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• The typical evolution patterns of PM2.5

in each season of Beijing were depicted.
• A novel methodwas developed to eluci-
date the driving species of PM2.5 pollu-
tion.

• Organic matters were the driving spe-
cies in the winter and nitrate contribut-
ed more than sulfate during severe
hazes.

• Aqueous pathway was dominant in
the winter while multiple pathways
coexisted in the other seasons.

• The variation of fine particle pH during
pollution episodes was revealed.
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In recent years, air pollution has become a major concern in China, especially in the capital city of Beijing. Haze
events occur in Beijing over all four seasons, exhibiting distinct characteristics. In this study, the typical evolution
patterns of atmospheric particulate matter with a diameter of less than 2.5 μm (PM2.5) in each season were illus-
trated by episode-based analysis. In addition, a novelmethodwas developed to elucidate the driving species of pol-
lution, which is the largest contributor to the incremental PM2.5 (ΔPM2.5), not PM2.5. This method revealed a
temporal variation of the driving species throughout the year: nitrate-driven spring, sulfate-driven summer, ni-
trate-driven early fall, and organic matters (OM)-driven late fall and winter. These results suggested that primary
organic particles or volatile organic compounds emissions were dominant in the heating season due to residential
heating, while NOx and SO2 emissions dominated in the other seasons. Besides, nitrate formation seemed more
significant than sulfate formation during severe pollution episodes. It was also found that the pollution formation
mechanism in the winter showed some unique features in comparison with the other seasons: aqueous reactions
were more important in the winter, while multiple pathways coexisted in the other seasons. Furthermore, this
study confirmed that the PM2.5 in Beijing was moderately acidic despite a fully neutralized system. In addition,
the acidity variation during pollution episodes displayed different patterns between seasons and was driven by
both the variation of aerosol water and chemical compositions. These results provide a new perspective to under-
stand the characteristics and mechanisms of aerosol pollution in Beijing. However, more accurate measurements
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are necessary for effective air pollution control that depends on the seasonal variation of fine particle formation in
Beijing and the surrounding areas.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Fine particulate matter with an aerodynamic equivalent diameter of
less than 2.5 μm (PM2.5) has important implications for several environ-
mental issues, such as degrading visibility, adversely affecting human
health, and directly and indirectly impacting the climate (Heal et al.,
2012; Stocker et al., 2013;Wang et al., 2011; Zhang et al., 2015). Ambient
PM2.5 pollution in China has caused concern worldwide due to its fre-
quent outbreaks and unprecedentedly high concentrations. Beijing, the
capital city of China has experienced severe hazes for many years. In
2015, 49% of days were considered polluted days with daily average
PM2.5 exceeding 75 μg/m3 and there were 46 days with daily average
PM2.5 exceeding 150 μg/m3. Although the Chinese government has
taken a series of measures to control fine particle pollution (Chen et al.,
2014), the effects have been limited as demonstrated by the fact that
air pollution did not decrease much from 2013 and 2014 levels. There-
fore, it is urgent to determine the patterns of haze formation and recog-
nize the driving factors.

Previous studiesmostly agree that the haze in Beijing is driven by un-
favorable meteorological conditions (Sun et al., 2013a; JD Wang et al.,
2014; Zhang et al., 2014; Zheng et al., 2015) and is characterized by in-
tensive secondary formation (Guo et al., 2014; Huang et al., 2014; YC
Liu et al., 2017; Sun et al., 2014). The former can be regarded as an exter-
nal driving factor, and the later serves as an internal driving factor. Abun-
dant research indicates that the formation of haze episodes is tightly
related to stagnant meteorological conditions, which are generally char-
acterized by lowwind speed (WS), high relative humidity (RH) and sta-
ble temperature inversion (Petaja et al., 2016; Sun et al., 2016; Zheng et
al., 2015). During pollution episodes in Beijing, RH can reach 90% (Wang
et al., 2017; Yang et al., 2015b), which is favorable for aqueous reactions
and other reactions involving water to prompt the evolution of pollution
(YC Liu et al., 2017). The surface wind speed is always less than 2 m/s
during haze events (Sun et al., 2016; Zheng et al., 2015), which prevents
the dispersion of air pollution. Some studies also have suggested that a
weak pressure system is the root cause for the stagnant conditions (Xu
et al., 2011; XJ Zhao et al., 2013).

The intensive formation of secondary aerosols, including secondary
inorganic aerosols (commonly named as SNA, including sulfate, nitrate,
and ammonium) as well as secondary organic aerosols (SOA), is com-
monly recognized as the driving factor of particle pollution. However,
the relative importance of these species varies depending on the season.
Therefore, it is crucial to identify the source of pollution and to develop
control strategies for each season. Most existing studies have revealed
that SNA are the most abundant species in the summer while OM dom-
inates in the fall andwinter (Zhang et al., 2013; PS Zhao et al., 2013a). De-
spite these findings, OM is not considered the driving factor in pollution
episodes because its proportion in aerosols decreases as the PM2.5 con-
centration increases. Instead, based on the fact that the percentage of
SNA increases with an increasing PM2.5 concentration, SNA are regarded
as the key factor in pollution episodes during the winter (Guo et al.,
2014; Wang et al., 2016; G Zheng et al., 2016).

However, the identification of the driving chemical species used in
previous studies is questionable. (Hereafter, we name the judgment
method used in previous studies to determine the driving species as
the “relative contribution method”, meaning that as the pollution level
increased, the chemical species with an increasing trend in terms of its
proportion of the PM2.5 was hypothesized as the driving species.) First,
the understanding of “driving species” (G Zheng et al., 2016) has been
poorly defined. It is supposed to be the specieswith the greatest increase

in absolute valuewhen the PM2.5 increases by a certain amount. Literally,
the driving species should be the largest contributor to the incremental
PM2.5, not the PM2.5. Hence, the criterion of the driving species should
be an incremental value rather than an absolute value. Using this clari-
fied definition, an error would occur if the “relative contribution meth-
od” is applied. For example, if the original proportion of OM was quite
large, it is possible that OM contributed the most absolute amount to
the incremental mass of PM2.5, even though the proportion of OM
showed a decreasing trend during a pollution event. Under these condi-
tions, OM should be the driving species. The detailed discussion on sim-
ilar conditions is presented in Section 3.3.

Furthermore, fieldmeasurements have revealed a high production of
sulfate and nitrate during severe haze events in China (Guo et al., 2014;
Quan et al., 2015; Sun et al., 2013b; Tian et al., 2016), and it is commonly
accepted that the current models can almost reproduce nitrate produc-
tion by gas phase oxidationwhile sulfate production cannot be explained
by existing oxidation mechanisms (YX Wang et al., 2014; Zhang et al.,
2015). In thesemodels, the dominant pathway for nitrate formation dur-
ing the daytime is the reactionwithOH radicals, which requires a consid-
erable concentration of OH in the atmosphere to maintain a high
production of nitric acid. Nevertheless, during hazy days, the concentra-
tion of OH is maintained at a low level because of the aerosol dimming
effect. In addition, recent studies have shown that the heterogeneous
N2O5 hydrolysis could be a significant nitrate formation pathway under
hazy conditions in Beijing, relating to high relative humidity (Pathak et
al., 2011; Pathak et al., 2009; Wang et al., 2017; Xue et al., 2014). As for
sulfate production, recent studies (Cheng et al., 2016; Wang et al.,
2016) suggest that the missing source of sulfate production can be ex-
plained by reactive nitrogen chemistry in aerosol water, meaning that
SO2 can be oxidized by NO2 under high relative humidity (Sarwar et al.,
2013; Xie et al., 2015). A neutral aerosol solution system is required for
this pathway, but MX Liu et al. (2017) have demonstrated that the fine
particles in Beijing are moderately acidic (pH = 3.0–4.9) by using the
ISORROPIA-II thermodynamic equilibrium model, which is regarded as
the most reliable method to date. Therefore, further studies on both sul-
fate andnitrate formation aswell as the aerosol acidity effects are needed
to explore the haze formation mechanism in Beijing.

Noting that the haze events that occur in Beijing are often in periodic
cycles of 4–7 days (Guo et al., 2014; Jia et al., 2008), the necessity of ep-
isode-based analysis, rather than roughly averaging the whole data set,
should be highlighted. Moreover, the evolution patterns of each pollu-
tion episode vary due to the wide variety of meteorological conditions
as the climate of Beijing is characterized by a typical temperate continen-
tal monsoon climate with four distinctive seasons, resulting in quite dif-
ferent meteorological conditions during the four seasons (Chabangborn
et al., 2014). Accordingly, the haze episodes that occur in each season
are likely to be induced by diverse triggers. Despite this information,
most previous studies were based on short-term observations, and it is
uncertain whether the observed evolution pattern can be applied to
every pollution episodes.

In this study, PM2.5 filters were sampled over the course of 2014 in
the urban site of Beijing and were analyzed for the mass concentrations
and chemical compositions. Based on the mass concentration data and
the corresponding meteorological parameters, we outlined the typical
evolution patterns of PM2.5 for each season in Beijing. In order to clarify
the real driving species, a novel method was developed, which could
quantify the specific contributions of various chemical species to the in-
crementalmass of PM2.5. Additionally, the fine particle aciditywas calcu-
lated by using the ISORROPIA-II thermodynamic model, and its variation
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