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ochemical characteristics and sources of PM2.5 have changed over the past few years. To
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improve pollution reduction policies and subsequent air quality further, it is necessary to
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explore the changes in PM2.5 over time. In this study, over one year (2017–2018) field study

Available online 7 July 2020

based on filter sampling (TH-150C; Wuhan Tianhong, China) was conducted in Fengtai District, Beijing, revealed that the annual average PM2.5 concentration (64.8 ± 43.1 μg/m3 ) was
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significantly lower than in previous years and the highest PM2.5 concentration occurred in

PM2.5

spring (84.4 ± 59.9 μg/m3 ). Secondary nitrate was the largest source and accounted for 25.7%

Seasonal variations

of the measured PM2.5 . Vehicular emission, the second largest source (17.6%), deserves more

Chemical composition

attention when considering the increase in the number of motor vehicles and its contri-

Source apportionment

bution to gaseous pollutants. In addition, the contribution from coal combustion to PM2.5

Pollution evolution

decreased significantly. During weekends, the contribution from EC and NO3 − increased
whereas the contributions from SO4 2− , OM, and trace elements decreased, compared with
weekdays. During the period of residential heating, PM2.5 mass decreased by 23.1%, compared with non-heating period, while the contributions from coal combustion and vehicular
emission, and related species increased. With the aggravation of pollution, the contribution
of vehicular emission and secondary sulfate increased and then decreased, while the contribution of NO3 − and secondary nitrate continued to increase, and accounted for 34.0% and
57.5% of the PM2.5 during the heavily polluted days, respectively.
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Introduction
The increase in energy consumption during rapid industrialization and urban development has resulted in PM2.5 (fine
particles with aerodynamic diameters smaller than or equal
to 2.5 μm) pollution becoming the most important environmental issue in most Chinese cities in recent decades. A high
concentration of PM2.5 is known to have impacts not only on
health but also on Earth’s energy budget, visibility reduction,
and climate (Chen et al., 2019b; Chow et al., 2006; IPCC, 2013;
Liu et al., 2019a; Seinfeld and Pandis, 2006; Tang et al., 2017).
In addition, high concentrations of PM2.5 can be transported to
other areas and contribute to the air pollution there (Han et al.,
2015; Li et al., 2014; Zhang et al., 2018; Zhang et al., 2019d).
The PM2.5 pollution in Beijing, the capital city of China, has
become a global focus over the past few decades (Wang et al.,
2019; Yang et al., 2017; Zhang et al., 2014; Zhang et al., 2016b).
In recent years, Beijing has implemented a series of pollution reduction policies, and the air quality has improved significantly. For example, the Beijing Ecology and Environment
Statement confirmed that the annual average PM2.5 mass concentration decreased from 89.5 to 51.0 μg/m3 , and days with
heavy pollution decreased from 58 to 15 days, between 2013
and 2018. However, the current PM2.5 mass concentration still
exceeds the Chinese National Ambient Air Quality Standard
(NAAQS; i.e. 35 μg/m3 as an annual average), and is far behind
the requirements of some developed countries for healthy air
(Chen et al., 2019b). Meanwhile, serious pollution events still
occur frequently in Beijing (Li et al., 2019b; Li et al., 2019c;
Liu et al., 2019b). Therefore, more efforts to reduce the PM2.5
in Beijing are still required.
The different emission reduction policies implemented
over the past few years to improve air quality in Beijing may
have significantly changed the physicochemical characteristics of PM2.5 and its source contributions, because they target different sources or pollution processes (Xu et al., 2019;
Zhang et al., 2019a). For example, Geng et al. (2019) found that
from 2013 to 2017, the population-weighted mean concentrations of SO4 2− over eastern China had the largest reduction
of 40%, while NO3 − had the lowest reduction of 5%, resulting
in a greater fraction of NO3 − and a smaller fraction of SO4 2−
in PM2.5 . Therefore, if existing pollution reduction policies are
continued, they may not be as effective as they used to be. It is,
therefore, highly necessary to update the pollution reduction
policies over time according to the new PM2.5 characteristics
and sources, to achieve more efficient pollution reduction and
further improve air quality (Cheng et al., 2019).
In this study, we conducted continuous measurements of
PM2.5 over one year in Beijing to analyze the chemical composition and quantify the contribution of different sources. The
impacts of lifestyle on pollution characteristics were also assessed. In addition, we conducted an in-depth analysis of the
evolution of the chemical compositions and emission sources
at different pollution levels. Many interesting results were
found, which have important implications for future PM2.5 reduction strategies in Beijing.

1.

Materials and methods

1.1.

Sampling site and sample collection

The PM2.5 samples were collected on 90 mm diameter quartz
membrane filters using a PM2.5 sampler (TH-150C; Wuhan
Tianhong, China) under an airflow rate of 100 L/min at Yungang station, one of the Beijing Municipal Ecology and Environment Bureau sites (Fig. S1). The sampling height was 2 m

and there was no shelter nearby. The site was surrounded
by commercial areas, roads, catering areas, schools, residential areas, parks, etc. Therefore, the observation results reflect
the overall level of air pollution in Beijing. Daily (23.5 hr) integrated PM2.5 samples were collected in four seasons in Beijing:
spring (1 March to 31 May 2018), summer (1 June to 31 August
2018), autumn (1 September to 30 November 2018), and winter
(11 December 2017 to 28 February 2018 and 1 to 17 December
2018). In addition, four field blanks were collected every seasonal campaign, which were then analyzed together with the
PM2.5 samples.
After sampling, the quartz filters were individually placed
in petri dishes and immediately stored at −20◦ C before weighing and subsequent analysis. To ensure that the PM2.5 sampler
worked at the specified flow rate, the airflow rate of the sampler was calibrated every month. During the sampling process,
strict quality control was conducted to avoid any contamination. Frequent cleaning of the cutter and tray of the membrane
was necessary. Excluding lost and damaged samples, a total of
354 ambient PM2.5 and 16 blank samples were collected.

1.2.

Gravimetry and chemical analysis

The quartz filters, which were packaged with aluminum foil,
were prefired in a muffle furnace at 500 ◦ C for 4 hr to remove
organic materials. In addition, to minimize the influence of
water adsorption, the filters were weighed before and after
sampling using a microelectronic balance with a reading precision of 10 μg after undergoing a 48 hr equilibration period
inside a chamber under conditions of constant temperature
(20 ± 1°C) and humidity (45% ± 5%). Atmospheric PM2.5 masses
were deduced from the gravimetric measurements performed
before and after sampling. To guarantee the accuracy of the
weighing, weighing was repeated until a difference between
two measured weights of below 0.10 mg was achieved.
In this study, the OC and EC were measured using a thermal/optical carbon aerosol analyzer (Sunset Labs, USA) according to the EPA/NIOSH (TOT) method. The water-soluble inorganic ions (SO4 2− , NO3 − , NH4 + , Cl− , K+ , Na+ , Ca2+ , and Mg2+ )
were measured by using an ion chromatograph (IC) system
(Dionex ICS-90, USA). The concentrations of 18 trace elements
(Mg, Al, K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Ag, Cd, Tl,
and Pb) were measured by an Agilent 7500a inductively coupled plasma mass spectrometry (ICP-MS, Agilent Technologies, Japan). More detailed information, such as sample pretreatment, instrument optimization, calibration, and quality
control, can be found in previous studies (Birch and Cary, 1996;
Huang et al., 2017; Huang et al., 2016; Wang et al., 2016).
Meteorological parameters (such as temperature (T), relative humidity (RH), wind speed (WS), wind direction (WD),
rainfall (R), and visibility (V)) and concentrations of gaseous
pollutants (SO2 , NO2 , CO, and O3 ) were measured hourly by colocated air quality monitoring stations, operated by the Ministry of Ecology and Environmental Protection of China.

1.3.

Data analysis

1.3.1.

Chemical mass closure

The chemically reconstructed PM2.5 mass was calculated,
comprising eight categories of chemical species, including organic matter (OM = OC × 1.6), EC, SO4 2− , NO3 − , NH4 + , Cl− , mineral, and trace elements. The detailed method can be found
in the references for a previous publication from our group
(Huang et al., 2017).

1.3.2.

Positive matrix factorization

The EPA Positive Matrix Factorization (PMF) 5.0 model was applied to apportion the sources of PM2.5 in this study. Detailed

journal of environmental sciences 100 (2021) 1–10

3

Fig. 1 – Time series of (a) temperature (T) and relative humidity (RH), (b) rainfall (R) and visibility (V), and (c) PM2.5 mass
concentration. The red line in (c) corresponds to the 75.0 μg/m3 regulated in the Chinese NAAQS (Grade II).
descriptions of the model can be found in Paatero and Tapper (1994) and Paatero and Hopke (2003). In this study, the
model simulations were applied to datasets comprising 23
species: 2 carbon fractions (OC and EC), 8 inorganic species
(NO3 − , SO4 2− , NH4 + , K+ , Ca2+ , Na+ , Mg2+ , and Cl− ), and 13
trace elements (Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Ag, Cd,
and Pb). The uncertainties in the sample species were calculated based on two different situations according to the PMF
5.0 user guide (USEPA, 2014). If the concentration was less than
or equal to the provided method detection limit (MDL), the
uncertainty was calculated using a fixed fraction of the MDL,
which was written as:

the whole measurement period, 94 days achieved the Grade I
national standard (35.0 μg/m3 ), accounting for approximately
26.6% of the total study period. The number of days meeting the Grade II national standard (75.0 μg/m3 ) accounted for
67.5%, significantly higher than that achieved in 2013 (48.0%)
(http://sthjj.beijing.gov.cn/). Although the PM2.5 mass concentration in this study is still higher than the NAAQS annual
average standard (35.0 μg/m3 ) and is six times the standard
required by the World Health Organization (10.0 μg/m3 ), this
value is lower than those observed in previous studies in Beijing, such as 99.5 μg/m3 in 2014–2015 (Huang et al., 2017),
102.5 μg/m3 in 2015–2016 (Gao and Ji, 2018), and 81.3 μg/m3
in 2016–2017 (Zhang et al., 2019b). This highlights the effec5
tiveness of the large number of emission reduction policies
Uncertainty = × MDL.
6
implemented by Beijing and its surrounding governments in
recent years.
If the concentration was greater than the provided MDL,
According to Fig. 1, the high PM2.5 values were recorded in
the calculation was defined as:
spring, with an average concentration of 84.4 ± 59.9 μg/m3 ,
corresponding to significant PM2.5 peaks. The PM2.5 concen
3
3
Uncertainty = (Error Fraction × Concentration )2 + (0.5 × MDL )2 . tration in winter (61.2 ± 42.2 μg/m ) was only 10.5 μg/m
higher than the season with the lowest PM2.5 concentration
(summer, 50.7 ± 29.3 μg/m3 ), and was close to the autumn
To reduce the error, the samples with missing values for
concentration (58.1 ± 41.4 μg/m3 ). This seasonal difference
individual species were excluded rather than replaced by the
is very different from most previous studies in Beijing and
mean concentrations of the remaining observations.
other cities in Northern China, which all showed that the most
In this study, we tested 5–12 factors in the PMF analysis
severe PM2.5 pollution events occurred in winter (Gao and
and PMF was run several times with different Fpeak values
Ji, 2018; Huang et al., 2017; Zhang et al., 2019b). For example,
to determine the range within which the objective function Q
Gao and Ji (2018) found that the highest PM2.5 mass concenvalues remain relatively constant. In the seven-factor model,
tration occurred in winter (157.8 μg/m3 ) in 2015–2016, which
a value of Fpeak = 0.1 provided the most physically reasonable
was about 1.6 to 2.2 times that of the other three seasons.
source profiles.
However, our observation is consistent with the data released
by the Beijing Municipal Ecology and Environment Bureau
(http://sthjj.beijing.gov.cn/). Furthermore, the significant im2.
Results and discussion
provement in air quality in winter 2017–2018 was also reported
by Ji et al. (2019b) and Yi et al. (2019). Ji et al. (2019b) considered that this improvement was due to the combined ef2.1.
Seasonal variations of PM2.5 and its chemical
fect of strictly controlling anthropogenic emissions (such as
composition
restricting industrial production, limiting the use of vehicles,
and reducing coal consumption) and favorable meteorological
2.1.1. PM2.5 mass concentration and air quality
conditions (the frequent cold fronts accompanied by strong
Fig. 1 shows the time series of meteorological parameters
winds). Wind is an important factor affecting the PM2.5 level
(1 hr) and PM2.5 concentration (24 hr) for the sampling year.
in Beijing. Northerly or northwesterly winds bring clean air
The red line in Fig. 1c corresponds to the 24 hr average stanand are conducive to the removal of local pollution in Beijing,
dard value (Grade II) of 75.0 μg/m3 , as regulated in the Chiwhereas southerly or southwesterly winds bring pollutants
nese NAAQS. The annual average PM2.5 concentration in Beifrom other pollution areas (such as Hebei, Shandong, Shanxi,
jing was 64.8 ± 43.1 μg/m3 during the measurement period. In

4
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Fig. 2 – Wind rose plots for (a) spring, (b) summer, (c) autumn, and (d) winter in Beijing.
etc.), causing the pollution to deteriorate in Beijing (Ji et al.,
2016; Wang et al., 2015b; Xu et al., 2016; Xu et al., 2018). As
shown in Fig. 2, the dominant wind direction in winter was
northwest and the frequency of strong wind (i.e., > 4 m/sec)
was higher than that in other seasons. Accordingly, the average wind speed was the highest in winter (1.9 ± 0.8 m/sec).
However, the dominant wind direction in spring was southwest, leading to the aggravation of the pollution in Beijing. In
addition, Yi et al. (2019) found that the rapid warming of the
Barents–Kara Sea region enhanced the Siberian High and thus
had an important role in improving the air quality over the
North China Plain during winter 2017–2018.
The significant decrease of PM2.5 in winter highlights the
efficiency of emission reduction policies in Beijing. Meanwhile, the identification of seasonal differences in PM2.5 pollution suggests that other heavy pollution seasons (such as
spring in this study) may also need more stringent emission
reduction measures like in winter. In summer, the contribution of some important sources decreased or even disappeared, such as coal-fired heating in winter or dust transport
in spring. Meanwhile, the meteorological conditions, such as
the strong turbulence that occurred under strong radiation intensity and high temperature, the frequent rainfall, and the
high atmospheric mixing layer, were all conducive to the removal of pollutants (Tang et al., 2016). Therefore, the reduced
emission sources and more favorable meteorological conditions resulted in the lowest PM2.5 in summer.

2.1.2.

PM2.5 chemical composition

Carbonaceous components. OM comes both from primary
sources, such as fossil fuel combustion and biomass burning, and from secondary transformation by homogeneous and
heterogeneous reactions (Zhang et al., 2015). EC exists in various forms, such as soot particles and graphite, resulting from
the incomplete combustion of fossil fuels. Therefore, the EC
concentration is an effective indicator of primary emission
levels.
The characteristics of carbonaceous components in this
study can be summarized as follows. (1) Annual average values. (a) Mass concentration. The annual average mass concentrations for OM and EC over the study period were 15.4 ±

11.7 μg/m3 and 1.0 ± 1.1 μg/m3 , respectively, which are lower
than the results observed in Beijing in 2016–2017 (17.6 μg/m3
(OM = OC × 1.6) and 3.4 μg/m3 , respectively). The total
carbonaceous aerosol (OM + EC = 16.4 μg/m3 ) mass concentration is also much lower than the value reported by
Huang et al. (2017) in Beijing in 2014–2015 (31.1 μg/m3 ). (b)
Contribution. The carbonaceous components (OM + EC) accounted for 25.3% of the PM2.5 concentration in our study,
which is much lower than the results in 2016–2017 (36.0%)
(Ji et al., 2019a). (2) Seasonal differences. Consistent with previous studies, the OM concentration showed a peak in winter (19.0 ± 12.5 μg/m3 ), which was approximately 1.6 times
the lowest concentration in summer (11.9 ± 12.6 μg/m3 ). However, the seasonal difference (winter/summer) decreased significantly compared with the 2.6 times difference reported by
Ji et al. (2019a). Meanwhile, the OM mass concentration in winter in the present study is much lower than that observed in
previous studies during the same season in Beijing, such as
38.1 μg/m3 reported by Huang et al. (2017) and 30.4 μg/m3 reported by Ji et al. (2019a). In addition, the mass concentration
of EC and its contribution to PM2.5 all decreased in this study
and there was almost no significant seasonal variation (0.7–
1.2 μg/m3 and 1.0%–1.9%).
From the analysis conducted during this study, it can be
concluded that the mass concentration and contribution of
carbonaceous components in the present study are lower than
in previous studies and the seasonal differences (winter versus other seasons) are weaker in the present study. These results suggest that the pollution reduction policies on fossil
fuel combustion in recent years have produced significant results, especially in winter, the season with the most pollution
as reported by previous studies (Liu et al., 2016; Wang et al.,
2015b; Zhang et al., 2013).
Water-soluble inorganic ions. The key PM2.5 constituents,
SO4 2− , NO3 − , and NH4 + , are generally accepted as originating from the secondary conversions of gaseous SO2 , NOx , and
NH3 , via gas-phase chemical reactions and heterogeneous reactions (An et al., 2019; Zhang et al., 2015). These pollutants
are considered to be the key species causing severe haze
events, and their contribution usually increases significantly
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Fig. 3 – Seasonal variations in the (a) mass concentration and (b) corresponding contribution of major chemical components
of PM2.5 in Beijing.
with an increase in pollution (An et al., 2019; Huang et al.,
2018; Huang et al., 2016; Li et al., 2019c; Liu et al., 2019b). In
recent years, with the control of SO2 sources and the increase
in the number of motor vehicles, the role of NO3 − and SO4 2−
in haze production has been extensively discussed (Li et al.,
2019a; Pan et al., 2016; Wang et al., 2020; Xu et al., 2019).
Li et al. (2019c) found that nitrate was the most important inorganic species for haze production and its contribution increased when pollution worsened. Xu et al. (2019) also pointed
out that the mass concentration of nitrate was about 45%–67%
of water-soluble ions and became main component of PM2.5
rather than sulfate in the haze events in Beijing, which was
not a significant phenomenon in the Beijing haze event in
2013. In addition, a trend of decreasing SO4 2− and increasing
NO3 − was observed in many cities in China, such as Chengdu
and Chongqing (Chen et al., 2019a), and Wuhan (Guang et al.,
2019).
In this study, the total concentration of SO4 2− , NO3 − , and
NH4 + was 25.7 μg/m3 in Beijing, accounting for 39.7% of the
PM2.5 mass. As can be seen in Fig. 3, the highest mass concentration and contribution from SO4 2− occurred in summer
(9.5 ± 7.0 μg/m3 and 18.7%, respectively), which might be attributed to the high T and RH, which provided perfect conditions for the conversion of SO2 to SO4 2− through both gaseous
and aqueous phases reactions. This is different from the results in a previous study in Beijing, which observed the highest concentration of SO4 2− in winter and suggested that the
residential heating was responsible for the large quantity of
SO2 emitted, and was a critical source for SO4 2− production
(Huang et al., 2017). The variation of the seasonal SO4 2− peak
further highlights the effectiveness of fossil fuel combustion
control in winter in Beijing.
Gas-phase oxidation of NO2 by OH radicals and the heterogeneous reaction of N2 O5 are important pathways for NO3 −
formation during the day and night, respectively. HNO3 and
NH4 NO3 are both subject to thermodynamic partitioning between the gas and particle phases (NH3 (g) + HNO3 (g) 
NH4 NO3 (s)), because of their high volatility and thermal stability, respectively (An et al., 2019). Therefore, the low T and
high RH facilitate the gas-to-particle partitioning. Accordingly,
the lowest mass concentration and contribution of NO3 − appeared in summer (6.8 ± 7.7 μg/m3 and 13.5%, respectively)
while the highest mass concentration and contribution appeared in spring (20.5 ± 26.8 μg/m3 ) and autumn (24.9%), respectively. In addition, the concentration of NH4 + in spring
was 8.3 ± 7.5 μg/m3 , which was higher than in the other three
seasons (4.4–5.9 μg/m3 ) and consistent with the highest NO3 −
concentration being observed in this season.
The strongest correlation between SO4 2− and NO3 − was
found in winter (R2 = 0.81). This is because coal combustion
is a common source of their precursors and heterogeneous
processes become the dominant formation mechanisms be-

cause the low temperature limits the homogeneous reaction
processes in winter (Li et al., 2018a; Zheng et al., 2015). With
the higher temperatures in spring and autumn, compared
with winter, the contribution of the coal combustion source
from residential heating decreased and both homogeneous
and heterogeneous processes contributed to SO4 2− and NO3 −
although the extent of the contribution from these two processes varied according to meteorological factors. Therefore,
the correlation of SO4 2− and NO3 − in spring (R2 = 0.65) and autumn (R2 = 0.57) was weaker than in winter. High temperature
is a typical feature of summer and promotes the formation of
sulfate in large quantities through photochemical reactions.
It also promotes the decomposition of nitrate particles into
the gas phase. Therefore, the dominant formation pathways
of SO4 2− and NO3 − are almost completely different, resulting
in the weakest correlation between them (R2 = 0.05) in summer.
The ratio of NO3 − /SO4 2− is often used as an indicator of
the relative importance of particle production from mobile
and stationary sources. In this study, the annual average ratio of NO3 − /SO4 2− (1.8) is higher than the ratio for 2014–
2015 (1.3), suggesting that mobile sources play an important
role in PM2.5 concentrations and that its contribution is increasing. Meanwhile, the ratio in Beijing is much higher than
that measured in other cities in China, such as Chengdu (0.7)
(Chen et al., 2019a), Shanghai (1.1) (Ming et al., 2017) and Shijiazhuang (<1.0) (Zhang et al., 2019b). This may be due to the
increase in mobile sources of emissions from vehicles in Beijing, which increased in number from 2.1 million in 2003 to
6.1 million in 2018 (http://tjj.beijing.gov.cn/). This emphasizes
the importance of controlling the mobile sources. Consistent
with the seasonal variations of their concentrations, higher
NO3 − /SO4 2− ratios were observed in spring and autumn (2.2
and 2.4, respectively), while the lowest value was observed in
summer (0.9).
Mineral and trace elements. The highest mineral concentration (15.4 ± 4.3 μg/m3 ) and proportion (18.3%) occurred in
spring, which is consistent with more frequent dust events occurring in spring. Meanwhile, the frequent precipitation and
rare occurrence of dust events mean that the lowest mineral
concentrations and proportions were observed in summer (6.7
± 5.4 μg/m3 and 13.2%, respectively). The measured concentration of trace elements was low across all four seasons, with
a slightly higher concentration and contribution in winter (0.7
± 0.9 μg/m3 and 1.2%, respectively) than in other seasons (0.2–
0.4 μg/m3 and 0.5%–0.6%, respectively).

2.2.

Source contribution

In this study, all 354 sample datasets were used to resolve
the pollution sources and the contribution profiles of PM2.5 .
We identified seven different sources: (1) coal combustion, (2)
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Fig. 4 – PMF source profiles for the PM2.5 samples throughout the entire study period in Beijing in terms of concentrations
and percentages.

Fig. 5 – The composition of PM2.5 sources in (a) spring, (b)
summer, (c) autumn, and (d) winter in Beijing.

biomass burning, (3) vehicular emission, (4) industrial processes, (5) dust, (6) secondary nitrate, and (7) secondary sulfate. These sources accounted for 86.6% of the PM2.5 mass concentration and their average contribution to PM2.5 were 3.8%,
5.1%, 17.6%, 5.0%, 13.0%, 25.7%, and 16.4%, respectively. Figs. 4
and 5 show the source profiles and the relative contributions
of individual sources to PM2.5 during the four seasons. These
sources can be summarized as follows.

Coal combustion. This source is characterized by elevated
Cl− (56.6%) associated with Pb (44.0%), As (33.1%), OC (17.0%),
and EC (17.1%). Extremely high Cl− associated with fine
aerosols in winter is a distinctive feature in Beijing and
even inland China, which is attributed to coal combustion
(Zhang et al., 2012; Zhang et al., 2016a). Using a single particle aerosol mass spectrometer, Cai et al. (2017) found that coal
combustion was an important source of Pb particles in Beijing
and the emissions inventory also showed that a local source
of coal combustion was the major source of Pb in the Beijing
area. As was proposed as a more useful tracer of coal combustion by Hsu et al. (2009). In addition, OC and EC are the basic products of coal combustion. In China, coal combustion is
generally used in thermal power plants, for industrial fuel use,
and for winter residential heating in its cold northern regions.
Coal combustion is the predominant source of fine aerosols
over China (Zong et al., 2018), which has resulted in severe air
pollution problems not only locally, but also regionally and
globally. The coal combustion source exhibited the highest
contribution to the PM2.5 concentration in winter (8.2%) and
the lowest contribution in summer (0.4%) in this study. This
is strongly aligned with the seasonal characteristics of coal
combustion activities in this region and is consistent with
previous results (Shen et al., 2018). However, this significant
seasonal difference did not occur in southern cities, such as
Chongqing (Chen et al., 2017), due to no contribution from
coal-fired heating in winter. In addition, the highest contribution in winter is notably lower than most previous studies. For
example, Zhang et al. (2013) found that the contribution from
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Fig. 6 – The PM2.5 (a,b) chemical and (c,d) source
compositions during (a,c) weekdays and (b,d) weekends.

coal combustion to PM2.5 reached 57%, more than eight times
that observed in other seasons (1%–7%). Li et al. (2019a) found
that coal combustion was largely accountable for the reduced
contribution of organics from 2014 to 2017: the mass fraction
of coal combustion organic aerosol (OA) in the total OA decreased from 27% to 18%. Reports from the Beijing Municipal
Environmental Protection Bureau also revealed that the contribution of coal combustion to aerosol pollution showed a
large decrease during 2013–2017. Therefore, although the contribution of coal combustion still has significant seasonal differences, its contribution significantly reduced compared with
previous studies, especially in winter, which, again, highlights
the high efficiency of coal combustion emission reduction in
Beijing and its surrounding areas.
Biomass burning. The second source is biomass burning,
characterized by high concentrations of K+ (56.4%) and a
medium load of Cl− (29.1%). K+ is generally used as the indicator of biomass burning (Zhang et al., 2016a). Agrarian cultivation in Beijing suburbs is still extensive. The farmers burn
the crop remnants every summer and autumn to fertilize the
soil. The incineration of fallen leaves throughout the city in
autumn also contributes to biomass burning. Therefore, it is
not strange that the highest contribution of this source appeared during the autumn (10.3%).
Vehicular emission. The third source is vehicular emission
with a relatively high load of OC (27.3%), EC (20.5%), Zn (53.6%),
Cu (35.2%), Mn (34.5%), and Pb (34.3%). Gasoline and diesel
combustion is an important source of OC and EC (Xu et al.,
2016; Xu et al., 2018). Zinc dialkyldithiophosphates are commonly added to engine oils because of their anti-wear and antioxidant properties, and Zn is associated with PM produced
from brake and tire wear, as well as with tailpipe emissions
from motor oil (de Miranda et al., 2018). Mn might be produced
from the resuspension of road dust (Chen et al., 2017). Pb is
found in fuels and lubricant additives (Zhang et al., 2019c). Vehicular emission was the second largest source in this study
and accounted for 17.6% of PM2.5 in the whole study period.
Meanwhile, it must be noted that vehicular emission is an important contributor to NOx and volatile organic compounds,
the precursors of secondary nitrate and OM, respectively. This
means that the actual contribution of vehicular emission may
be much higher than 17.6%. This finding is in accordance with
the high NO3 − /SO4 2− ratios (1.8). It should be noted that in
2018, the number of motor vehicles in Beijing was as high
as 6.1 million (http://tjj.beijing.gov.cn/), and is still increasing.
Therefore, more attention must be paid to the negative impacts on the local air quality caused by vehicular emission.
Industrial processes. The fourth source is identified as industrial processes, as there is a high content of metallic elements,
such as Ag, Al, Co, Cr, Cu, Mn, Ni, and V (Fig. 4). These metallic
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Fig. 7 – The PM2.5 (a,b) chemical and (c,d) source
compositions during (a,c) the non-heating period and (b,d)
the heating period.

elements can be emitted during a variety of industrial processes. For example, Co is emitted from industry-related coal
combustion (Chen et al., 2017). Ni could be produced from oil
burning in industrial oil boilers or non-ferrous metal smelters
(Sweet et al., 1993). Cr is an important tracer of metallurgical industry (Dall’Osto et al., 2008). On average, industrial processes accounted for 5.0% of the PM2.5 mass, which is notably
lower than the industrial cities in northern China, for example, 11.7% in Tianjin (Huang et al., 2017).
Dust. The fifth source is characterized by elevated Mg
(66.6%), Ca (74.0%), Al (58.3%), and Fe (51.4%), and is interpreted
as dust (Fig. 4). The OC and EC contents were 11.2% and 19.1%,
respectively, which suggests that the dust is resuspended.
Thus, this source is probably a mix of desert/loess dust, anthropogenic construction dust, fugitive dust, and resuspended
road dust. Construction activities are prevalent in the cities
of China. On average, this source accounted for 13.0% of the
PM2.5 mass concentration in Beijing, which is higher than that
in southern China, for example, 5% in Ningbo (Li et al., 2018b)
and 11% in Chongqing (Chen et al., 2017). The seasonal contribution of dust was the highest in spring (14.4%), consistent
with the variations of mineral in Section 2.1.2. Dust storms
are essentially responsible for spring dust aerosols, whereas
in other seasons, fugitive dust from construction and the resuspension of road dust are the main contributors.
Secondary nitrate and secondary sulfate. The last two identified sources had higher NO3 − (87.4%) and SO4 2− (69.5%) fractions, respectively, and were accompanied by a certain share
of NH4 + (65.4% and 26.7%, respectively). These are regarded
as secondary nitrate and secondary sulfate, respectively. Previous studies have found that these inorganic ions are markers of secondary inorganic aerosols, and they are often formed
by homogeneous and heterogeneous processes under favorable meteorological conditions (Luo et al., 2018; Wang et al.,
2014; Xu et al., 2018). NO3 − is mainly converted from ambient
NOx , emitted by both vehicular exhausts and fossil fuel combustion, while the precursor of aerosol SO4 2− is SO2 , which
primarily originates from coal combustion. Therefore, the actual contributions of coal combustion and vehicular emission
to PM2.5 mass discussed above were likely underestimated.
The total contribution of secondary nitrate and sulfate was
about 42.1%, slightly higher than observed in previous studies
in Beijing (39%) (Gao et al., 2016). As secondary nitrate and secondary sulfate are completely controlled by NO3 − and SO4 2−
emissions, respectively, their seasonal variations were close,
i.e., the highest contribution for secondary nitrate and secondary sulfate occurred in spring (34.8%) and summer (27.9%),
respectively.
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Fig. 8 – The PM2.5 (a–e) chemical and (a1–e1) source compositions at different pollution levels.

2.3.

Assessment of the impacts of lifestyle on PM2.5

2.3.1.

Weekdays versus weekends

In general, one week can be divided into weekdays and weekends, which represent two typically different lifestyles for residents. On weekdays, there are conventional morning and
evening peaks, associated with travelling to and from work.
At the same time, according to the restriction policy, 20% of
private cars are forbidden from entering urban areas every
weekday. However, residents can travel flexibly according to
their own needs over the weekend, when motor vehicle travel
is not restricted. In this study, the average PM2.5 mass concentration over the weekends (67.2 ± 43.8 μg/m3 ) was higher
than that observed during the weekdays (62.1 ± 42.1 μg/m3 ).
Most importantly, the PM2.5 composition and sources showed
notable differences (Fig. 6). During the weekends, the contribution of EC and NO3 − was higher than on weekdays, which
corresponds to the stronger vehicular emission produced over
the weekends. However, as weekends are non-working days,
the contribution from the industrial processes and coal combustion, and related species such as SO4 2− , OM, and trace elements, were lower than that observed on weekdays. As weekdays and weekends alternate throughout the year, the meteorological conditions across both sets of days were similar. Therefore, the above differences were mainly caused by
changes in pollutant sources.

2.3.2.

Heating and non-heating periods

The heating season in Beijing normally starts on 15 November and ends on 15 March in the following year. Historically,
the air quality in Beijing during the residential heating period
was worse than during the non-heating period because of the
enhanced consumption of fossil fuels, especially coal, and the
high frequency of stagnant weather. For example, the average mass concentration of PM2.5 before and during the heating period were 117.4 μg/m3 and 138.2 μg/m3 , respectively, in
2013, and 89.6 μg/m3 and 196.3 μg/m3 , respectively, in 2014
(Yang et al., 2016). Meanwhile, the PM2.5 chemical composition
changed dramatically during the heating period (Yang et al.,
2016; Zhang et al., 2016a). Wang et al. (2015a) found that the
average PM1 concentration was 82.4 μg/m3 during the heating period, which was nearly 50% higher than that before the
heating period, and organics, sulfate, and chloride were observed to increase significantly during the heating period.
In this study, the definition of heating period is consistent with the actual heating period in Beijing, i.e., from 11
December 2017 to 15 March 2018 and 15 November to 17 December 2018. The non-heating period includes half a month
before heating (1–14 November 2018) and half a month after heating (16–31 March 2018). Compared with previous studies, a completely different change in PM2.5 mass concentration was observed in our study. The PM2.5 mass concentration decreased by 20.8 μg/m3 (23.1%) from the non-

heating period (90.2 ± 51.6 μg/m3 ) to the heating period
(69.4 ± 48.5 μg/m3 ).
For the PM2.5 chemical composition, the contribution
of OM reached 35.6% and dominated the PM2.5 during the
heating period. OM can enter the atmosphere from multiple
sources, such as coal combustion, vehicular emission, and
industrial processes. Accordingly, the contributions from
these three sources all increased (by 3.8%, 4.3%, and 5.7%,
respectively) during the heating period. The increase in the
contribution from SO4 2− (1.7%) and Cl− (1.1%) during the
heating period can be explained by the increase in the contribution from coal combustion. Accordingly, the contribution
of another carbonaceous component, EC, also increased from
1.2 to 2.0% (Fig. 7).
Consistent with a 23.4% decrease in secondary nitrate
and an 8.1% increase in secondary sulfate, the contribution
from NO3 − and SO4 2− decreased by 12.1% and increased by
1.7%, respectively, during the heating period (Fig. 7). The observed 4.4% decrease in the NH4 + contribution was consistent
with the 9.3% decrease in the total contribution from NO3 − ,
SO4 2− , and Cl− , due to their existence in the forms NH4 NO3 ,
NH4 HSO4 , (NH4 )2 SO4 , and NH4 Cl, respectively. In addition, we
found that the increase in Cl− is significantly lower than in
previous studies (Zhang et al., 2013). This means that the contribution from coal combustion is not as significant as previously thought.
Therefore, compared with the non-heating period, the
PM2.5 mass concentration in the heating period decreased
significantly in this study. Although the observed changes
in the chemical components are similar to that observed in
previous studies, the increase in the contribution from coalcombustion-related chemical components in the heating period is weaker than in previous studies. This further reflects
the environmental benefits of the control of coal combustion
and promotion of clean energy in the winters of recent years.
Unlike the similar weather conditions during weekdays
and weekends, the wind speed was higher in the heating period (1.8 ± 0.8 m/sec) than in the non-heating period (1.3 ±
0.5 m/sec), suggesting a stronger removal of pollutants during the heating period. Meanwhile, the T and RH during the
heating period (−0.03 ± 4.0◦ C, 34.5 ± 14.2%, respectively) were
lower than that during the non-heating period (10.0 ± 4.2◦ C,
49.7 ± 19.7%). This difference in meteorological conditions further affected the formation of many pollutants and ultimately
determined their concentration in the atmosphere. Therefore,
meteorological condition was another important factor affecting the PM2.5 characteristics in heating and non-heating periods, in addition to emission sources.

2.4.

Characteristics of pollution evolution

Owing to the differences in meteorological conditions,
sources, and formation mechanisms of pollutants, the chemi-

journal of environmental sciences 100 (2021) 1–10

cal composition of PM2.5 usually varies greatly at different pollution levels (Huang et al., 2016; Wang et al., 2014). Identifying the dominant chemical components and sources in heavy
pollution periods is critical for reducing pollution and improving air quality. Five different air quality levels were defined,
based on the PM2.5 concentrations: (a) excellent (0 < PM2.5 ≤
35 μg/m3 ), (b) good (35 < PM2.5 ≤ 75 μg/m3 ), (c) lightly polluted
(75 < PM2.5 ≤ 115 μg/m3 ), (d) moderately polluted (115 < PM2.5
≤ 150 μg/m3 ), and (e) heavily polluted (150< PM2.5 ≤ 250 μg/m3 )
(HJ 633–2012).
For the contributions of carbonaceous components, i.e.,
OM and EC, there were notable decreasing trend (Fig. 8).
As mentioned earlier, the carbonaceous components arise
mainly from coal combustion, biomass burning, vehicular
emission, and industrial processes. In Beijing, when pollution occurs, the government takes many pollution control
measures, such as banning biomass burning activities, shutting down or limiting production from polluted industries,
and enforcing stricter regulations on motor vehicle travel, etc.
Accordingly, we found that the contributions from biomass
burning and industrial processes decreased continuously as
pollution worsens. Meanwhile, the contribution from vehicular emission also decreased after the pollution reached the
‘lightly polluted’ level. In addition, owing to the restrictions
on industrial processes, the contribution from SO4 2− and secondary sulfate to PM2.5 tends to decrease after the ‘good’ level.
Dust is usually generated by strong winds. Many previous
studies have found that higher wind speeds usually occurred
during periods of better air quality because wind was considered to be a very efficient pollutant removal factor (Xu et al.,
2018; Zhang et al., 2017). With the aggravation of pollution,
the air flow becomes weaker and more stable. Accordingly, the
wind speed decreases significantly. Therefore, it is not surprising that the contribution from mineral and dust sources drastically reduced with the aggravation of pollution (Fig. 8). Unlike the components discussed earlier, the contribution from
NO3 − and secondary nitrate continued to increase as pollution
worsens. During ‘heavily polluted’ days, their contribution to
PM2.5 reached 34.0% and 57.5%, respectively (Fig. 8). Furthermore, from ‘excellent’ to ‘heavily polluted’ days, the ratio of
NO3 − /SO4 2− increased from 1.1 to 3.3. Therefore, NO3 − has become the most critical factor causing heavy pollution in Beijing. Consistent with NO3 − , the contribution of NH4 + reached
a peak during the heavily polluted days (13.4%).

3.

Conclusions

To study the changes in PM2.5 characteristics in Beijing after
implementation of the strictest clean air policies to date, a
systematic comprehensive investigation and analysis of PM2.5
was conducted. The major conclusions of this study include:
(1) The annual average PM2.5 concentration was significantly
lower than in previous years, and the highest PM2.5 value
in this study occurred in spring rather than winter due to
the strict control of anthropogenic emissions and favorable
meteorological conditions.
(2) Seven source profiles were obtained using the PMF receptor model, namely (1) coal combustion (3.8%), (2) biomass
burning (5.1%), (3) vehicular emission (17.6%), (4) industrial processes (5.0%), (5) dust (13.0%), (6) secondary nitrate
(25.7%), and (7) secondary sulfate (16.4%). When considering the continuous increase in the number of motor vehicles and its contribution to gaseous pollutants, vehicular
emission should be pay more attention for future pollution
reduction strategies.
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(3) At weekends, the contribution of EC and NO3 − increased
but the contributions of SO4 2− , OM, and trace elements decreased, compared with weekdays. The PM2.5 mass concentration decreased by 23.1% from the non-heating to the
heating period, which was mainly caused by the differences in sources and meteorological conditions.
(4) With the aggravation of pollution, the contribution from
vehicular emission and secondary sulfate increased and
then decreased. However, the NO3 − and secondary nitrate
contribution increased continuously, highlighting the key
role of nitrate in the formation of haze pollution in Beijing.
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