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The strict control on emissions implemented in Beijing, China, during the 2015 China Victory Day Parade (V-day Parade) to 

commemorate the 70
th

 Anniversary of Victory in World anti-fascist War, provided a good opportunity to investigate the 

relationship between emission sources and aerosol chemistry in a heavily polluted megacity. From August 11 to 

September 3, 2015, an Aerosol Chemical Speciation Monitor was deployed in urban Beijing, together with other collocated 

instruments, for the real-time measurement of submicron aerosol characteristics. The average PM1 mass concentration 

was 11.3 (± 6.7) μg/m
3
 during the V-day Parade, which was a reduction of 63.5% compared with that before the V-day 

Parade. Different from the relatively smaller decrease of organics (53%), secondary inorganic aerosols (sulfate, nitrate and 

ammonium) showed significant reductions of 65%–78% during the V-day Parade. According to the positive matrix 

factorization results, primary organic aerosol (POA) from traffic and cooking emissions decreased by 41.5% during the 

parade, whereas secondary organic aerosol (SOA) presented a much greater reduction (59%). The net effectiveness of 

emission control measures was investigated further under comparable weather conditions before and during the parade. 

By excluding the effects of meteorological parameters, the total PM1 mass was reduced by 52%–57% because of the 

emission controls. Although the mass concentrations of aerosol species were reduced substantially, the PM1 bulk 

composition was similar before and during the control period as a consequence of synergetic control of various precursors. 

The emission restrictions also suppressed the secondary formation processes of sulfate and nitrate, indicated by the 

substantially reduced SOR and NOR (molar ratios of sulfate or nitrate to the sums of the sulfate and SO2 or nitrate and 

NO2) during the event. The study also explored the influence of emission controls on the evolution of organic aerosol using 

the mass ratios of SOA/POA and oxygen-to-carbon ratios. The results showed that for northwesterly airflows, emission 

restrictions during the V-day Parade also reduced the oxidation degree of organic aerosol. 

 

*e-mail: qiangzhang@tsinghua.edu.cn 

Introduction 

Aerosol particles are of great importance not only because of their 

direct and indirect radiative forcing on climate but also because of 

their adverse effects on health. They can be emitted directly as 

particles from natural and anthropogenic sources, or formed in the 

atmosphere through gas-to-particle conversions.
1
 According to 

Seinfeld and Pandis,
2 

considerable amounts of aerosols are 

anthropogenic in origin, especially those with diameters <1 μm. 

Anthropogenic emissions of air pollutants in China are much greater 

than in European or North American countries, which intensifies 

China’s severe air pollution.
3
 Therefore, it is essential to understand 

how anthropogenic sources affect the aerosol load before 

implementing clean-air measures. 

Beijing, the capital city of China, has suffered frequent haze episode 

events since the early 2000s.
4
 In 2014, the city had a residential 

population of 21.52 million and the total number of motor vehicles 

exceeded 5.3 million.
5
 Moreover, air quality in Beijing can be 

affected significantly by its surrounding regions, especially the 

heavily industrialized cities in Hebei and Shanxi provinces.
6
 

To improve the air quality for the 2015 Victory Day Parade, held on 

September 3, 2015, the Chinese government implemented a 

number of strict control measures to reduce anthropogenic 

emissions in Beijing and the surrounding areas (e.g. Tianjin, Hebei, 
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Inner Mongolia, Shanxi, Shandong and Henan). The number of 

motor vehicles allowed on the roads of Beijing between August 20 

and September 3, 2015 was reduced by half. In addition, more than 

10,000 enterprises across all 7 municipalities and provinces were 

suspended or ordered to limit production during this period, and 

various construction activities were also forbidden. Consequently, 

the air quality in Beijing during the event was improved significantly 

and dubbed the “Parade Blue”. The control measures implemented 

during the V-day Parade were much stricter than during the 2008 

Olympic Games and 2014 Asia-Pacific Economic Cooperation (APEC) 

summit. Thus, this event served as a realistic “natural atmospheric 

chamber”
1
 and provided a good opportunity to improve our 

understanding of the complex relationship between emission 

sources and aerosol chemistry to guide future control strategies. 

Air pollution levels are affected not only by emissions but also by 

meteorological conditions. Various studies have indicated that air 

quality in Beijing depends strongly on weather conditions, 

especially the local wind speed and wind direction.
7,8

 According to 

research focusing on air quality improvement during the 2008 

Olympic Games and 2014 APEC summit, favorable meteorological 

conditions also played an important role in reducing PM levels in 

addition to emission reductions. Thus, it is not sufficient to simply 

compare aerosol concentrations prior to and during emission 

controls to evaluate the efficiency of reduction measures. A popular 

strategy to distinguish possible meteorological effects is to use 

comprehensive air quality models to simulate the aerosol formation 

processes under different emission and meteorological scenarios. 

Using emission inventories of June 2008 (without emission 

reductions) and August 2008 (with emission reductions), Wang et 

al.
9
 simulated day-to-day PM2.5 concentrations with the Community 

Multiscale Air Quality (CMAQ) model and they found that more 

than 60% of the PM2.5 reduction during the Olympic Games was due 

to emission controls. However, model predictions could be 

influenced strongly by the accuracy of the incorporated chemical 

mechanisms as well as the emission inventories, especially for 

PM2.5, a complex mixture of chemical species.
10

 As presented by 

Wang et al.,
9
 the correlation coefficient between modeled and 

observed data was 0.7 for August 2008. With the application of 

remote sensing and satellite technology, an alternative approach is 

the development of statistical models based on pollution level and 

meteorological parameters. Cermak and Knutti
11

 took aerosol 

optical depth (AOD) as a surrogate for pollution level and developed 

a neural network to relate log (AOD) to the wind vector, 

precipitation and relative humidity (RH). They predicted log (AOD), 

assuming no emission controls, using meteorological observations 

obtained during the Olympic Games and then compared them with 

the observed values. However, they also highlighted that the AOD 

used in their approach might not be representative of surface 

conditions. Liu et al.
12

 developed a nonlinear statistical model based 

on both ground and satellite observations. They estimated ground-

level PM2.5 concentrations using satellite AOD and local 

meteorological parameters, and found that 70% of the temporal 

variability in PM2.5 could be explained by the fitted model. Their 

model results indicated that emission controls during the Olympic 

Games resulted in an approximate 27%-33% reduction in PM2.5 

concentrations. In addition to the unexplained variability in PM2.5 

concentrations, their small sample size might also have been a 

limitation of their approach considering such short-term political 

measures. 

A more straightforward strategy is to regard the atmosphere as a 

natural laboratory and to estimate the influence of emission 

reductions using measured changes in air quality under comparable 

weather conditions. Cheng et al.
1
 used source conditions, local 

meteorological parameters and regional transport characteristics as 

the selection criteria to distinguish the effects of weather 

conditions on air quality. Under similar local and regional 

meteorological factors, they estimated that traffic restrictions 

imposed during the 2006 Sino-African Summit in Beijing reduced 

the number concentrations of particles in the Aitken and 

accumulation modes by 20%-60%. Several studies have applied the 

real-time aerodyne aerosol mass spectrometer (AMS) to explore 

the changes of aerosol chemistry due to emission restrictions 

during the 2008 Olympics and the 2014 APEC in Beijing.
13,14,15,16

 

These studies largely compared the aerosol loading during the 

emission control period with that of a pre-control period or the 

same period in previous years. However, meteorological conditions 

(e.g. wind and precipitation) can be significantly different between 

these periods. Thus the link between emission controls and aerosol 

chemistry is still not clearly understood.  

In the present study, we conducted real-time measurements of 

submicron aerosol composition in urban Beijing, both before and 

during the V-day Parade (August 11-19 and August 20 to September 

3, 2015, respectively), using an Aerodyne Aerosol Chemical 

Speciation Monitor (ACSM) and other collocated instruments. The 

changes of aerosol chemical species and organic aerosol (OA) 

sources prior to and during the control period were investigated in 

detail. In particular, data populations with similar local and regional 

meteorological conditions before and during the parade were 

selected. Under comparable weather conditions, the net 

effectiveness of emission restrictions on aerosol chemistry was 

elucidated by comparing the changes before and during the event. 

Experimental methods 

Sampling site 

The field measurements were conducted on the campus of 

Tsinghua University (THU site: 40.0°N, 116.3°E), which is situated in 

the northwestern urban area of Beijing. Beijing is located at the 

northern tip of the North China Plain, with Tianjin municipality on 

its eastern border and Hebei province on its other three sides. 

Topographically, Beijing is characterized as a semi-basin region, 

bordered by the Yanshan Mountain to the northeast and the 

Taihang Mountain to the west. The basin-like topography plays an 

important role in the regional airflow of this area.
17

 Sampling was 

performed approximately 10 m above ground level on the roof of a 

three-story building. Local emission sources within 1 km of the THU 

site included vehicles and fuel combustion for cooking. No major 

industrial sources are located in the locality. 

Online instrumentation 
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The chemical composition of non-refractory PM1 was measured in 

situ from August 11 to September 3, 2015, using an ACSM.
18

 The 

ACSM uses the same particle lens and vaporizer as a research grade 

AMS; however, no size information is obtained because of the lack 

of a fast data acquisition and particle beam chopper system. Before 

sampling into the ACSM, a PM2.5 cyclone (model URG-2000-30ED) 

was used to remove coarse particles (>2.5 μm), and a silica gel 

diffusion dryer was supplied to dry the aerosol particles. After 

passing through a 100-μm-diameter critical aperture, aerosol 

particles between 30 nm and 1μm were focused into a narrow 

particle beam via an aerodynamic lens. Particles were then 

transmitted directly into the detection chamber, where non-

refractory particulate materials were flash vaporized at the oven 

temperature (~600°C) and ionized by 70eV electron impact. In this 

study, the applied scan rate of the ACSM was 200 ms per amu from 

m/z 10 to 150. The time resolution of chemical species 

concentration was approximately 15 min, by alternating 14 cycles 

between the filter and sample modes. The ionization efficiency of 

the ACSM was calibrated at the beginning, in the middle and at the 

end of the field observations. A detailed description and calibration 

procedure of ACSM has been given in Ng et al.
18

 

Because ACSM can only measure the chemical concentrations of 

non-refractory species (organic, sulfate, nitrate, ammonium and 

chloride), a multi-angle absorption photometer (MAAP; model 12, 

Thermo Electron Corporation) was deployed to obtain the 

concentration of refractory black carbon (BC). The MAAP
19,20

 was 

operated at an incident light wavelength of 670 nm, with a PM1 

cyclone and a drying system incorporated in front of the sampling 

line. Simultaneously, PM1 mass was measured based on the β-ray 

absorption method using a PM-714 Monitor (Kimoto Electric Co., 

Ltd., Japan).
21

 Other collocated instruments included a suite of 

commercial gas analyzers from Thermo Scientific to measure the 

gaseous species (CO, O3, NO, NO2 and SO2), and an automatic 

meteorological observation instrument (Milos520, VAISALA Inc., 

Finland) to monitor temperature, RH, precipitation, wind speed and 

wind direction. The height of the PBL (planetary boundary layer) 

was obtained from the ARL (Air Resources Laboratory) at the NOAA 

website (http://www.arl.noaa.gov/index.php). 

ACSM data analysis 

The ACSM data analysis were processed within Igor Pro 

(WaveMetrics, Inc., Oregon USA) using the standard ACSM data 

analysis software (v.1.5.3.0). To obtain the chemical concentration 

of NR-PM1 species, the default relative ionization efficiencies (RIEs) 

of 1.4 for organics, 1.08 for sulfate, 1.1 for nitrate, and 1.3 for 

chloride were used in this study. For ammonium, the RIE of 7.16 

was derived from pure ammonium nitrate calibration. In most 

previous field studies, a constant collection efficiency (CE) value of 

0.5 has been used to account for the incomplete detection of 

aerosol particles. However, Middlebrook et al.
22

 proposed that the 

CE appeared significantly influenced by high aerosol acidity, high RH 

and high ammonium nitrate mass fractions (ANMF). In this study, 

RH plays a minor role in affecting the CE because a silica gel 

diffusion dryer was incorporated with the system to maintain RH < 

40%. The aerosol particles were almost neutralized during the 

entire study, as indicated by the value of NH4
+

measured/NH4
+

predicted 

(Fig. S1a). However, occasionally, high ammonium nitrate was 

observed with ANMF higher than 0.4 (Fig. S1c). Thus, variable CEs 

were applied based on the equation proposed by Middlebrook et 

al.
22

 (CEdry = max (0.45, 0.0833 +0 .9167 × ANMF)). As presented in 

Fig. S1b, the mass concentration of NR-PM1 plus BC using variable 

CEs correlated strongly with the total PM1 mass measured by the 

PM-714 Monitor (r
2
=0.90). 

The ACSM mass spectra was processed using the PMF2.exe 

algorithm combined with the positive matrix factorization (PMF) 

Evaluation Tool (PET) to explore various sources of OA.
23

 We 

considered only ions up to m/z 100 given the large interferences of 

the internal standard of naphthalene at m/z’s 127-129 and the low 

signal-to-noise ratio of larger ions. The PMF analysis was performed 

for 1 to 8 factors and for FPEAK values between -1 and +1 (step: 

0.1). The result were evaluated further following the procedures 

detailed in Zhang et al.
24

 A summary of the PMF diagnostic 

discussion and related plots is presented in Figs. S2 – S5 in the 

Supplement. Finally, a 3-factor solution with FPEAK = 0 was chosen. 

The three factors were identified as hydrocarbon-like organic 

aerosol (HOA), cooking-related organic aerosol (COA), and 

oxygenated organic aerosol (OOA), based on the interpretation of 

the mass spectral signatures, the temporal and diurnal variation 

patterns and their correlations with external tracer compounds (see 

Sect.3.1.2 for details). 

Results and discussion 

General description 

Submicron aerosol and meteorology. Figure 1 depicts the time 

series of submicron aerosol composition and meteorological 

parameters for the entire study period. The concentrations of both 

PM1 and the chemical species clearly decreased on August 20, when 

emission control measures were first implemented in Beijing. 

Relatively low ambient levels were maintained until September 3, 

during which far stricter emission reductions were imposed both in 

Beijing and its surrounding areas. Comparatively, the total PM1 

mass (=NR-PM1+BC) was reduced by 63.5% during the parade 

period. The average PM1 concentration (11.3 μg/m
3
) was much 

smaller than that during the 2008 Olympics (61.3 μg/m
3
) and 2014 

APEC (41.6 μg/m
3
) in Beijing, indicating a greater improvement of 

air quality during the V-day Parade because of the more stringent 

controls of emissions.
13,14

 In fact, the good air quality during the 

parade (known as the “Parade Blue”) could more or less mirror that 

observed over a 19-month period in northern central Oklahoma, 

USA (7.0 μg/m
3
) and that reported in an urban background site in 

London, UK (9.9 μg/m
3
).

25,26
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Figure 1. Temporal variations of (a) T, RH and precipitation, (b) WS 

and WD, (c) PBL, (d) mass concentrations, and (e) mass fractions of 

chemical species in PM1. 

Compared with the sharp decline of inorganic species during the 

parade, changes of OA were relatively smaller. Correspondingly, the 

concentrations of sulfate, nitrate and ammonium (SNA), decreased 

by 65%-78% during the emission control period, whereas organics 

showed a relatively smaller reduction of 53%. Different behaviors of 

inorganic and organic species also led to the variation of aerosol 

chemical composition before and during the parade. Although 

organics accounted for >50% of the total PM1 mass during the 

parade, the contribution of SNA declined from 51.0% to 37.7%, 

possibly indicating their different responses to emission controls.
14

 

In addition to the effect of emission controls, a detailed 

investigation of the meteorological variables and time series of 

aerosol species revealed that local wind direction might also play a 

dominant role in the variation of submicron aerosol characteristics. 

As indicated in Fig.1, local meteorological parameters of 

temperature, RH, wind speed and the PBL height, showed no 

obvious changes during the entire study period, except for 

variations on August 31, which were influenced by accumulated 

precipitation; however, local airflow varied significantly. Although 

local weather conditions were dominated by southerly winds (56%) 

before the parade, the frequency of southerly wind was only 18% 

during the parade. Previous studies have found that high PM 

concentrations in Beijing usually correspond to southerly wind, 

while low PM concentrations generally correspond to the opposite 

wind direction.
6,17

 This was further verified in our study by the back 

trajectory (BT) analysis (Fig. S6), which displayed that as the wind 

direction changed from southerly to northerly, the total PM1 

concentration decreased from 27.0 to 8.7μg/m
3
. These results 

suggested that favorable weather conditions helped considerably in 

the improvement of air quality during the parade. Moreover, we 

found that the variations of aerosol chemical composition were also 

closely related to changes of local wind direction. As shown in Fig. 

1, the southerly airflow was always accompanied by a rapid 

increase of SNA, which was consistent with the fact that high 

concentration air masses from source locations south of Beijing 

area had more abundant secondary aerosol species.
13

 The BT 

clustering analysis also revealed that different PM1 species showed 

different BT dependence. While SNA dominated the aerosol 

composition by 54.9% in southerly air masses, its contribution 

showed a gradual decrease as the wind direction changed from 

southerly to northwesterly and then to northeasterly. For the 

northeasterly BT group, SNA only accounted for 23.6% of the total 

PM1 mass. Thus the influence of meteorological conditions, 

especially local wind directions, on submicron aerosol behavior is 

non-negligible in our study. 

Figure 2. Mass spectra and time series of (a) HOA, (b) COA and (c) 

OOA. Also shown are the time series of external tracers and their 

correlation coefficients with OA factors. 

Investigation of OA sources. The PMF analysis of OA mass spectra 

measured during the entire study period allowed the identification 

of three organic components, HOA, COA, and OOA. These 

components were examined for their mass spectral signatures, and 

then for their correlation with other tracers, their diurnal variations 

and other characteristics.
23,27,28 

Figure 2 shows the mass spectra 

profiles of the three components and their time series during the 

campaign. 

The HOA mass spectrum was characterized by the ion series of m/z 

27, 41, and 55, belonging to cycloalkanes, and m/z 29, 43, and 57, 

belonging to alkanes.
29

 The time series of HOA correlated 

moderately well with BC (r
2
 = 0.45), consistent with the results of 

previous studies that HOA was linked chiefly to primary combustion 

emissions, e.g., gasoline and diesel exhausts.
30

 Compared with the 

large diurnal peak at night, HOA only presented a tiny rush hour 

peak in the morning, which may be significantly decreased by the 

enhanced PBL height (Fig.4). The same phenomenon has been 

observed and discussed by several studies in Beijing.
16,29,33

 The 

results showed that HOA identified in our study might be associated 

mainly with traffic emissions, especially considering the minor 

contribution of coal combustion in Beijing during this season. 
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However, relatively high fractions of ions at m/z 44 were observed 

in HOA mass spectrum, indicating the presence of some oxygenated 

compounds in HOA. This could be attributed to the fact that a 

fraction of HOA was aged OA transported from regional sources, 

similar to the results conducted in Shanghai and Lanzhou, 

China.
13,28,31

 

 

Figure 3. (a) Diurnal variations of mass concentrations and mass 

fractions of HOA, COA and OOA, Scatterplots of (b) f55OOA, sub vs. 

f57OOA, sub, and (c) f44 vs. f43. The measured OA data points are 

colored by time of the day. And the shaded ovals indicate regions of 

LV-OOA and SV-OOA reported in Ng et al.
36

 

The most abundant ions of COA mass spectrum (MS) were similar to 

those of HOA. However, consistent with the MS characteristics 

measured for primary Chinese cooking emissions, significantly 

larger peaks at m/z 41 and 55 were observed from the mass spectra 

of COA, indicating the large presence of unsaturated organic 

compounds (e.g. unsaturated fatty acids).
32

 Another unique 

distinction between COA and HOA is their diurnal profiles. Unlike 

the morning and evening rush hour peaks of HOA, COA presented a 

small peak at noon and a large peak in the evening, corresponding 

to the lunch and dinner times of local residents (Fig. 3a). According 

to previous studies, the relative ion intensities of m/z 55 and 57 in 

the organic mass fragments could also be used to distinguish COA 

from HOA.
29,33,34

 Compared with other POA components, COA was 

generally characterized with a higher ratio of m/z 55/57. The 

average ratio of m/z 55/57 of the COA factor in this study was 2.4, 

close to the values observed previously in Beijing.
29,33

 Mohr et al.
34

 

developed a V-shaped plot for distinguishing and quantifying HOA 

and COA, based on f55OOA,sub and f57OOA,sub (the mass fraction of 

m/z 55 and 57 after subtracting the interferences of OOA factors). 

The dashed lines in Fig. 3b corresponded to the edges of COA and 

HOA factors from several urban AMS data sets.
34

 The COA and HOA 

factors determined in this study were well separated in the scatter 

plot of Fig. 3b, with COA located on the left side and HOA on the 

right side of the V-shape region.
31

 Some recently published work 

has attributed COA to some other sources such as agricultural 

practices and animal husbandry activities.
44

 However, as the 

observation data is limited, we cannot identify if they are influential 

during this period.  

OOA factor has shown to be a good surrogate for SOA.
35,36

 Its mass 

spectrum was characterized by a prominent peak of m/z 44 (CO2
+
) 

(20.0% of the total OOA signal), which was mainly from the di- and 

poly-carboxylic acid functional groups. Two subtypes of OOA, SV-

OOA and LV-OOA, have been identified in many ambient datasets, 

and LV-OOA is more oxidized than SV-OOA.
24

 The OOA factor 

identified in this work tended to be highly aged according to the 

similarities between its spectral pattern and that of the highly 

oxidized LV-OOA. This was further evidenced by the better 

correlation of OOA with less volatile sulfate (r
2
 = 0.74) than with 

semi-volatile nitrate (r
2
 = 0.61). Ng et al.

36
 developed a triangle plot 

of f44 (mass fraction of m/z 44 to total organic signal) versus f43 

(defined similarly) to characterize the evolution of OOA 

components. In the well-defined triangular region, the less aged SV-

OOA generally occupies the broader base while highly aged LV-OOA 

is concentrated in the narrowing top region of the triangle. The 

OOA factor determined here showed a higher f44 value but lower 

f43 value, close to the ambient LV-OOA (Fig. 3c). Data points 

colored by time of day also revealed that photochemical processes 

would increase the oxidation degree of OA. 

On average, HOA, COA and OOA accounted for 22.2%, 21.0% and 

56.8% of the total OA during this campaign, respectively. Because of 

the strict emission controls implemented after August 20, 2015, the 

concentrations of all these components decreased significantly, 

with HOA from 2.3 to 1.4μg/m
3
, COA from 2.3 to 1.3μg/m

3
, and 

OOA from 7.0 to 2.9μg/m
3
, separately. The significant reduction of 

COA was mainly associated with the banning of open charcoal grills 

during the parade. And this control measure was also adopted 

during the 2014 APEC period. As presented by Zhang et al., the 

concentration of COA decreased by 33.3% during APEC, from 7.8 to 

5.2μg/m
3
.
16

 The sum of HOA and COA could be regarded as POA, 

and the OOA corresponded to aged SOA. In general, POA and SOA 

were reduced by 41.5% and 59.0% respectively during the parade 

period. 

Segregation of possible meteorological effects 

The variation pattern of air pollution level reflects the combination 

of emissions, meteorological conditions, and secondary formation 

processes of PM.
1
 Previous studies have indicated that air pollution 

variability in Beijing could be affected significantly by local weather 

conditions, e.g. temperature, RH, precipitation, wind speed and 

wind direction. Thus, it is insufficient to simply compare the 

pollution levels prior to and during the V-day Parade when 

evaluating the efficacy of emission reduction measures. 

Figure 1 depicts the time series of local meteorological parameters 

during the entire study period. In general, there were not obvious 

changes in the local temperature, RH, wind speed and PBL height 
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before and during the parade, except for August 31, 2015, when 

accumulated precipitation strongly decreased the temperature and 

PBL height, and increased the RH. To better concentrate on the 

influence of emission control strategies on air quality, it is necessary 

to exclude possible meteorological effects by comparing pollution 

levels before and during the control period under similar weather 

conditions and similar regional transport characteristics.
37

 To select 

comparable data populations, the following procedures were 

adopted. First, we removed the data points on 30-31 August and 1 

September, 2015 to eliminate the interference of accumulated 

precipitation. While the other meteorological factors were much 

similar before and during the parade after that step, the local wind 

direction remained markedly different as indicated by different 

colors in Fig. 1. We then used the BT analysis to select comparable 

conditions of wind direction and regional air mass transport. The 

72-h BTs at 500 m above ground level were calculated every hour 

for the entire campaign and the trajectories were afterwards 

clustered using the HYSPLIT4 software according to their similarity 

in spatial distribution.
38

 A three-cluster solution was adopted to 

better characterize the total spatial variance, as displayed in Fig. S6. 

Although cluster 2 largely dominated the parade period, it showed 

no contribution before the parade. Thus, only cluster 1 and cluster 

3 were chosen as two types of situations both of which covered 

data points before and during the emission control period. Finally, 

other meteorological parameters prior to and during the parade, 

including temperature, RH, wind speed and PBL height, were 

compared in detail under cluster 1 and cluster 3 cases respectively. 

As shown in Figure 4, weather conditions during the parade were 

much similar to those before the parade for both cluster 1 and 

cluster 3, and their data points were distributed uniformly 

throughout a 24-h day.  

Figure 4. Diurnal patterns of T, RH, WS and PBL height before and 

during the V-day Parade for (a) cluster 1 and (b) cluster 3.  

Therefore, according to the above selection procedures, data 

populations with similar weather conditions before and during the 

parade were formed for cluster 1 and cluster 3 cases. Here, we 

defined B-1 and D-1 as periods before and during the V-day Parade 

respectively under cluster 1, and B-3 and D-3 were named similarly 

under cluster 3. The discussions that follow are based on these two 

cases. 

Influence of emission restrictions excluding the effects of weather 

conditions 

Mass concentrations and chemical composition. Under 

comparable weather conditions of cluster1 and cluster3 cases 

separately, the net effectiveness of emission control measures was 

estimated quantitatively for both PM1 and its major chemical 

species (Fig. 5). Following the strict emission restrictions during the 

parade, the total PM1 mass concentration was reduced by 57% and 

52% respectively, for cluster 1 and cluster 3. Compared with the 

non-control period, secondary inorganic aerosol (sulfate, nitrate 

and ammonium) also showed significant decreases of 42%-67% 

because of the measures imposed during the parade period. The 

reductions of organics during the parade were 48% and 50% 

respectively under cluster 1 and cluster 3. Our results show that 

regional-scale control of precursor emissions is effective in 

improving air quality in northern China. However, it is worth noting 

that the magnitude of the restriction measures was different during 

different stages of the V-day Parade. As the event approached, the 

government continued to strengthen the control strategies to 

reduce the emissions of air pollutants. The days covered by D-1 and 

D-3 during the control period (20 August to 3 September, 2015) are 

listed in Table1. As D-3 included days only in the early stage of the 

event, the reduction for cluster 3 case might underestimate the 

effectiveness of control measures. 

The significant reductions of secondary aerosol species were 

consistent with the heavily reduced emissions of their precursors. 

For example, under the cluster 1 case, the regional emissions of the 

southern Hebei, where the airflow of cluster 1 came from, was 

reduced by 61%-77% for SO2, 48%-57% for NOx and 58%-66% for 

VOCs during the parade, which were more proportional to 

reductions in their secondary species. However, the primary 

pollutant (e.g. POA), mainly influenced by local emissions, was not 

observed to decline as much as secondary species. This is consistent 

with the fact that our monitoring site is located tens of kilometres 

away from the sources impacting cluster 1. 

Table 1. Days covered by D-1 and D-3 during the V-day Parade. 

Periods Days covered 

D-1 Aug 22-23, 2015 

Aug28-29, 2015 

Sep 3, 2015 

D-3 Aug 20-22, 2015 
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Figure 5. Estimated influence of emission controls on mass 

concentrations of PM1 and its major chemical species. 

Figure 6 displays the aerosol composition before and during the 

parade for cluster 1 and cluster 3. Under comparable weather 

conditions, the bulk PM1 composition was relatively similar 

between the control and non-control periods, with only a small 

increase of organics contribution and a little decrease of sulfate 

contribution during the parade. The mass fractions of nitrate and 

ammonium remained almost stable. Although the mass 

concentrations of aerosol species were reduced substantially, these 

results highlighted that emission controls during the parade in itself 

did not significantly affect the aerosol bulk composition, consistent 

with the conclusions of an APEC case study focusing on the aerosol 

characteristics above the 260m urban canopy.
15

 One possible 

explanation for this is the synergetic control of various precursors 

such as SO2, NOx and VOCs. According to the Beijing Municipal 

Environment Protection Bureau (Beijing EPB, 

http://www.bjepb.gov.cn/), emissions of SO2, NOx and VOCs 

decreased by 36.5%，49.9% and 32.4% separately, due to emission 

strategies implemented during the event. 

 

Figure 6. Average composition of PM1 before and during the V-day 

Parade for cluster 1 and cluster 3 respectively. Also shown are the 

average mass concentrations of PM1, and the average ratios of SNA 

and organics. 

The reduced emissions of various precursors also suppressed the 

secondary formation process of aerosol. The SOR and NOR (molar 

ratios of sulfate or nitrate to the sum of sulfate and SO2 or nitrate 

and NO2) have been used as indicators of the secondary 

transformation of sulfate and nitrate.
21

 In addition to the gas-phase 

oxidation by OH radicals, sulfate could also have been formed 

through heterogeneous reactions of SO2 with dissolved H2O2.
2,39

 

The formation of nitrate is dominated by the gas-phase oxidation of 

NO2 with OH radicals during daylight, and the heterogeneous 

reactions of nitrate radical (NO3) during nighttime.
2
 During the 

parade period, the SOR and NOR decreased substantially during 

both day and night, clearly demonstrating the abated secondary 

formation of sulfate and nitrate due to emission control measures 

(Fig. 7a and b). In addition, the mass ratio of NO3
-
/SO4

2-
 could to 

some extent indicate the relative importance of mobile versus 

stationary sources.
40,41

 A higher NO3
-
/SO4

2-
 ratio likely reveals the 

predominance of mobile sources over stationary sources of 

pollutants. Figure 7c shows the daytime and nighttime mass ratios 

of NO3
-
/SO4

2-
 before and during the parade under similar 

meteorological conditions. Overall, NO3
-
/SO4

2-
 fluctuated around 1, 

indicating the comparable importance of nitrate and sulfate to air 

pollution. Interestingly, we observed a significant decrease of the 

daytime NO3
-
/SO4

2-
 during the emission control period, possibly due 

to the strict odd-even traffic control regulations. However, no such 

change occurred in the nighttime NO3
-
/SO4

2-
. The ratio of NO3

-
/SO4

2-
 

remained relatively stable or even slightly increased during the 

parade. This is consistent with the oxidation mechanisms of nitrate 

at night, when NO3 radical production is not very sensitive to NO2 

varying between 10ppb to 20ppb with O3 lower than 50ppb.
45

 For 

cluster 1, the mixing ratio of NO2 decreased from 23ppb to 13ppb, 

and that of O3 decreased from 53ppb to 49ppb, which lied in the 

above range. This resulted in little changed conversion of NO3 to 

nitrate via heterogeneous reactions. Consequently, the nighttime 

NO3
-
/SO4

2-
 instead slightly increased during the control period 

under cluster 1.  

Figure 7. Daytime and nighttime (a) SOR, (b) NOR, (c) NO3
-
/SO4

2-
, 

and (d) SOA/POA before and during the V-day Parade for cluster 1 

and cluster 3 respectively. The mean (pentagram), median 

(horizontal line), 25th and 75th percentiles (lower and upper box), 

and 10th and 90th percentiles (lower and upper whiskers) are 

shown for each bin. 

Evolution of organic aerosol. Based on the PMF results of this 

study, OA was apportioned into HOA, COA and OOA. Here, we 

regarded the sum of HOA and COA as total POA, and OOA as aged 

SOA to investigate the influence of emission controls on OA 

characteristics. Under similar weather conditions of cluster 1, the 

mass concentrations of POA and SOA showed the same reduction of 

48% during the control period (Fig. 5). However, for cluster 3 case, 

SOA showed a higher reduction of 54% compared with the 40% 

reduction of total POA. We explored the relative importance of 

primary versus secondary sources of OA further by considering the 

mass ratio of SOA/POA. As indicated in Fig. 7d, the average 

SOA/POA ratios were >1 both before and during the parade, 

indicating the dominance of secondary sources of organics during 

the entire study period. However, under cluster 3, the mass ratio of 

SOA/POA decreased slightly during both daytime and nighttime of 
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the parade period, reflecting the reduced contribution of secondary 

organic sources due to emission controls for northwesterly airflows 

over Beijing.  

The oxidative properties of OA correlate closely with its density and 

water solubility, which could be characterized by the atomic 

oxygen-to-carbon (O: C) ratios.
42,43

 According to Aiken et al.,
42

 O: C 

ratio of ambient OA can be estimated from f44 (the ratio of m/z 44 

to total signal in the component mass spectrum) through a linear 

parameterization. Here, we calculated the O: C ratios following the 

least-squares fit of Aiken et al.
42

 based on the f44 of ACSM mass 

spectrum (Fig. 8). Consistent with the results of SOA/POA, the O: C 

ratios were similar both before and during the parade for cluster 1. 

However, for the northwesterly airflows of cluster 3, the O: C ratios 

showed a slight decrease during the control period. Similar results 

have also been observed by an APEC emission control study, where 

the average O: C level reduced from 0.43 to 0.36 during the control 

period.
14

 This indicates that in addition to the large reduction of 

organic mass concentrations, emission control measures could also 

influence the oxidation degree of OA.   

 

Figure 8. O: C ratios of OA before and during the V-day Parade for 

cluster 1 and cluster 3. 

Conclusions 

In this study, we undertook a detailed investigation of the impacts 

of emission controls implemented during the 2015 China Victory 

Day Parade in Beijing on submicron aerosol characteristics. We 

concluded that emission restrictions implemented during the V-day 

Parade, which focused mainly on vehicles and industry, were 

efficacious in reducing the mass concentrations of PM1 and its 

chemical species. The average PM1 mass concentration was 11.3 (± 

6.7) μg/m
3
 during the parade, decreased by 63.5% compared with 

that before the parade. The aerosol composition also changed 

considerably. Whereas submicron aerosols were dominated by 

organics (41.3%), followed by sulfate (21.1%) and nitrate (16.4%) 

prior to the control period, the contribution of organics apparently 

increased to 53.2% associated with the reduced contribution of SNA 

during the parade. A detailed characterization of meteorological 

parameters revealed that in addition to the emission restrictions, 

the influence of meteorological conditions on aerosol concentration 

and composition was non-negligible. Thus, the net effectiveness of 

emission controls was explored further by excluding the effects of 

weather conditions. Two cases, cluster 1 and cluster 3, resulting 

from the BT clustering analysis, were formed with similar weather 

conditions before and during the parade. Under comparable 

weather conditions, the total PM1 mass concentration was reduced 

by 52%-57% because of emission controls. However, the bulk 

submicron aerosol composition was relatively similar prior to and 

during the parade, possibly owing to the synergetic control of SO2, 

NOx and VOCs. The SOR and NOR decreased significantly during the 

control period both in daytime and nighttime, indicating the 

suppressed secondary formation of sulfate and nitrate because of 

emission restrictions. We also investigated the variation of OA 

composition using the SOA/POA mass ratios, which remained stable 

for cluster 1 and showed a slight decrease for cluster 3 during the 

parade. The oxidation degree presented corresponding changes to 

OA composition, with decreased O: C ratios for cluster 3 during the 

control period. This result indicated that emission controls 

implemented during the V-day Parade also reduced the oxidation 

degree of OA for airflows transported from the northwest of 

Beijing. 
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Appendix A. Supplementary material 

Figure S1. Scatterplots of (a) measured NH4
+
 versus predicted NH4

+
 

and (b) constructed PM1 mass concentration versus total PM1 mass 

measured by PM714 monitor, (c) temporal variations of ammonium 

nitrate mass fraction (ANMF). 

Selection of the optimal PMF solution 
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PMF analysis based on the ACSM mass spectra was performed for 1 

to 8 factors. Figure S2a showed Q/Qexp as a function of the number 

of factors P. According to Ulbrich et al.,
23

 values of Q/Qexp >1 

indicate underestimation of the errors or variability in the factor 

profiles that cannot be simply modeled as the sum of the given 

number of components. On the contrary, Q/Qexp <1 means that the 

errors of the input data have been overestimated. As presented in 

Figure S2a, Q/Qexp decreased with the increasing number of factors. 

In the two-factor solution, Q/Qexp showed a large decrease from 

1.37 to 0.88 compared to the one-factor solution, implying that the 

additional factor explained significantly more of the variation in the 

data. However, Factor 1 in the two-factor solution appeared to be a 

mixture of HOA and COA based on its diurnal cycles and mass 

spectra profiles. Therefore, more OA factors need to be considered. 

When the factor number increased to three, Factor 1 in the two-

factor solution was separated into two new factors, which were 

identified as HOA and COA. Another factor was characterized as 

OOA. When the number of factors changed from four to eight, no 

obvious decrease of Q/Qexp was observed and the mass spectra of 

new factors could not be well explained. For example, in the four-

factor solution, a new factor which showed only an obvious peak at 

m/z 43 was separated. No similar mass spectra profile has been 

observed for organic aerosol from emission sources. Thus the three-

factor solution was chosen as the optimal solution. Further, the 

rotational ambiguity of the three-factor solution was explored by 

varying FPEAK between -1.0 and +1.0 (step: 0.1). Lower Q/Qexp 

values can indicate a better fit to the dataset and is used as one 

criterion for selecting a suitable solution.
23

 As shown in Figure 2b, 

the lowest Q/Qexp was obtained at approximately 0. Therefore, 

FPEAK = 0 was chosen as the best solution. 

Figure S2. (a) Q/Qexpected, where Q is the sum of the squared scaled 

residuals over the entire dataset, plotted against the number of 

factors used in the positive matrix factorization (PMF) solution. (b) 

Q/Qexpected plotted against the rotational forcing parameter (FPEAK) 

for solutions with three factors. 

Figure S3. (a) The box and whiskers plot showing the distributions of 

scaled residuals for each m/z, (b) Time series of the measured 

organic mass and the reconstructed organic mass. 

Figure S4. Mass spectra profiles of the two-factor solution. 

 

 

 

Figure S5. Mass spectra profiles of the four-factor solution. 

Figure S6. The back trajectory clustering analysis associated with 

the corresponding average PM1 mass and composition during the 

campaign. The inserted bar graph shows the directional variation of 

BTs before and during the Anniversary. 
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