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Abstract 1 

A comprehensive field experiment measuring aerosol chemical and physical 2 

properties at a suburban site in Beijing around the 2019 Spring Festival was carried out 3 

to investigate the impact of reduced anthropogenic emissions on aerosol formation. 4 

Sharply reduced sulfur dioxide (SO2) and nitrogen dioxide (NO2) concentrations during 5 

the festival holiday resulted in an unexpected increase in the surface ozone (O3) 6 

concentration, leading to enhancement of the atmospheric oxidation capacity. 7 

Simultaneously, the reduced anthropogenic emissions resulted in massive decreases in 8 

particle number concentration at all sizes and the mass concentrations of organics and 9 

black carbon. However, the mass concentrations of inorganics (especially sulfate) 10 

decreased weakly. Detailed analyses of the sulfur oxidation ratio and the nitrogen 11 

oxidation ratio suggest that sulfate formation during the holiday could be promoted by 12 

enhanced nocturnal aqueous-phase chemical reactions between SO2 and O3 under 13 

moderate relative humidity (RH) conditions (40 % < RH < 80 %). Daytime 14 

photochemical reactions in winter in Beijing mainly controlled nitrate formation, which 15 

was enhanced a little during the holiday. A regional analysis of air pollution patterns 16 

shows that the enhanced formation of secondary aerosols occurred throughout the entire 17 

Beijing-Tian-Hebei (BTH) region during the holiday, partly offsetting the decrease in 18 

particle matter with an aerodynamic diameter less than 2.5 μm. Our results highlight 19 

the necessary control of O3 formation to reduce secondary pollution in winter. The 20 

emission control of volatile organic compounds (VOCs) may be more suitable than the 21 

emission control of NOx to reduce O3 because VOCs under current emission conditions 22 
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likely control the formation of O3 in winter in the BTH region. 23 

 24 

1. Introduction 25 

Aerosols consist of liquid and solid particles, and their mixture suspended in the 26 

atmosphere. The massive increase in aerosol particles caused by human activities (e.g., 27 

traffic, industrial production, and construction work) in urban areas can deteriorate air 28 

quality to the point of having a detrimental impact on human health (e.g., Chow et al., 29 

2006; Matus et al., 2012; Gao et al., 2017; Zhong et al., 2018; An et al., 2019). 30 

Moreover, aerosols can change atmospheric optical and hygroscopic properties, altering 31 

the transfer of solar radiation and the development of clouds, thereby changing weather 32 

and climate in both aerosol source regions and their downstream areas (e.g., Altaratz et 33 

al., 2014; R. Zhang et al., 2015; Z. Li et al., 2016, 2019; Y. Wang et al., 2018, 2019b; 34 

Jin et al., 2020).  35 

With the rapid economic development and urbanization in recent decades in China, 36 

the scales of many cities have expanded quickly along with sharply increased 37 

populations in urban areas, especially in the three most economically developed regions 38 

(the Beijing-Tianjin-Hebei (BTH) metropolitan region, the Yangtze River Delta, and 39 

the Pearl River Delta). As a result, air pollution has become a severe problem in these 40 

megacity regions (e.g., Chan and Yao, 2008; Han et al., 2014; Zhong et al., 2018). On 41 

some heavy haze days, the mass concentration of particulate matter with an 42 

aerodynamic diameter of less than 2.5 μm (PM2.5) dramatically increased from tens to 43 

hundreds of micrograms per cubic meter in several hours (Guo et al., 2014; Sun et al., 44 
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2016a).  45 

Over the past a few years, many emission control measures have been taken in 46 

China to mitigate air pollution. As a response, the mass concentration of PM2.5 has 47 

decreased in most cities in China since 2013, especially in the BTH region (Q. Zhang 48 

et al., 2019; Vu et al., 2019; Zhai et al., 2019). Organics and black carbon (BC) 49 

concentrations largely decreased during these years thanks to the reduction in coal 50 

combustion and biomass burning (H. Li et al., 2019a; Xu et al., 2019). Simultaneously, 51 

the mass concentrations of inorganics (mainly sulfate, nitrate, and ammonium) also 52 

decreased due to the reduction in their gaseous precursors (especially sulfur dioxide, or 53 

SO2). However, the mass fraction of inorganics increased by more than 10 % during 54 

these years (H. Li et al., 2019a; Y. Wang et al., 2019a), implying the enhancement of 55 

secondary aerosol formation, which partly counteracted the decrease in PM2.5. 56 

Therefore, elaborating the secondary aerosol formation mechanism under current 57 

emission conditions is important for taking more proper measures to control PM2.5 in 58 

the future.  59 

 Some studies have argued that controlling emissions of nitrogen oxides (NOx) is 60 

important because nitrate in PM2.5 has had the weakest decrease relative to other 61 

chemical species over the past several years (Q. Zhang et al., 2019; F. Zhang et al., 62 

2020). The transformation of NOx to nitrate is closely related to atmospheric oxidation 63 

processes (Seinfeld and Pandis, 2016). Surface ozone (O3) is an important secondary 64 

gaseous pollutant and oxidizing agent in the atmosphere. Recent studies have found 65 

that a reduction in PM2.5 resulted in an increase in the O3 volume mixing ratio ([O3]) at 66 
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a rate of 3.3 ppbv per annum during the summer of the past few years in the BTH region 67 

(K. Li et al., 2019, 2020). The increased [O3] can enhance the atmospheric oxidation 68 

capacity, thereby promoting the formation of secondary aerosols in summer (T. Wang 69 

et al., 2017). However, less emphasis has been placed on the variation in [O3] in winter. 70 

The formation of O3 and its effect on secondary aerosol formation in a cold environment 71 

is thus unclear.  72 

Some special events held in China have provided unique opportunities to 73 

investigate the impact of human activities on air quality by taking advantage of unusual 74 

changes associated with short-term, drastic measures implemented by the Chinese 75 

government to reduce anthropogenic emissions, such as the 2008 Summer Olympic 76 

Games (T. Wang et al., 2010; Guo et al., 2013), the 2014 Asia-Pacific Economic 77 

Cooperation (Sun et al., 2016b), the 2015 China Victory Day parade (Y. Wang et al., 78 

2017; Zhao et al., 2017), and the 2016 G20 Summit (H. Li et al., 2019b). The annual 79 

Spring Festival holiday is also a special occasion when the vast majority of the 80 

population stops working for 2 to 4 weeks (Tan et al., 2009; Y. Zhang et al., 2016; C. 81 

Wang et al., 2017). Investigating the impact of changes in anthropogenic emissions on 82 

gaseous pollutants and aerosol formation during these special occasions may provide 83 

useful guidance on more scientifically sound measures to take to control PM2.5.  84 

A comprehensive aerosol field experiment at a suburban site near the 5th Ring 85 

Road in the Daxing District of Beijing was carried out for more than two years, 86 

including the 2019 Spring Festival. Beijing was one of the three top cities in China with 87 

the largest migrating population during the 2019 Spring Festival holiday 88 
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(https://cloud.tencent.com/developer/news/393324). In addition, fireworks were 89 

prohibited throughout the Beijing metropolitan region within the 6th Ring of the Beijing 90 

Beltway. The intensity of anthropogenic emissions was thus much weaker than usual 91 

during this holiday. Our measurements made around this period of the field campaign 92 

are thus ideal for investigating the impact of reduced anthropogenic emissions on 93 

surface O3 and aerosol formation.  94 

This paper is structured as follows. Section 2 describes the experiment site and the 95 

measurement data used in this study. Section 3 presents the results and discussion, 96 

mainly concerning the impact of reduced anthropogenic emissions during the holiday 97 

on the variations in trace gases and aerosol chemical species in Beijing and the BTH 98 

region. Section 4 presents the conclusions and their implications.  99 

 100 

2. Experiment site and measurement data 101 

A comprehensive field experiment measuring aerosol physical and chemical 102 

properties was conducted from August 2017 to October 2019 at a suburban site in 103 

southern Beijing (Fig. 1). Note that this study only employs measurements made 104 

around the 2019 Spring Festival from 16 January to 17 February. This site (39.81oN, 105 

116.48oE) is the test center for meteorological instruments constructed by the China 106 

Meteorological Administration (CMA). It is surrounded by Beijing’s 5th Ring Road, 107 

industrial parks, and residential communities (Fig. S1). Aerosol chemical and physical 108 

properties in this area are thus mainly anthropogenic, varying considerably around the 109 

time of the festival in response to the full cycle of industrial activities as the majority 110 

https://doi.org/10.5194/acp-2020-530
Preprint. Discussion started: 22 June 2020
c© Author(s) 2020. CC BY 4.0 License.



7 

of people stopped and resumed working. This provides an opportunity to investigate 111 

the impact of reduced anthropogenic emissions on surface O3 and aerosol formation 112 

processes in winter. 113 

 114 

 115 

Figure 1. Map showing the Beijing-Tianjin-Hebei region in China and the location of 116 

the experiment site. The colored background shows the terrain height (unit: m above 117 

sea level). 118 

 119 

Table 1 lists the instruments used in this campaign. A scanning mobility particle 120 

sizer (SMPS) and an aerodynamic particle sizer (APS) measured the aerosol particle 121 
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number size distribution (PNSD) from 10 nm to 20 μm. The SMPS consists of a 122 

differential mobility analyzer (model 3081, TSI Inc.) and a condensation particle 123 

counter (model 3772, TSI Inc.). The aerodynamic diameter measured by the APS can 124 

be converted to the Stokes diameter through division by the square root of the aerosol 125 

density. The aerosol density in this study was calculated following the method of Zhao 126 

et al. (2017), using measured aerosol chemical composition information. An aerosol 127 

chemical speciation monitor (ACSM) equipped with a PM2.5 lens system, a capture 128 

vaporizer, and a quadrupole mass spectrometer was used to measure mass 129 

concentrations of non-refractory aerosol chemical species in PM2.5, including organics 130 

(Org), nitrate (NO3
−), sulfate (SO4

2−), ammonium (NH4
+), and chlorine (Chl) (Peck et al., 131 

2016; Xu et al., 2017; Y. Zhang et al., 2017). A seven-wavelength aethalometer (model 132 

AE-33, Magee Scientific Corp.) with a PM2.5 cyclone in the sample inlet was used to 133 

retrieve the mass concentration of BC. 134 

In addition to the above aerosol measurements, meteorological parameters were 135 

observed by the CMA at the experiment site. The Chinese Ministry of Ecology and 136 

Environment network and Beijing Municipal Environmental Monitoring Center 137 

(http://106.37.208.233:20035/ and http://www.bjmemc.com.cn/) provided PM2.5 and 138 

trace gas (sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), and 139 

O3) measurements made in different locations of the BTH region. Yizhuang in Beijing 140 

is the nearest station to the experiment site (about 3.0 km to the southeast, Fig. S1). The 141 

total mass concentrations of measured non-refractory aerosol chemical species and BC 142 

mass concentrations in PM2.5 show good consistency with the PM2.5 mass 143 
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concentrations obtained from the Yizhuang station (Fig. S2).  144 

 145 

Table 1. Aerosol instruments used in this campaign and their observed parameters and 146 

manufacturer information.  147 

Instrument Measured Parameters Manufacturer Model Time Resolution 

SMPS 
Particle number size distribution  

(10–550 nm) 
TSI 3938 5 min 

APS 
Particle number size distribution 

(0.5–20 μm) 
TSI 3321 5 min 

ACSM 
Mass concentrations of non-refractory 

aerosol chemical species in PM2.5 
Aerodyne Q-ACSM 15 min 

Aethalometer Mass concentration of black carbon   Magee AE-33 5 min 

 148 

3. Results and Discussion 149 

3.1. Basic meteorological and environmental characteristics 150 

While the official Spring Festival holiday was from 4 February to 10 February 151 

2019, many people left before 3 February and came back after the Lantern Festival (19 152 

February). In this study, we regarded the days from 16 January to 2 February as the 153 

polluted (POL) period with high anthropogenic emissions, more representative of 154 

ordinary conditions, and the days from 3 February to 17 February as the background 155 

(BG) period with low anthropogenic emissions. Figure 2 shows the time series of 156 

meteorological parameters, trace gas volume mixing ratios, and aerosol properties 157 

during the two periods. 158 

 159 
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 160 

Figure 2. Time series of (a) ambient temperature (T) and relative humidity (RH), (b) 161 

wind direction (WD) and speed (WS), (c) volume mixing ratios of trace gases (O3, SO2, 162 

and NO2), (d) the aerosol particle number size distribution measured by the SMPS, and 163 

(e) mass concentrations of aerosol chemical species in PM2.5 measured by the ACSM 164 

and the AE-33. The trace gas information was from the Yizhuang station, and the others 165 

were observed at the experiment site in Beijing (16 January to 17 February 2019). 166 

 167 

Ambient temperature (T) and relative humidity (RH) have clear diurnal cycles (Fig. 168 

2a). The average T and RH during the BG period were slightly lower (-3.3±3.4 versus 169 

0.2±4.2oC) and higher (33.2±20.1 versus 25.8±17.6 %) than those during the POL 170 

period, respectively. This was caused by several short-term light snowfall events that 171 

occurred on 6, 12, and 14 February during the BG period. Figures 2b and S3 display 172 

similar wind patterns during the POL and BG periods, i.e., wind patterns that changed 173 
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periodically. The prevailing, strong northerly winds during the two periods were 174 

beneficial to dispersing pollutants in Beijing (Sun et al., 2016b; Y. Wang et al., 2017), 175 

and thus no heavy haze episodes occurred during these periods. Overall, the 176 

meteorological parameters were similar during the POL and BG periods.  177 

Figure 2c depicts that the volume mixing ratios of SO2 and NO2 ([SO2] and [SO2]) 178 

during the BG period were lower than those during the POL period, suggesting less 179 

gaseous pollutants from anthropogenic emissions during the BG period. In addition, 180 

[O3] remained at a high level for several days during the BG period but not during the 181 

POL period. The average [O3] increased by 77.4 % during the BG period compared 182 

with the POL period (46.2±18.9 versus 26.1±22.2 ppbv). The percent change in [O3] 183 

due to the “holiday effect” during this field campaign is much higher than that reported 184 

in other regions of China (K. Huang et al., 2012; C. Wang et al., 2017; S. Wang et al., 185 

2019).  186 

Many bursts of fine particles (Fig. 2d) occurring mainly during rush hours or at 187 

night were observed during the POL period. This is likely related to the substantial 188 

increases in gasoline or diesel vehicles on two nearby roads at these times. Zhu et al. 189 

(2017) found that efficient nucleation and partitioning of gaseous species from on-road 190 

vehicles can promote new particle formation in the wintertime. However, this 191 

phenomenon occurred much less frequently during the BG period, likely because of the 192 

massive reduction in on-road vehicles. The few short-term bursts of fine particles 193 

during the BG period occurred during the daytime, presumably because of enhanced 194 

nucleation by photochemical processes.  195 
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The aerosol chemical species in PM2.5 also differed during the POL and BG periods 196 

(Fig. 2e). During the POL period, the mass concentrations of aerosol chemical species 197 

readily accumulated, especially the organics (morg) with rapid increases at night. The 198 

mass concentration of BC (mBC) also clearly increased, likely associated with an 199 

increase in heavy-duty diesel vehicles and a decrease in the nocturnal planetary 200 

boundary layer at night (Y. Wang et al., 2017; Zhao et al., 2017; Z. Li et al., 2017). 201 

However, the increases in morg and mBC during the BG period were not as strong as 202 

those during the POL period. The mass concentration of nitrate (mNO3) largely decreased 203 

during the BG period, while there was a weak variation in the mass concentration of 204 

sulfate (mSO4). 205 

In summary, distinct differences existed in all observed trace gases and aerosol 206 

chemical and physical parameters during the POL and BG periods. However, the 207 

meteorological parameters (wind direction and speed, ambient temperature, and RH) 208 

and weather regimes were similar during these two periods. This helps to single out the 209 

impact of reduced anthropogenic emissions on trace gases and aerosol formation 210 

processes. 211 

  212 

3.2. Impact of reduced anthropogenic emissions on aerosol formation processes 213 

The average PM2.5 mass concentrations were 46.3 and 22.5 μg/m3 during the POL 214 

and BG periods, respectively. Figure 3 illustrates the average PNSD and aerosol 215 

chemical species in PM2.5 during the two periods. The particle number concentrations 216 

at all sizes were much higher during the POL period than during the BG period, 217 
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especially for ultrafine particles (with diameters, or Dp, < 100 nm). The diurnal 218 

variation in PNSD during the POL period shown in Fig. 4a suggests that aerosol 219 

particles with Dp < 50 nm burst during rush hours and in the nighttime. The total particle 220 

number concentration (N) remained greater than 30,000 cm-3 at these times. However, 221 

during the BG period, the number concentration of ultrafine particles only increased 222 

weakly during rush hours or nucleation times. N was always less than 20,000 cm-3 on 223 

all days during the BG period (Fig. 4b), probably linked with the reduction in on-road 224 

vehicles during the holiday. As shown in Table 2, the ratio of BG to POL 10–50 nm 225 

particle number concentrations (N10–50 nm) (0.47) is much smaller than the ratios for 226 

larger particles (0.78 for N50–100 nm and 0.67 for N>100 nm). These all demonstrate the 227 

strong impact of reduced anthropogenic emissions on aerosol number concentrations, 228 

especially for nucleation-mode and small Aitken-mode particles. 229 

 230 

 231 

Figure 3. Average aerosol particle number size distributions (red and blue curves) and 232 

40x10
3

30

20

10

0

d
N

/d
lo

g
D

p
 (

#
/c

m
3
)

10
2 3 4 5 6 7 8 9

100
2 3 4 5 6 7 8 9

1000
2

Dp (nm)

 45% 

 18% 

 17% 
 10% 

 2% 

 8% 

 51% 

 18% 

 10% 
 9% 

 2% 

 11% 

Org

NO3

SO4

NH4

Chl

BC

POL: PM2.5 = 46.3 g/m
3 

BG:

PM2.5 = 22.5 g/m
3 

https://doi.org/10.5194/acp-2020-530
Preprint. Discussion started: 22 June 2020
c© Author(s) 2020. CC BY 4.0 License.



14 

mass fractions of aerosol chemical species in PM2.5 (pie charts with red and blue 233 

outlines) during the POL (in red) and BG (in blue) periods. 234 

 235 

 236 

Figure 4. Diurnal variations in aerosol particle number size distribution (colored 237 

background) and total aerosol number concentration (N, shown as grey curves) during 238 

the (a) POL and (b) BG periods.  239 

 240 

Table 2. Summary of the average aerosol number concentration (N) in different size 241 

ranges, volume mixing ratios of trace gases, mass concentrations of PM2.5 and different 242 

aerosol chemical species, sulfur oxidation ratios (SOR), and nitrogen oxidation ratios 243 

(NOR) during the POL and BG periods and their ratios. 244 
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O3 

（ppbv） 

PM2.5 

（μg/m3） 
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 245 

Table 2 also indicates that the mass concentrations (m) of aerosol chemical species 246 

in PM2.5 clearly decreased more during the BG period than during the POL period. The 247 

m related to primary emissions (morg and mBC) decreased by more than 50 %, but the m 248 

of secondary inorganic aerosols (SIA, including nitrate, sulfate, and ammonium) 249 

slightly decreased, especially for sulfate (mSO4 decreased by only 17 %). The pie charts 250 

in Fig. 3 show significant differences in the aerosol chemical species of PM2.5 during 251 

the two periods. The mass fractions of Org and BC were lower during the BG period 252 

(45 % and 8 %, respectively) than during the POL period (51 % and 11 %, respectively). 253 

By contrast, the mass fraction of SIA was higher during the BG period (45 %) than 254 

during the POL period (37 %). This indicates that the strongly reduced 255 

anthropogenic emissions during the holiday caused sharp decreases in primary aerosols 256 

but not secondary aerosols. The sulfur oxidation ratio (SOR) and nitrogen oxidation 257 

ratio (NOR) are usually calculated to study the transformation of secondary aerosols 258 

(Sun et al., 2006; Y. Li et al., 2017). SOR (NOR) is defined as the ratio of the molar 259 

concentration of sulfate (nitrate) to the total molar concentration of sulfate (nitrate) and 260 

SO2 (NO2). Table 2 shows that SOR and NOR were higher during the BG period than 261 

during the POL period, suggesting that the formation of secondary inorganics was 262 

enhanced during the BG period. Figure 5 shows that most large PM2.5 mass 263 

concentrations (> 100 μg/m3) during the POL period occurred along with low RH (< 264 

40 %) and low SIA mass fractions, indicating the important contribution of primary 265 

emissions to the accumulation of PM2.5 in a polluted environment. However, large 266 

PM2.5 mass concentrations (> 50 μg/m3) during the BG period mainly appeared under 267 
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moderate RH (40 < RH < 80 %) and high SIA mass fraction conditions, likely caused 268 

by enhanced aqueous-phase chemical reactions during this period. 269 

 270 

 271 

Figure 5. The variation in secondary inorganic aerosols (SIA) mass fraction in PM2.5 272 

as a function of ambient relative humidity during the POL (in red) and BG (in blue) 273 

periods. The different circle sizes denote different PM2.5 mass concentrations. 274 
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at night during the BG period (Fig. 6c) indicates the enhanced transformation of SO2 to 281 

sulfate, likely related to nocturnal aqueous-phase chemical reactions. Figure S4 282 

indicates that SOR increased following an increase in ALWC when ambient RH was 283 

higher than ~40 % during the BG period. Moreover, Fig. 6d shows that the diurnal 284 

variation in the SOR ratio during the two periods was similar to that of the [O3] ratio. 285 

This suggests that sulfate formation during the holiday was likely enhanced by 286 

nocturnal aqueous-phase chemical reactions between SO2 and O3. This is consistent 287 

with the study of Fang et al. (2019), which found that ambient RH and the O3 288 

concentration are two prerequisites for rapid sulfate formation via aqueous-phase 289 

oxidation reactions. This result highlights that controlling O3 formation under current 290 

emission conditions in winter in Beijing is key to further reducing the formation of 291 

sulfate and implies that the high underestimation of sulfate at night in models (Miao et 292 

al., 2020) could be caused by the inaccurate simulation of [O3]. The higher daytime 293 

NOR (Fig. 6e) than nighttime NOR during the two periods illustrates that the formation 294 

of nitrate was mainly controlled by photochemical reactions in winter. Figure 6f shows 295 

that the larger NOR difference (the higher NOR ratio) during rush hours during the two 296 

periods likely occurred because a mass of emitted NOx during rush hours could not be 297 

transformed to nitrate during the POL period. Figure 6e and 6f also suggests nitrate 298 

formation was enhanced a little during the holiday likely due to the enhanced daytime 299 

photochemical reactions. 300 
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 301 

Figure 6. Diurnal variations in (a and b) O3 volume mixing ratio and its ratio, (c and 302 

d) sulfur oxidation ratio (SOR) and its ratio, and (e and f) nitrogen oxidation ratio 303 

(NOR) and its ratio during the BG and POL periods. The ratio of a quantity is that 304 

quantity during the BG period divided by that quantity during the POL period. 305 

 306 

  Overall, the reduced anthropogenic emissions led to a drastic decrease in aerosol 307 

particle number concentration during the holiday. However, the atmospheric oxidation 308 

capacity was enhanced during the holiday, thereby promoting the formation of 309 

secondary inorganics (especially sulfate).  310 

 311 
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3.3. Impact of reduced anthropogenic emissions on regional air pollution 314 

Figure 7a-c shows that the volume mixing ratios of emitted trace gases ([SO2], 315 

[NO2], and [CO]) decreased in the BTH region during the BG period. [NO2] and 316 

[SO2] decreased by more than 40 % in all cities and 35 % in heavy-industry cities 317 

(distributed in the southern and northeastern parts of the BTH region). This indicates a 318 

regional reduction in anthropogenic emissions during the holiday. Figure 7d shows 319 

that [O3] increased in all cities and that the increase was more than 50 % in all cities 320 

except for a high-altitude city (Zhangjiakou) to the northwest, implying the regional 321 

enhancement of the atmospheric oxidation capacity.  322 

 323 

 324 

Figure 7. Percent changes in trace gas volume mixing ratios (NO2, SO2, CO, and O3), 325 

the PM2.5 mass concentration, and the PM2.5/CO ratio during the BG period relative to 326 

the POL period: 100 × (
[BG]−[POL]

[POL]
). 327 
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The PM2.5 mass concentration decreased at a much lower rate relative to the 329 

decrease in [NO2] and [SO2] in most cities during the BG period (Fig. 7e), while it 330 

increased slightly at Zhangjiakou and three southern heavy-industry cities (Hengshui, 331 

Xingtai, and Handan). The ratio PM2.5/CO is an indicator of aerosol secondary 332 

formation to primary emissions. An increase in PM2.5/CO was found during the BG 333 

period at all cities except for three coastal cities (Tangshan, Tianjin, and Cangzhou), 334 

revealing the regional enhancement of secondary aerosol formation during the 335 

holiday. The weak decrease in PM2.5/CO at the three coastal cities was likely due to 336 

the influence of mixed sea flows.  337 

The regional analysis of air pollution assumes that the findings from Beijing 338 

presented in section 3.2 are applicable to the entire BTH region. Regionally reduced 339 

anthropogenic emissions resulted in sharply decreased gaseous pollutants and 340 

increased O3. Higher atmospheric oxidation led to the enhanced formation of 341 

secondary aerosols, thus counteracting the decrease in PM2.5 mass concentration. 342 

There are two possible reasons explaining the high [O3] during the holiday: (1) the 343 

reduced gaseous precursors (NOx and SO2) weakened the consumption of O3, and (2) 344 

O3 formation in the BTH region is volatile organic compound (VOC)-controlled under 345 

current emission conditions, therefore the reduction in NOx would lead to higher [O3]. 346 

This result demonstrates that it is more important to reduce VOC emissions to control 347 

PM2.5 in winter in the BTH region.  348 

 349 

 350 

 351 
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4. Conclusions and Implications 352 

In recent years, the mass concentration of particulate matter with an aerodynamic 353 

diameter of less than 2.5 μm (PM2.5) has shown a general decreasing trend, presumably 354 

due to the series of emission reduction measures taken in China attempting to improve 355 

air quality. However, haze pollution episodes still occur from time to time, including 356 

during some special events when primary emissions reduced drastically, such as the 357 

Chinese New Year holiday and even during the COVID-19 lockdown when 358 

anthropogenic activities diminished drastically (X. Huang et al., 2020). We conjecture 359 

that reductions through primary emissions may be offset by increases in the formation 360 

of secondary aerosols. 361 

To test this, we examined the secondary aerosol formation mechanism in a 362 

comprehensive field experiment conducted in Beijing. Comprehensive aerosol and 363 

meteorological measurements were made for more than two years, but data around the 364 

2019 Chinese Spring Festival from 16 January to 17 February were employed in this 365 

study to single out the impact of emission reductions due to the holiday. The study 366 

period was divided into polluted (POL) and background (BG) periods, with high and 367 

low anthropogenic emissions before and during the festival holiday, respectively. 368 

Investigated were the impacts of reduced anthropogenic emissions on trace gases and 369 

PM2.5 under similar meteorological conditions.  370 

The average PM2.5 mass concentrations were 46.3 and 22.5 μg/m3 during the POL 371 

and BG periods, respectively, with no heavy haze events occurring. The average aerosol 372 

particle number size distribution shows that the reduced anthropogenic emissions 373 

https://doi.org/10.5194/acp-2020-530
Preprint. Discussion started: 22 June 2020
c© Author(s) 2020. CC BY 4.0 License.



22 

during the holiday led to decreased aerosol number concentrations at all sizes, 374 

especially in the nucleation and Aitken modes (mobility diameters less than 50 nm). 375 

Simultaneously, the reduced anthropogenic emissions resulted in decreases in the 376 

volume mixing ratios of SO2 and NO2 and an unexpected increase in the volume mixing 377 

ratio of O3 [O3] during the BG period. The analysis of the aerosol chemical species in 378 

PM2.5 demonstrates that the large decreases in organics and black carbon mass 379 

concentrations during the BG period were likely caused by the large decrease in on-380 

road vehicles. Moreover, the mass concentration of nitrate also decreased while that of 381 

sulfate decreased much less during the BG period. Comparisons of the sulfur oxidation 382 

ratio (SOR) and the nitrogen oxidation ratio (NOR) during the two periods imply that 383 

the transformation of gaseous precursors to secondary inorganics (especially the 384 

transformation of SO2 to sulfate) was promoted during the BG period, likely due to the 385 

enhanced atmospheric oxidation capacity. The diurnal variation in the SOR ratio 386 

between the BG and POL periods was similar to that of the [O3] ratio, illustrating that 387 

sulfate formation was promoted by the enhanced nocturnal aqueous-phase chemical 388 

reactions between SO2 and O3 under moderate relative humidity (RH) conditions (40 % 389 

< RH < 80 %). The higher NOR in the daytime during the two periods points out that 390 

the formation of nitrate was mainly controlled by photochemical reactions and weakly 391 

affected by the increase in [O3]. 392 

This study also investigated the impact of reduced anthropogenic emissions on 393 

regional air pollution patterns during the holiday. The variation trends of trace gases in 394 

most cities in the Beijing-Tian-Hebei (BTH) region were similar to those in Beijing, 395 
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indicating the regional influence of reduced anthropogenic emissions on the volume 396 

mixing ratios of trace gases during the holiday. The weak PM2.5 variation and the 397 

increased PM2.5/CO ratio (an indicator of aerosol secondary formation to primary 398 

emissions) during the BG period both suggest that the enhanced formation of secondary 399 

aerosols offset the regional decrease in PM2.5 during the holiday.  400 

Our findings provide evidence that decreases in anthropogenic emissions can 401 

promote the formation of secondary inorganics due to the enhancement of the 402 

atmospheric oxidation capacity (manifested by more accumulated O3). In the future, the 403 

simultaneous control of PM2.5 and O3 will be needed to further reduce air pollution. The 404 

O3 formation in winter in the BTH region is possibly volatile organic compound 405 

(VOC)-controlled under current emission conditions. Controlling VOC emissions may 406 

thus be more important than controlling emissions of nitrogen oxides. 407 

 408 
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