi) 586 

of PM2.5 in area i associated with the implementation of the NCP-wide ERMs would approach a 587 

maximum, fmax,i: 588 
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𝑓௠௔௫,௜ ൌ
𝑚୒୓୉ୖ୑,௜ሺ∞ሻ െ𝑚୉ୖ୑,௜ሺ∞ሻ

𝑚୒୓୉ୖ୑,௜ሺ∞ሻ
589 

ൌ
𝑐௜ሺ𝑡଴ሻ ∙ 𝑒ିஶ ൅ 𝑆୒୓୉ୖ୑,௜ ∙ 𝜏௜ሺ1 െ 𝑒ିஶሻ െ ൣ𝑐௜ሺ𝑡଴ሻ ∙ 𝑒ିஶ ൅ 𝑆୉ୖ୑,௜ ∙ 𝜏௜ሺ1 െ 𝑒ିஶሻ൧

𝑐௜ሺ𝑡଴ሻ ∙ 𝑒ିஶ ൅ 𝑆୒୓୉ୖ୑,௜ ∙ 𝜏௜ሺ1 െ 𝑒ିஶሻ
 590 

→
ௌొోు౎౉,೔ିௌు౎౉,೔

ௌొోు౎౉,೔
ൌ 1 െ ∑ ൣ൫1 െ 𝛼௝൯ ∙ 𝑔௜,௝൧

ଷ
௝ୀଵ     Eq. (11) 591 

By applying the values j (estimated by weighting the emission reductions in Table 2, as described 592 

above) and gi,j (from Fig. 7), one can calculate the values of fmax,i. For Beijing, fmax,i were 9% and 593 

15% during Stages I and II, respectively. For the rest of NCP, fmax,i were 8% and 9% during Stages 594 

I and II, respectively. 595 

These results explained the ineffectiveness of the ERMs in alleviating surface PM2.5 pollution 596 

during December 6 to 10, 2015. If, hypothetically, the stagnant weather and the same ERM 597 

enforcement for Stage II had continued, then the fractional abatements of PM2.5 would have 598 

eventually approached fmax,i after approximately 10 days (2). This is shown in Fig. 8 by the fi curves 599 

eventually approaching the fmax,i values, which were 15% and 9% for Beijing and the rest of the 600 

NCP, respectively. In reality, however, the passage of a cold front ventilated the NCP boundary layer 601 

on December 10, 2015 and terminated the severe haze event. Thus, there was insufficient time for 602 

the PM2.5 concentrations to fully reflect the reduction in emissions, i.e., the fractional abatements of 603 

PM2.5 have not had enough time to reach their maximum potential values, fmax,i. 604 

 605 

4. Conclusions 606 

During December 6 to 10, 2015, for the first time, the cities and provinces in the NCP executed 607 

ERMs to reduce anthropogenic emissions, with the goal of alleviating a severe PM2.5 pollution event. 608 

We simulated the PM2.5 concentrations in the NCP before and during this event, both with and 609 

without the anthropogenic emission reductions associated with the ERMs, to evaluate the 610 

effectiveness of the ERMs. We surveyed provincial/municipal documents and news reports to 611 

determine the reductions of pollutant emissions due to the ERMs in each of the five cities and 612 

provinces in the NCP. With the exception of NH3, the emissions of anthropogenic PM2.5 and its 613 

precursors were reduced by 8% to 48% across the NCP as a result of the ERMs. Our model 614 
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simulation using the reduced emissions was able to reproduce the observed PM2.5 concentrations 615 

and compositions throughout the event. 616 

We found that the effects of the ERMs on PM2.5 concentrations in the NCP were surprisingly 617 

modest. Overall, the mean abatement of PM2.5 during the polluted period attributable to the ERMs 618 

were 7% in Beiijng and 4% for the rest of the NCP. We found that, during the polluted period, only 619 

18% to 22% of the surface PM2.5 in Beijing was attributable to local emissions. Pollutants emitted 620 

from the rest of the NCP and from outside the NCP contributed 49% to 58% and 23% to 29% of the 621 

PM2.5 in Beijing, respectively, during the polluted period. For the rest of the NCP, more than 62% 622 

of the mean surface PM2.5 was from local emissions, while 34% to 37% was attributed to emissions 623 

from outside the NCP. 624 

We found that the ineffectiveness of the ERMs in alleviating the high PM2.5 concentrations was 625 

due to the lengthened lifetime of PM2.5 (5 days) in the boundary layer of the NCP, which was in turn 626 

due to slowed horizontal and vertical ventilation under the stagnant weather conditions. As a result, 627 

there was insufficient time for the PM2.5 concentrations to fully reflect the reduction in emissions 628 

and the efficacy of the ERMs were finished. This is in vast contrast against previous occasions when 629 

temporary emission controls implemented in the BTH and surrounding areas had significantly 630 

improved the air quality in Beijing, such as during the Sino-African Summit, the Beijing Olympic 631 

Games, the APEC Summit, and the 2015 Chinese Miliary Parade (e.g.,Cheng et al., 2008; S. Wang 632 

et al., 2010; Liu et al., 2015; Zhang et al., 2016; G. Wang et al., 2017). On those occasions, emission 633 

controls were enforced for a longer period of time. More importantly, the efficacy of temporary 634 

emission control actions were aided by the effective ventilation of the boundary layer air in Beijing 635 

(e.g., Zhang et al., 2016). 636 

Our result showed the challenge in reducing surface PM2.5 concentrations during severe 637 

wintertime haze events by implementing ERMs, because the stagnant weather conditions would 638 

impede the efficacy of the ERMs. As a result, anthropogenic emissions in the NCP during severe 639 

wintertime haze events would need to be reduced by a much larger percentage if more pronounced 640 

abatements of surface PM2.5 concentrations were desired. Such large emission reductions would be 641 

economically costly. Concurrently, stronger advisory to citizens to reduce outdoor activities and to 642 

improve indoor air quality (e.g., using air purifiers to remove PM2.5) is also necessary to effectively 643 
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reduce public exposure to high PM2.5 in the NCP during these severe wintertime haze events. 644 
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Fig 1. (a) The two nested domains used in our WRF-Chem simulations. The outer domain (d01) is shown with the 

topography (filled contours). (b) The inner domain (d02) is color-shaded to represent the NCP areas (Beijing, 

Tianjin, Hebei, Henan, and Shandong), which implemented emission reduction measures during December 6 

to 10, 2015. (c) The spatial distribution of meteorology and PM2.5 measurement sites used in this study. The 

blue dots represent the meteorological sites. The black and red dots indicate the PKUERS and CRAES sites 

with PM2.5 concentration and composition measurements. The grey dots indicate other surface sites of PM2.5 

concentration measurements. 
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Fig 2. Meteorological conditions over East Asia during December 2 to 10, 2015 from the FNL reanalysis. Black contours indicate sea level pressure (in hPa). Bold blue lines indicate cold fronts. 

Color-shaded areas indicate surface relative humidity >80%. 
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Fig 3. Observed (black solid line) and simulated surface PM2.5 concentrations (as average concentrations sampled 

at surface sites) in (a) Beijing, (b) Tianjin, (c) Hebei, (d) Henan, and (e) Shandong during December 2 to 10, 

2015. Simulated concentrations from the NOERM and ERM experiments are shown in dashed grey lines and 

solid grey lines, respectively. The error bar represents one standard deviation. The site numbers in each 

province/city (N), the correlation coefficients (R) between the observed concentrations and those simulated in 

the ERM experiment, simulated concentration differences between the two experiments, as well as the 

simulated concentration difference percentages between the two experiments are shown inset. The clean period, 

Stage I, and Stage II are shaded in blue, orange, and red, respectively. 
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Fig 4. (a) Spatial distribution of the simulated mean surface PM2.5 concentrations over NCP during Stage I and Stage 

II from the ERM experiment, overlaid with the mean concentrations observed at surface sites (filled circles). 

The percentage of PM2.5 concentration changes due to the enforcement of the ERMs during (b) Stage I and (c) 

Stage II. Grids marked with “+” indicate changes that are statistically significant relative to the hourly 

concentration variability (α = 0.05). 
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Fig 5. (a) Temporal variations of PM2.5 concentrations and components in the ERM experiment (solid grey line and 

color-filled bars), PM2.5 concentrations in the NOERM experiment (dashed grey line), and the observed PM2.5 

concentration (black line) at the CREAS site in Beijing during December 2 to 10, 2015. (b) The differences in 

the simulated PM2.5 concentrations and compositions at the CREAS site as a result of the ERMs. Also shown 

are the (c) observed and simulated PM2.5 compositions in (d) the ERM and (e) the NOERM experiments during 

December 6 to 10 at the PKUERS site. Chemical compositions are color-coded. “Others” in the observation 

indicate non-resolved chemical component. “Others” in the simulation indicate the sum of anthropogenic dust, 

natural dust, and sea salt. 
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Fig 6. Daily PM2.5 and population-weighted PM2.5 (PPM2.5) variations for (a) Beijing, (b) Tianjin, (c) Hebei, (d) 

Henan and (e) Shandong during the emission reduction period. The duration of Stage I, and Stage II are shaded 

in orange and red, respectively. 
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Fig 7. Simulated contributions of local versus regional emissions to PM2.5 concentrations in (a) Beijing and (b) the 

rest of the NCP during the clean period and during the polluted period (Stages I and II). Concentrations and 

percent contributions from Beijing (red), from the other municipalities within the NCP (dark grey), and from 

outside the NCP (light grey) are shown inset. 
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Fig 8. Analytical solutions of the fractional abatements of PM2.5 (fi, black curves) in (a) Beijing and (b) the rest of 

the NCP as a result of the ERMs implemented, as functions of days since the initiation of ERM enforcement 

(x-axis). The color blocks indicate the durations of Stages I (orange) and II (red), respectively. The mean 

analytical fractional abatements of PM2.5 during Stages I and II are indicated by the horizontal black lines. The 

maximum fractional abatements (fmax,i) of PM2.5 are indicated by the red dashed lines. 
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Table 1 Percent reductions in sectorial anthropogenic emissions associated with the various alert levels issued by 

the cities and provinces in the NCP during December 6 to 10, 2015 

City/Province Sector 

Percentage of emission reduction 

Yellow alert Orange alert Red alert 

Beijing 

Power generation - a 0 b 0 

Industry - -15% -50% 

Residential activities - -10% -30% 

Transportation - -30% -42% 

Tianjin 

Power generation 0 0 - 

Industry -20% -30% - 

Residential activities -10% -10% - 

Transportation 0 0 - 

Hebei 

Power generation 0 0 - 

Industry -15% -30% - 

Residential activities -10% -10% - 

Transportation -20% -20% - 

Henan 

Power generation - 0 - 

Industry - -30% - 

Residential activities - -10% - 

Transportation - -20% - 

Shandong 

Power generation 0 - - 

Industry -10% - - 

Residential activities -10% - - 

Transportation -10% - - 

a ‘-’ indicates that the alert level was not issued. 

b ‘0’ indicates that no emission reductions associated with the sector at the issued alert level. 
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Table 2 Pollutant emissions from the cities and provinces in the NCP and the associated percent reductions during 

Stages I a and II b 

 
Base emissions / 

alert levels 
EC 

Primary 

OC c 

Other 

primary 

PM2.5 

VOCs SO2 NOx NH3 CO 

Beijing 

Base (Mg) 23 62 71 1299 125 699 61 4362 

Stage I reduction -13% -11% -12% -15% -12% -18% -4% -14% 

Stage II reduction -34% -31% -35% -48% -34% -38% -9% -34% 

Tianjin 

Base (Mg) 49 82 118 1818 503 1181 96 6349 

Stage I reduction -11% -11% -13% -18% -17% -14% -1% -12% 

Stage II reduction -14% -12% -16% -27% -24% -21% -2% -16% 

Hebei 

Base (Mg) 387 686 697 4929 2823 4963 1212 45560 

Stage I reduction -12% -11% -12% -14% -13% -14% -1% -12% 

Stage II reduction -16% -13% -18% -24% -22% -23% -2% -18% 

Henan 

Base (Mg) 330 599 691 5110 1918 3920 2176 32374 

Stages I and II 

reduction 
-17% -13% -19% -24% -20% -20% -2% -17% 

Shandong 

Base (Mg) 413 804 1127 8357 42218 6588 1689 45260 

Stages I and II 

reduction 
-10% -10% -9% -10% -8% -8% -1% -10% 

a Stage I referred to 16:00 UTC of December 6 to 23:00 UTC of December 7, during which the orange alert was in 

effect in Beijing 

b Stage II referred to 23:00 UTC of December 7 to 04:00 UTC of December 10, during which the red alert was in 

effect in Beijing 

c Input into WRF-Chem as organic carbon 
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Table 3 Design of the sensitivity experiments used in this study 

 

Experiments Emission scenario 

NOERM Chinese anthropogenic emissions taken from the MEIC inventory with no reduction 

ERM (control) 

Same as NOERM, except anthropogenic emissions reduced in Beijing, Tianjin, 

Hebei, Henan, and Shandong during December 6 to 10 (Stages I and II) as a result of 

the enforcement of the ERMs (Table 2) 

ERM_NOBJ Same as ERM except no anthropogenic emissions in Beijing 

ERM_NOOTH 
Same as ERM except no anthropogenic emissions in Tianjin, Hebei, Henan, and 

Shandong 

NOERM_NOBJ Same as NOERM except no anthropogenic emissions in Beijing 

NOERM_NOOTH 
Same as NOERM except no anthropogenic emissions in Tianjin, Hebei, Henan, and 

Shandong. 

 




