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variations. The contributions of emissions variations and the meteorological conditions related
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to the “parade blue” phenomenon in Beijing and its surrounding areas were investigated in
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detail. The main cause of the decreased PM2.5 mass concentration was attributed to the absolute
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reduction in emissions of primary air pollutants. The chemical composition of PM2.5 varied

Emission reduction

significantly before, during and after the parade. Fugitive dust particles were well controlled, the

Air quality

secondary formation of PM2.5 was reduced along with the controlled gaseous precursors'

Source apportionment

emissions from vehicles and industrial sources during the temporary intensified control period.

Meteorological conditions

During the parade period, the SO2 and NO2 column concentrations in Beijing and the
surrounding areas decreased sharply, indicating that the coordinated reduction in primary
emissions from the surrounding areas of Beijing played an important role in lowering the
ambient concentration of SO2 and NO2 and accordingly lowered PM2.5 and improved the
regional air quality. A comparison of the temperature, humidity, and wind speed and direction
during the same periods in 2014 and 2015 showed that the meteorological conditions positively
influenced the achievement of “parade blue”.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Particulate matter (PM) with an aerodynamic diameter of
2.5 μm or less (PM2.5) is the primary air pollutant in Beijing
(Guo et al., 2014; Liu et al., 2015a; Zhang et al., 2015). The

annual average PM2.5 concentration has decreased over the
last decade due to significant efforts by the national and local
governments to reduce various air pollutant emissions
from major pollution sources (Amil et al., 2015; Lv et al.,
2016; Zheng et al., 2015b). However, according to the Beijing
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Environmental Statements, the annual average PM2.5 mass
concentration was still as high as 85.9 μg/m3 in 2014, nearly
2.5 times the Chinese National Ambient Air Quality Standards
(NAAQS) (annual average of 35 μg/m3) and far exceeding the
World Health Organization (WHO) guidelines, indicating that
Beijing still faces severe fine particle pollution (Sun et al.,
2015).
As the capital of China, Beijing is a typical fast growing
megacity with a population of more than 20 million and a
vehicle fleet of more than 5.6 million. The acceleration in
urbanization and economic development, high consumption
of coal, rapid construction activities, and booming vehicle
fleet have contributed to higher emissions of PM2.5, sulfur
dioxide (SO2), nitrogen oxide (NOx) and volatile organic
compounds (VOCs) in Beijing (Gao et al., 2015; J. Huang et al.,
2015; Wang et al., 2010, 2015; Zheng et al., 2015a). In
addition, Beijing is geographically surrounded by the Yanshan
and Taihang Mountains in the north and west, respectively,
which effectively trap air pollutants, to the west, north, and
northeast. The high amount of local emissions and regional
air pollutants transport combined with adverse terrain and
unfavorable meteorological conditions have made it quite
difficult to improve the air quality in Beijing (Liu et al., 2015b;
Sun et al., 2013).
Although the air quality in Beijing has temporarily
improved to achieve very low PM2.5 concentration and very
good visibility — the so called “blue sky” in the past years by
implementing temporary control measures to limit atmospheric emissions of various sources. For example, private
vehicles use was restricted based on even- and odd-numbered
license plates to effectively ban millions of registered cars
from driving on the urban highways and streets. In addition,
hundreds of manufacturing factories were suspended or even
shutdown during particular short-time periods to achieve the
impressive “Olympic blue” in 2008 and “APEC blue” in 2014
(Huang et al., 2015b; Lv et al., 2016; Wang et al., 2014; Xing et
al., 2011; Yu et al., 2015; Zhou et al., 2010). Several long-term
measurements and source analyses have been conducted to
explore the temporal and spatial distributions and seasonal
and diurnal variations in pollution properties for better
understanding air pollution formation (Guo et al., 2012; Liu
et al., 2009; Sun et al., 2006, 2013, 2015; Gao et al., 2015). Several
studies of the air quality and the implications of
implementing control measures during special events held
in Beijing, including the Olympic Games and Asia-Pacific
Economic Cooperation (APEC), have been reported in literature (Chen et al., 2013; Guo et al., 2013; Liu et al., 2012, 2015a;
Lv et al., 2016; Wang et al., 2015; Yang et al., 2016; Yu et al.,
2015). Quantitative assessment of the improvements in
the air quality due to various control measures is desirable
and will inevitably benefit policy makers of the Department of
Environmental Protection both locally in Beijing and at a
national level.
During the IAAF (International Association of Athletics
Federations) World Athletics Championships (8/22–30/2015)
and the massive parade (9/3/2015) commemorating the 70th
anniversary of World War II, extensive short-term mitigation
measures were adopted to ensure good air quality and
visibility. For instance, local governments in Beijing and
Tianjin municipality, as well as the 5 surrounding provinces

(Hebei, Shanxi, Shandong, Henan and Inner Mongolia),
implemented comprehensive control measures including
limiting traffic, restricting construction activities, and shutting down manufacturing factories. These temporary control
measures were basically similar to those implemented during
the APEC meeting in November of 2014, but the corresponding
meteorological conditions and emission sources as well as
their emission intensity were quite different. Therefore, the
impact of human emission on the air quality deserves to be
evaluated with multi-dimensional and integrated methods,
so as to advance our knowledge of air pollution mitigation and
develop future control strategies for further lowering PM2.5
concentration in Beijing.
The objectives of this study are to (1) analyze the variations
of Beijing's atmospheric PM2.5 pollution characteristics before
and after the short-term control measures were implemented
for special events; (2) assess the effects of meteorological
conditions on the PM2.5 mass concentration; (3) identify the
primary sources that impact Beijing's PM2.5 concentration and
the effectiveness of source control strategies in reducing PM2.5
pollution; (4) explore the inspiration and implications for
further improving the daily air quality of Beijing and other
megacities now and in the future.

1. Materials and methods
1.1. Sampling sites
Offline field measurements were performed from August 16 to
September 10, 2015, at three atmospheric environmental
monitoring sites which represent urban, rural and regional
air pollution transport, respectively (see Fig. 1). The first
sampling site is located at the Beijing Normal University (BNU)
campus between 2nd and 3rd Ring Roads north of downtown
Beijing and represents a typical urban environment in
downtown Beijing. The sampling station is set up on the roof
of the School of Environment Building, approximately 20 m
above the ground.
The second site, the Shixia monitoring station, is located in
Miyun County approximately 100 km away from northeastern
urban Beijing. Miyun County is well known for the Miyun
Reservoir, which is one of the largest reservoirs in northern
China and supplies Beijing residents with fresh water. This
monitoring site is largely surrounded by rural villages, and no
large industrial pollution point sources are located within
20 km (Zhang et al., 2013).
The third site, the Daijiayun monitoring station, is located
in the Daxing District approximately 40 km away from
southern urban Beijing and only 4 km from the boundary of
Beijing and Hebei Province. The emission sources in urban
Beijing are considered to be the local sources for this
monitoring station. The regional sources for this site are the
emissions from provinces in the North China Plain (NCP), such
as Beijing, Tianjin, Hebei, northern Henan and western
Shandong. Therefore, in this study, this station is used to
represent regional air pollution transport. Offline PM2.5
samples were collected on quartz filters (Pallflex Tissuquartz
™, 90 mm, USA) using a high-volume air sampler equipped
with a PM2.5 impactor (Wuhan Tianhong Instruments Co.,
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Fig. 1 – Geographic locations of the sampling sites in Beijing, China.

Ltd.) operated at a flow rate of 100 L/min. After sampling, the
filters were covered with tin foil and stored in a refrigerator at
approximately − 20°C.
Online field measurements were also conducted at the
Chinese Research Academy of Environmental Sciences
(CRAES) from August 12 to September 12, 2015. During the
sampling period, PM2.5 concentrations were continuously
detected by a β-ray monitor at a 1-hr time resolution. At the
same time, online Organic Carbon (OC)/Elemental Carbon
(EC), ions and heavy metals in PM2.5 were also determined
with 1-hr time resolution for performing sources analysis (Gao
et al., 2015).

1.2. Control measures and emission reduction
Beijing City and its neighboring regions worked together to
improve regional air quality for the parade ceremony under
the instructions of the Chinese central government. Beijing's
municipal government released the special Air Quality
Assurance Programme, in which short-time strict air pollution
control measures were regulated, including (1) temporary
traffic management controls for both local and non-local

registered vehicles; (2) limits or bans on production at key
industrial factories that emit various hazardous air pollutants
(PM, SO2, NOx, CO, VOCs and others); (3) enforcement of
fugitive dust management improvements enforcement; (4)
high frequency road-cleaning and washing at construction
sites; and (5) enhanced inspections of enterprises to ensure
implementation of control measures. In addition, the regions
surrounding Beijing including Tianjin municipality, Hebei,
Shanxi, Shandong, and Henan provinces, as well as Inner
Mongolia autonomous region, executed similar temporary
control measures for coal combustion, industrial processes,
vehicles, construction activities and other sources.
The emission reductions were calculated based on the air
pollutant emission inventory of each city or province in 2014.
The sources studied include fuel combustion, industrial
production processes, mobile source, solvent use, agricultural
practices, fugitive dust, biomass burning, waste processing,
and the storage and transport of oil and gas, and others. In
particular, the daily emission reductions from these different
sources before (before August 20) and during the parade
Assurance Control Stages I (August 20 to August 31) and II
(September 1 to September 3) were calculated separately.
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Fig. 2 illustrates the percent reduction in daily emissions due
to the implementation of temporary control measures compared to the same period in 2014. The results are discussed in
the report released by the Beijing Municipal Research Institute
of Environmental Protection (http://www.bjee.org.cn/cn/
news_detail-50144.html). Through the implementation of
temporary control measures, primary air pollutants such as
SO2, NOx, PM10 (particulate matter with an aerodynamic
diameter of 10 μm or less), PM2.5 and VOCs reduced 39.6%,
53.2%, 59.8%, 51.8% and 34.2% in Beijing, respectively, compared to the same period in 2014.

1.3. Analytical procedures, meteorological data and air mass
trajectories
The methods for determining elemental and ionic concentrations of daily PM2.5 samplers are described in detail in a
previous publication by our research group (Gao et al., 2015),
and can be seen in Supplement information. Trace elements
(Al, As, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Na, Ni, Pb, Sb, Se and Zn)
were measured by using inductively coupled plasma atomic
emission spectrometry (ICP-AES, SPECTRO Analytical Instruments GmbH, SPECTRO ARCOS EOP). Ionic species were
analyzed by an ion chromatography (IC, Dionex 600). In this
study, meteorological parameters during the sampling periods, such as the barometric pressure, relative humidity (RH),
visibility, temperature, and wind speed and direction, were
obtained from a meteorological station at the sampling site
and were also collected from Weather Underground (http://
www.wunderground.com).
To identify the potential impacts of different emission
sources on the aerosol chemical composition during the
serious air pollution events, air mass trajectories during the
two sampling periods were calculated using HYSPLIT-4
(Hybrid Single-particle Lagrangian Integrated Trajectory)
model developed by NOAA/ARL (U.S. National Oceanic and
Air Administration/Air Resources Laboratory). The HYSPLIT
model is a complete system for computing simple air parcel
trajectories and running complex dispersion and deposition

simulations. Meteorological data from the Global Data Assimilation System were used for the trajectory calculations.

1.4. Source apportionment by positive matrix factorization
(PMF)
The US-EPA PMF 5.0 model was applied to identify the major
PM2.5 sources and their temporal variations. PMF model is a
factor-based model and has been widely used for source
identification because of its efficiency and convenience
without any pre-source inventories. Two matrices including
factor profiles and factor contributions can be obtained as the
results of PMF. The input data includes the concentration data
of the target species and the data uncertainty. The data
uncertainty can be calculated as follows:
U ¼ 5=6
 MDL ðc ≤MDLÞ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
U¼

ðP  cÞ2 þ ðMDLÞ2 ðc > MDLÞ

where, U is the data uncertainty, c is the concentration of the
target species, MDL is the minimum detection limit of the
instrument, and P is the error fraction of the measurement.
The values of the error fraction P were set to 10% based on
experiences. The concentration data below MDLs were
replaced with values of half the MDLs (Wang et al., 2015;
Yang et al., 2016).

2. Results and discussion
2.1. Variations in the PM2.5 concentration before and after the
parade in Beijing
Fig. 3 shows the temporal variations of PM2.5 mass concentration at 11 nationally controlled monitoring sites and one
background site during different periods, including before the
parade (August 16 to 19), at the temporary strengthened
assurance control Stages I (August 20 to 31) and II (September
1 to 3), after the assurance period (September 4 to 11) which

Fig. 2 – Percentage reduction in daily emissions of primary air pollutants during the 2015 parade due to implementing
temporary control measures compared to the same period in 2014.
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Fig. 3 – Spatial and temporal variations of PM2.5 mass concentration at 11 nationally controlled sites during the parade activity
period in Beijing. PM2.5: particulate matter with an aerodynamic diameter of 2.5 μm or less.

are abbreviated as BF, Ctrl1, Ctrl2 and AF stage respectively.
For comparison, PM2.5 mass concentration during the corresponding periods (August 16 to September 11) in 2014 is also
included in Fig. 3.
Within the whole sampling period (including all four
stages), the effects of short-term air pollution controls were
quite significant. The average PM2.5 concentration was
25.1 μg/m3, a decrease of 63.7% compared with the average
PM2.5 mass concentration the same period in 2014. In Ctrl1
stage, the average PM2.5 concentration was 19.2 μg/m3, which
was 72.7% lower than that during the corresponding period in
2014 and 63.6% lower than that before the parade in 2015
without implementation of control measures. The average
PM2.5 concentration decreased further to 11.2 μg/m3 in Ctrl2
stage, corresponding to a maximum reduction of 76.8% that
was mainly due to the more intensified emergency control
measures implemented in this key stage, (stopping or
restricting industrial production, activities at Beijing construction sites were forbidden, and further restricted control
measures were also implemented in the 6 surrounding areas
of Tianjin, Hebei, Shanxi, Shandong, Henan and Inner
Mongolia. These emergency and intensive control measures
effectively diminished the PM2.5 concentration in Beijing during

this period to achieve a so called “parade blue”, and the hourly
PM2.5 concentration decreased to as low as 10 μg/m3 on the
morning of September 3, 2015, which rarely happens in Beijing.
This resulted in the public and media naming it “parade blue”.
After the parade ceremony in the morning, the short-term
control measures were terminated, and all types of industrial
and residential living activities were restored, leading to a 3-fold
increase in the average PM2.5 concentration compared with
Ctrl2 stage, rebounding and reaching 44.7 μg/m3 by September
4, 2015. This indicates that the emission pollution levels
returned to the normal levels. These variations in the PM2.5
concentration clearly demonstrate that the improved air quality
of “parade blue” mainly resulted from reducing the primary
emissions of PM and gaseous air pollutants from various
sources. The short-term strengthening of air pollution control
measures during the parade had substantial and significant
environmental effects, distinctly reducing air pollutant emissions to help attain better air quality.
Regarding the spatial distribution variations of PM2.5
pollution, the largest decrease in PM2.5 concentration (69.8%)
was observed at the National Agriculture Exhibition Hall. The
reductions at the Shunyi, Huairou and Olympic Sports Center
stations were also quite large at 66.9%, 64.5%, and 64.3%,
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respectively. These stations are located in north of Beijing
where no significant large-scale industrial sources are located, and are typically in the upwind direction during the
parade period. Reduced PM2.5 concentrations at these stations
may be closely associated with favorable meteorological
conditions and lower pollutant emissions locally and in the
surrounding areas during the parade period. By contrast, the
smallest decrease in PM2.5 concentration (58.8%) was observed
at the West Park official station (also named Guanyuan)
located in the center of Beijing. The largest pollution sources
around this site were motor vehicles because it is adjacent to
the West 2nd Ring Road, where traffic jams occur year-round.
Even when vehicle use was stringently restricted based on
even- and odd-numbered license plates, the decrease in
vehicle flux in this area was relatively limited due to the
flourishing financial and commercial activities which can
explain the lower than average decrease in air pollution
during the parade.

2.2. Emission reduction of primary air pollutants
Before Ctrl1 stage, normal control measures were taken to
abate air pollution in Beijing according to the Clean Air Action
Plan (CAAP). Six coal-fired generator units in 2 power plants
(“Guohua” and “Jingneng”) and 2 large cement plants (“Xingfa”
and “Qianglian”) were shut down, and as a result,
4,500,000 tons coal consumption were reduced as compared
with 2014. Meanwhile, under the incentive by government
subsidies, 210,000 high-emission vehicles (emission level
greater than Chinese 3rd stage limits for light-duty vehicles)
were eliminated from January to July in 2015 (BMRIEP, 2015).
Compared to 2014, the daily reduction in SO2, NOx, PM10, PM2.5,
and VOCs emissions reached about 18.6%, 6.3%, 1.8%, 2.1%,
and 5.5%, respectively (as shown in Fig. 4a). The decreased as
coal use in coal-fired power plants resulted in a marked
reduction in SO2 emissions, and helped to lower ambient SO2
concentration and improve the air quality. In the first
7 months of 2015, the average concentration of SO2, NOx,
PM10, and PM2.5 decreased by 41.1%, 14.3%, 16.0%, and 18.0%,
respectively. Fig. 4a, b illustrates the variations in the daily
emissions and the concentration of primary air pollutants in

the first 7 months between 2014 and 2015. As observed, the
emission reduction related well with the decreased concentrations of primary air pollutants.
Based on the emission inventory of Beijing, we calculated
the emission reduction due to each control measure for the
primary air pollutants in a previous report (BMRIEP, 2015). It
was estimated that the daily emissions of SO2, NOx, PM10,
PM2.5, and VOCs were reduced by about 26.2, 295.7, 466.5,
112.9, and 296.8 tons, respectively. In particular, the control
measures for industrial production and coal-burning sources
were the most effective at reducing SO2 emissions, accounting
for 84.6% of the overall reduction. The control measures for
mobile sources contributed most to decrease the NO2 emissions (78.8% reduction). Primary emissions of PM10 and PM2.5
were reduced mostly by restrictions on construction site
activities and the increased road-cleaning frequency. The
restrictions at construction sites contributed to about 58.4%
and 27.1% of the reduction in PM10 and PM2.5 emissions,
respectively. The higher frequency of road-cleaning contributed to about 50.5% and 19.9% of the reduction in primary
PM10 and PM2.5 emissions. Restrictions on mobile, residential,
and industrial and coal-burning sources led to large reductions in VOCs emissions (about 41.9%, 21.8%, and 27.3%,
respectively). During the control period, the maximum
reduction in daily emissions of SO2, NOx, PM10, PM2.5, and
VOCs were about 45.9%, 57.6%, 67.4%, 65.2%, and 48.5%,
respectively. Primary PM emissions were reduced the most,
and PM2.5 precursor (such as SO2, NOx, and VOCs) emissions
also decreased significantly. During the parade period (from
August 20 to September 3), daily average PM2.5 concentration in
the air was 15.2 μg/m3, which was 74.3% less than (59.3 μg/m3)
during the same season in 2014.
The spatial distributions of the primary air pollutant
emissions at Ctrl1 and Ctrl2 stages are shown in Fig. 5.
Overall, the reduced pollutant emissions were mainly concentrated in the urban areas owing to the more stringent
inspection and management. The spatial distribution of SO2
was quite scattered mainly because they originate from
banned or restricted production activities at annually operating coal-burning boilers, which can be precisely identified by
their location (coordinates) outside the 4th Ring Road. The

Fig. 4 – Variation of emissions and concentrations of primary air pollutants in the first 7 months between 2014 and 2015.
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Fig. 5 – Spatial distribution of primary air pollutant emission reduction during Ctrl1 and Ctrl2 stages in 2015.

NOx emissions were mainly from cutting vehicle fleets, which
are highly concentrated along urban express roads and
highways. The spatial distributions of PM10 and PM2.5
corresponded to the locations of fugitive dust and construction sites within the 6 highly populated districts in Beijing.
The spatial distribution of reduced VOCs was mainly concentrated within the urban areas and was mainly affected by the
spatial distributions of the reduced vehicle emissions and the
locations of industrial factories or commercial and residential
activities whose production activities were stopped or restricted. Furthermore, we find that the spatial distributions of
primary air pollutants during Ctrl2 stage were quite similar to
those during Ctrl1 stage, with the difference that emissions
are further reduced due to the decrease in the daily emissions
of key air pollutants. During Ctrl2 stage, more intensified
restrictions and emergency control measures were implemented in order to compensate for the effect of forecasted
unfavorable weather conditions.

2.3. Variations in the meteorological conditions
Fig. 6a compares the meteorological conditions, including
the temperature, RH, and wind direction and speed, before
and after the parade and during the same periods in 2014.
Generally speaking, the meteorological conditions were
more favorable for pollutant diffusion in the study period
of 2015 than in 2014. The average wind speed increased by
13.2% to 8.6 m/sec in 2015. However, the average ambient
temperature was slightly lower, and the average RH increased by 3.9%. Higher temperatures are more favorable for
diffusion because of increased convection, whereas increased humidity can promote and enhance secondary
chemical reactions and secondary PM2.5 formation in air
(Amil et al., 2015; Roberts et al., 2015; Wang et al., 2017).
Consequently, to a certain extent, the negative effects from
the relatively lower temperature and higher RH can counteract the enhanced diffusion caused by increased wind
speeds.

The meteorological conditions in Ctrl1 stage of both 2014
and 2015 were quite similar (Table 1), but the decrease of PM2.5
concentration in 2015 was significant, demonstrating that the
implemented CAAP was effective in reducing air pollutant
emissions, and thus the substantial emission reduction of
primary air pollutants played a critical role in improving the
air quality and attaining “parade blue”. A comparison of Ctrl2
and Ctrl1 in 2015 showed that the meteorological conditions
did not change significantly, but the PM2.5 concentration was
obviously reduced, and the concentrations of gaseous pollutants such as SO2 and NOx had a similar declining trend. This
further indicates that the reduced primary emissions of both
PM and gaseous precursor pollutants lead to the major
decreases in PM2.5 concentration.

2.4. Variations in the chemical composition and source of
PM2.5
Fig. 7 shows the variations in PM2.5 chemical composition
before and after the parade and during the parade period with
implementation of control measures at the three monitoring
stations. Overall, the amount of oxalate (C2O−4) decreased the
most, by 65.4%. However, it should be noted that the overall
decrease in C2O−4 concentration mainly comes from the
substantial drop in Miyun and Daijiayuan stations rather
than the central urban BNU station, implying that the
emissions associated with biomass burning both as residential fuel and open burning in suburban and rural areas were
reduced to a great extent along with the implementation of
strict parade control measures (Peng et al., 2016). The SO2−
4
and NO−3 concentrations decreased by 52.4% and 51.9%,
respectively, mainly due to the implemented control measures (such as the restricted production of coal-burning
boilers that are operated year-around). The amount of Cl−,
which is closely related to coal-burning emissions (Wang et
al., 2016), decreased by 50.0%, further proving that the
decrease in coal-burning emissions contributed to the
emission reduction and the improved air quality. The
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Fig. 6 – Comparison of the meteorological conditions during the parade period in Beijing to those during the same period in
2014. (a) Variations of PM2.5 concentration, temperature and relative humidity (RH) and (b) wind speed and direction rose plots.

concentrations of EC and OC in PM2.5, which are mainly
derived from automobiles, decreased by 35.7% and 27.1%,
respectively, which are in agreement with the proportion of
decreased automobile emissions. Although motor vehicle use
was restricted based on odd- and even-numbered license
plates, less than 50% of total registered vehicles were
restricted because the use of public vehicles such as taxis
and city buses was not limited in order to ensure normal

travel convenience of local residents and tourists. In fact,
within the control measures period, the public transportation
capacity was increased to fulfill the increased demand
transferred from those normally driving private cars, and it
was observed that unrestricted private vehicles were used
more frequently that normally would be. Consequently,
practical emissions from automobiles were reduced by less
than 50%.
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Table 1 – Comparison of the meteorological conditions at different stages during the parade period in 2015 with those
during the same period in 2014.
Stages
2014

2015

BF stage
Ctrl1 stage
Ctrl2 stage
AF stage
BF stage
Ctrl1 stage
Ctrl2 stage
AF stage

Average temperature
(°C)

Average relative humidity
(RH; %)

Average wind speed
(m/sec)

Average PM2.5 concentration
(μg/m3)

26.3
25.4
21.4
23.8
26.5
24.7
24.1
20.4

58.9
62.1
77.3
60.4
62.3
63.9
69.5
71.9

8.1
7.4
8
7.5
8
8.2
8.7
9.6

63.6
70.3
48.2
78.4
52.8
19.2
11.2
25.4

PM2.5: particulate matter with an aerodynamic diameter of 2.5 μm or less.

The decrease in the amount of crustal substances was
significant, reaching 38.4% on average. Calcium (Ca) is an
important tracer of fugitive construction dust, and the Ca
enrichment factor decreased by 56.0%. During the parade
period, the temporary control measures led to a significant
decrease in the Ca enrichment factor in PM2.5, demonstrating
the effectiveness of fugitive construction dust control.
With respect to the spatial distributions at the three
sampling stations, the chemical composition of PM2.5 at the
Miyun station changed significantly: the concentrations of
NO−3 and Cl− decreased by 86.7% and 70.4%, respectively. These

results reveal that the Miyun station was highly affected by
the transport of emissions from urban automobiles and coal
combustion under the prevailing southern wind (see Fig. 6b).
As the local automobile indicator, EC decreased by 34.4%,
indicating that the air pollutants at background stations came
from both local emissions and long-distance pollutant transport and migration.
The concentrations of each chemical component detected
at both the Daijiayuan (outskirts of Beijing) and BNU (urban
downtown) stations decreased simultaneously with similar
trends. However, the concentrations of each chemical

Fig. 7 – Variations of various chemical compositions in PM2.5 at the three monitoring stations between BF, AF stages and Ctrl1,
Ctrl2 stages.
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component detected at the Daijiayuan site were higher and
also decreased slower than those at the BNU station. The
lower improvement in air quality in the southern region of
Beijing indicates that PM2.5 pollution in southern Beijing is
more serious and difficult to control, since the outside
transport from southern areas (including Hebei, Tianjin,
Henan, and Shandong) plays a critical role.
Fig. 8 shows the variations of various chemical compositions in PM2.5 before and after the parade and during the
parade period with implementation of temporary control
measures. During the temporary control period, the percentage of OC in PM2.5 increased significantly from 25.0% to 29.7%
though the absolute OC concentration decreased indicating
that secondary chemical reactions were more active when the
PM2.5 concentration was relatively low. However, the percentage of EC was basically stable, implying that automobile
emissions remained an important source of PM2.5 pollution.
−
The percentage of SO2−
4 and NO3 in PM2.5 decreased, revealing
that the abovementioned emissions of gaseous precursors of
SO2 and NOx are effectively cut down and the contribution
from coal-burning and industrial sources was effectively
reduced under the parade control program.
The PM2.5 sources in Beijing during the parade period with
temporary control measures and during the periods without
control measures were apportioned by running PMF as shown
in Fig. 9. Source profiles resolved from PMF model and
contribution percentages from each source category can be
seen in the Appendix A (Figs. S1 and S2). Due to the
restrictions on automobiles based on odd- and even-numbered
license plates, the contribution of automobile pollution to PM2.5
decreased from normal 27.6% to parade 23.8%. From 08/20/2015
to 09/03/2015, construction and earthwork in Beijing were
completely forbidden, roadways were cleaned more frequently
and dampened with water, so the amount of fugitive dust from
roadways clearly decreased. After these controls were implemented, the contribution of fugitive dust to total PM2.5
decreased substantially from 15.8% to 11.1%, demonstrating
that fugitive dust sources were well controlled. Particularly, after
implementing the parade control measures, the contribution
ratio of coal combustion decreased by more than half from 13.3%
to 6.2%. By contrast, due to contributions from unknown
pollution sources such as VOCs sources, secondary chemical
reactions of PM2.5 increase in relatively clean air. The contribution

of secondary PM2.5 increased from 8.8% to 13.4%, which can be
explained by secondary organic aerosol formation and is
consistent with the growth of OC components in PM2.5 (see Fig. 8).

2.5. Backward trajectory and remote sensing analysis
Using the HYSPLIT 4 backward trajectory model, the meteorological trajectories on August 20, August 31, September 3,
and September 11 were obtained respectively (Fig. 10). On
these days, the overall meteorological conditions were optimal, with relatively clean air masses in the north. Thus,
long-distance pollutant transport from the north was quite
low, making air pollutant diffusion favorable. A comparison of
the meteorological conditions before, during and after
implementing the control measures shows that the meteorological conditions were more favorable for diffusion during
the parade control period and that the percentage of southern
and southeastern air masses was also lower, providing a good
environment and improving air quality.
In addition, the SO2 and NO2 column concentrations
retrieved from OMI (Ozone Monitoring Instrument) were
analyzed at the four stages before and after the parade in
Beijing and the surrounding areas (http://projects.knmi.nl/
omi/research/product/). As shown in Fig. 11, the regional SO2
column concentration in Beijing was quite low under the
normal CAAP control measures before the parade, indicating
that the effect of restricting coal-burning at facilities that
operate year-round was significant. The low SO2 concentration was also due to the relatively low amounts of coal
burned during the non-heating season (Sun et al., 2009).
Regions with relatively high SO2 concentrations were mainly
concentrated in the southeast Hebei Province and Shandong
Province, where some energy-intensive and emission heavy
manufacturing enterprises like iron and steel smelting and
cement plants and coal-fired power plants are located. In
Ctrl1 stage, the SO2 column concentration decreased significantly in Beijing and the surrounding regions, and areas
with high SO2 concentration became smaller in size. In Ctrl2
stage, the high SO2 column concentration continued to
decrease, but its spatial distribution variation was inhomogeneous, implying that there were some differences between
the degree to which the control measures were enforced and
implemented in the different provinces surrounding Beijing.

Fig. 8 – Variations in the chemical composition of PM2.5 between BF, AF stages and Ctrl1, Ctrl2 stages.
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Fig. 9 – Variations in the PM2.5 sources between the period under normal CAAP control measures and the parade period with
enforcement of temporary control measures. PM2.5: particulate matter with an aerodynamic diameter of 2.5 μm or less; CAAP:
Clean Air Action Plan.

At the same time, the SO2 column concentration in northern
Hebei increased possibly because of the increase in regional
pollution transport from intensified coal-burning power

generation in Inner Mongolia under the prevailing northern
wind. After the parade on September 3, 2015, the regional SO2
column concentration generally returned to an equivalent

Fig. 10 – Air parcel clusters analysis of backward trajectories (72 hr) during the parade period in Beijing.
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Fig. 11 – Variations of SO2 column concentration before and after enforcement of temporary control measures during the
parade period in Beijing and the surrounding areas.

high value before the enforcement of parade control measures revealing that various sources quickly restored their
normal activities soon after the expiration of parade control
program and is consistent with previous discussion.
Basically, the variations in the NO2 column concentration
(Fig. 12) in Beijing and the surrounding areas followed a
similar trend as those in the SO2 column concentration.
Before the control measures were implemented for the IAAF
World Athletics Championships and parade events, the
regional NO2 concentration was quite high especially in the
urban regions of Beijing, southeastern and southwestern
Hebei Province, and northern Shandong Province. In Ctrl1
stage, the NO2 concentration decreased significantly in the
urban areas of Beijing and in the surrounding areas, indicating
that controlled burning, banned or restricted industrial
production, and restricted vehicle use were quite effective in
reducing NO2 pollution. In Ctrl2 stage, the regional NO2
concentration fell further, especially in Hebei Province. More
cities in this province were requested to take more intensive
emergency control measures both on vehicles and industrial
production in view of the unfavorable air quality forecasted.
As a result, the overall NO2 concentration decreased significantly, and high concentrations were mainly observed in
southeast Tianjin City. After the completion of the parade
ceremony on the morning of September 3, 2015, the regional
NO2 concentration quickly returned to its normal level because
of reduced restrictions on vehicle use (canceling of even- and
odd-numbered license plates policy) and restoration of normal

industrial production activities. Consequently, high NO2 column concentrations were again observed in most of the urban
regions of Beijing and Tianjin as well as in southeastern and
southwestern Hebei Province.
The comparison of SO2 and NO2 column concentrations at
different stages before and after the parade shows that, when
the control measures were not implemented, the SO2 and NO2
pollution was quite severe in Beijing and Tianjin due to
substantial energy consumption and primary emissions in
the entire region. The temporary control measures led to a
sharp decrease in the regional SO2 and NO2 column concentrations, and the intensified control measures which were
enforced from September 1 further enhanced the overall air
quality during “parade blue”.

3. Conclusions
From a multi-dimensional points of view, a comprehensive
study was conducted for better understanding and identifying
the causes of clean air quality in Beijing and surrounding areas
of China during late August to early September of 2015 — the so
called Beijing “parade blue” phenomena. We conclude that the
Beijing “parade blue” is the integrated outcome of primary air
pollutants emission reduction both locally in Beijing and the
surrounding areas, favorable meteorological conditions, and
enhanced environmental inspection, as well as the voluntarily
awareness and participation of the public. In particular, the

Fig. 12 – Variations of NO2 column concentration before and after enforcement of temporary control measures during the
parade period in Beijing and the surrounding areas.
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substantial primary emission reduction in Beijing and 6
surrounding provinces played a critical role in achieving
“parade blue”.
The implications of this study are that long-term improvements in Beijing's air quality still face great challenges.
“Parade blue” was attained by enforcement of temporary
control measures on emissions from various sources like
automobiles, fugitive dust and coal-burning. However, at least
for the current status, these temporary stringent control
measures targeting on various sources cannot be transformed
into normal control policies due to the huge economic cost as
well as the significant impacts on public daily life and
employment market. Therefore, exploring and creating novel
ideas and practices, accelerating the conversion from extensive to intensive economic growth patterns, adjusting and
optimizing regional industrial structure and layout, and
promoting the use of clean energy such as wind and solar in
Beijing and the surrounding region will further improve the
regional air quality as well as reduce CO2 emission for
combating climate change. In future, blue sky throughout
the whole year will be determined by how economic development and environmental protection are balanced, how
regional air pollution control and management are coordinated, and how pollution sources are adequately monitored and
managed.
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