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ARTICLE INFO ABSTRACT

Handling Editor: Hefa Cheng China experiences severe particulate pollution, especially in winter, and determining the characteristics of
particulate matter (PM) during pollution events is imperative for understanding the sources and causes of the
pollution. However, inconsistencies have been found in the aerosol composition, sources and secondary pro-
cessing among reported studies. Modern meta-analysis was used to probe the PM chemical characteristics and
processing in winter at four representative regions of China, and the first finding was that secondary aerosol
formation was the major effect factor for PM pollution. The secondary inorganic species behaved differently in
the four regions: sulfate, nitrate, and ammonium increased in the Beijing-Tianjin—Hebei (BTH) and Guanzhong
(GZ) areas, but only nitrate increased in the Pearl River Delta (PRD) and Yangtze River Delta (YRD) regions. The
increased production of secondary organic aerosol (SOA) was probably caused by aqueous-phase processing in
the GZ and BTH regions and by photochemical reactions in the PRD. Finally, we suggest future AMS/ACSM
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observations should focus on the aerosol characteristics in rural areas in winter in China.

1. Introduction

Particulate pollution influences climate, public health, and ecosys-
tems, and therefore, particulate matter (PM) is a major ecological
concern (Fu and Chen, 2017; Fuzzi et al., 2015; Lelieveld et al., 2015).
Widespread PM pollution often occurs in China during the winter, and
the impacts of air pollutants are of particular concern because the
concentrations often exceed the levels established in health guidelines,
and there is expected to be continued reliance on fossil fuels (Zhang
et al., 2012). Aerosol Chemical Speciation Monitors (ACSMs) and
Aerosol Mass Spectrometers (AMSs) have been frequently deployed in
China to investigate the mechanisms that cause particulate pollution (Li
et al., 2017; Pratt and Prather, 2012). These devices are used for real-
time tracking of the mass concentrations of non-refractory chemical
species, including organic aerosol (OA), sulfate, nitrate, ammonium and
chloride. Among these species, the sum of sulfate, nitrate and ammo-
nium is regarded here as the secondary inorganic aerosol (SIA).

The OA often accounts for the largest fraction of submicron aerosols
in China, and the sources for OA are varied and complex (Li et al., 2017;
Tao et al., 2017). Recognizing the importance of identifying and
quantifying OA, researchers have applied the Multilinear Engine (ME-2)
and positive matrix factorization (e.g., Huang et al., 2014; Jimenez
et al., 2009) for these purposes. Typically, the OA is separated into two
groups: the oxygenated OA (OOA) and primary OA (POA). Lanz et al.
(2007) and Zhang et al. (2007) have demonstrated OOA to be mainly
composed of secondary OA (SOA). Additionally, POA can be separated
into organic aerosols from cooking (COA), coal combustion (CCOA),
biomass burning (BBOA), and traffic (HOA) (Wang et al., 2017a; Lanz
et al., 2007; Li et al., 2017).

Increases in relative humidity (RH) lead to more aerosol liquid
water, which determines the size of the “reactor” in which the aqueous-
phase formation of secondary aerosols can occur (Duplissy et al., 2011;
Ervens et al., 2011). Thus, correlation analysis of secondary aerosols
and RH has been used as an indicator of possible aqueous-phase
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reactions (Huang et al., 2019; Sun et al., 2013b; Xu et al., 2016). In-
creased solar radiation (SR) promotes photochemical reactions that
lead to the formation of secondary aerosols (Hallquist et al., 2009;
Hartikainen et al., 2018; Walser et al., 2007, 2008; Zhang et al., 2014a),
and therefore, the intensity of SR has been used as an indicator of
photochemical reactivity in the atmosphere (Hallquist et al., 2009;
Wang et al., 2017a).

The mass loadings of aerosol chemical constituents, especially or-
ganic species, can undergo substantial variations during particulate
pollution events (Huang et al., 2014). “Major effect factor” refers to the
aerosol composition or organic sources that have increased mass frac-
tions during pollution events (Huang et al., 2014). Characterization of
the major chemical species is useful for understanding the mechanisms
that cause the problems at specific sites because the pollution events are
driven by different types and organic sources at different cities in China
(e.g., Huang et al., 2014; Tao et al., 2017; Zhang et al., 2017). For
example, sulfate was the major effect factor in Xi'an in the Guanzhong
(GZ) region where its mass fraction increased by 6% in pollution events
(Wang et al., 2016). In contrast, in Guangzhou in the Pearl River Delta
(PRD) area, the nitrate mass fractions increased with the PM,; mass
concentrations (Qin et al., 2017). On polluted days, a 10% increase in
the contribution of biomass burning OA (BBOA) to OA was noted in
Xi'an (Wang et al., 2017b), and OOA mass fractions in OA increased by
approximately 9% in Beijing (Elser et al., 2016).

Furthermore, the major effect factors identified for pollution events
in the same city have varied among studies. In Beijing, for example, Hu
et al. (2016) found that high pollution periods were characterized by an
increase in the organic aerosol fraction; by contrast, SIA—including
S0427, NO3;~, and NH4*—formation was noted to increase by Sun
et al. (2014). Moreover, Sun et al. (2013a) reported an increase in coal
combustion-related OA in Beijing, but Elser et al. (2016) observed
enhanced SOA formation.

While the characteristics of inorganic aerosols in China have been
relatively well characterized (Cheng et al., 2016; Wang et al., 2016), the
aqueous phase and photochemical processing of SOA, and the im-
portance of these particles for particulate pollution, remain relatively
uncertain (Zhang et al., 2015). Further, different mechanisms have
been invoked to explain the formation of SOA. In Beijing, for example,
Hu et al. (2017) reported that aqueous-phase reactions dominated OOA
formation, but Sun et al. (2013b) reported that aqueous-phase proces-
sing did not cause large increases in OOA. Such inconsistency chal-
lenges our understanding of pollution formation mechanism in China.
Synthesizing the results from pollution studies can help resolve the
inconsistencies in the literature, and meta-analysis is a quantitative
approach for doing this (Glass, 1976).

One of the fundamental goals of a meta-analysis is to generalize
outcomes from multiple studies to obtain a more comprehensive un-
derstanding than what one could learn from an individual study
(Gurevitch et al., 2018). Most meta-analysis studies fall into two cate-
gories (1) methods for combining probabilities and (2) modern meta-
analyses. The former of these types, combines statistical results from
numerous studies based on exact values to provide an overall assess-
ment of significance—these methods have been used to synthesize the
characteristics of aerosol species in China (Fontes et al., 2017; Tao
et al.,, 2017; Zhang et al., 2017), Europe (Lanz et al., 2010; Viana et al.,
2008), and India (Banerjee et al., 2015). Some investigators have used
an approach that involved averaging values to synthesize the salient
aerosol characteristics instead of focusing on aerosol characteristics for
days with heavy pollution. Using averages for summarization purposes
can be difficult, however, because the included studies often use dif-
ferent sampling procedure or observation periods, and short-term stu-
dies frequently report larger and more variable effects than those re-
ported for long-term studies. This means that the short-term studies are
more likely to suffer from random noise and extreme values (Button
et al., 2013), and therefore, weighting of some form is often desirable.

In addition, effect-size variances are a function of sample size;
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therefore, large-sample theory posits that studies that have larger
sample sizes would exhibit lower variances and would thus provide
more accurate estimates of the true effect size of a population (Hedges,
1994). To account for this, modern meta-analyses typically employ
weighted averages for estimating the cumulative effect size for a group
of studies: in practice, the weight for a single study is usually taken as
the reciprocal of the sampling variance. Small sample sizes also are
more likely to violate basic distribution-based assumptions, such as
normality. Resampling techniques, for example bootstrapping, in
modern meta-analyses are useful for assessing the significance of the
meta-analytical metrics (Hedges, 1994).

Modern meta-analyses have been successfully used in our research
group to probe the effects of air pollution on ecosystems (Chen et al.,
2015, 2017, 2018a). Here, the results from regional distributions of 23
AMS/ACSM studies were synthesized through a meta-analysis to char-
acterize the variations in aerosol characteristics and thereby determine
the major effect factor of PM pollution during winter. Relationships
between OOA and meteorological parameters (i.e., relative humidity
[RH] and solar radiation [SR]) were evaluated to investigate the che-
mical processing of SOA in four representative regions in China. To the
best of our knowledge, this is the first time that modern meta-analysis
has been used to probe the variations in aerosol characteristics on
polluted days.

2. Materials and methods
2.1. Data sources

Studies based on AMS/ACSM measurements in China started in
2006, and they have continuously increased in number (Li et al., 2017).
We sought out journal articles with publication dates prior to February
2019 on the Web of Science platform (http://apps.webofknowledge.
com/). In the literature search, the keywords and phrases used were as
follows: (1) “particulate matter” OR “aerosol” OR “PM,s” OR “PM,,”
AND (2) “China” OR “Chinese,” AND (3) “Aerosol Chemical Speciation
Monitor” OR “ACSM” OR “Aerosol Mass Spectrometer” OR “AMS.”
Studies were chosen on the basis of the following conditions:

(1) Only measurements taken during winter were included.

(2) Only measurements taken in urban environments were included.

(3) Source apportionments of OA were reported.

(4) If an article reported more than one measurement from multiple
study sites, as done by Elser et al. (2016) and Huang et al. (2014),
each measurement was considered an independent study.

(5) If multiple sets of measurements were made at the same site in the
same year (Elser et al., 2016; Sun et al., 2015; Huang et al., 2014;
Hu et al., 2017; Sun et al., 2014, and Zhang et al., 2014b)—each
measurement period was treated as an independent study.

(6) If the organic source apportionment results did not include non-
negligible biomass burning sources in addition to coal burning in
Northern China, the source apportionment results were excluded
(i.e., Hu et al., 2017; Sun et al., 2013a, 2014; Wang et al., 2015;
Zhang et al., 2016a, 2016b).

We selected 23 articles on the basis of the aforementioned condi-
tions (Table S1). As shown in Fig. S1, most of the measurements were
conducted in four representative regions in China.

2.2. Data collection

For each chosen study, we documented the study site, study period,
aerosol type (PM;: aerodynamic diameter < 1pum or PM,s: aero-
dynamic diameter < 2.5 um), and aerosol species mass concentrations
(both inorganic components and organic sources in pgm ™) over the
entire campaign period. We used the Engauge Digitizer 2.24 (http://
markummitchell.github.io/engauge-digitizer/) for digitizing and
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extracting the data from time-series graphs of chemical species, organic
sources, and meteorological parameters. The extracted time-series data
were further averaged to obtain daily averages. Details regarding data
collection are provided in the supplementary material.

2.3. Effect size calculation

Effect sizes were developed to normalize the outcomes of the
combined studies to the same scale; this was done through the use of log
response ratios (RRs) (Nakagawa and Santos, 2012). Variations in
aerosol species were evaluated using the RR (Chen et al., 2015, 2017),
which can be calculated as follows:

RR = In[ﬁ] =In(Xp) — In(Xy)

Xy €y
where Xy and Xp represent the mean values of the studied variables on
normal and polluted days, respectively. Although most AMS/ACSM
measurements cover PM; rather than PM, s, studies have mainly used
PM, s concentrations as the criteria for distinguishing polluted from
non-polluted days (Table S2). The PM; mass was calculated as the sum
of mass concentrations of major chemical species in the submicron
aerosol, including organics, sulfate, nitrate, ammonium, chloride and
black carbon.

Chen et al. (2018b) quantified PM;/PM, s ratios in China, and they
found high ratios in Southeast and Central China and low ratios in
Western and Northern China. We used the highest ratio reported for the
cities in each region to convert the average PM; concentration to the
PM, s concentration (Table S2); hence, the converted PM,s con-
centrations were less than or equal to the true values. Moreover,
whether the converted or measured PM, 5 concentrations were below or
above the threshold value was the way in which polluted days were
identified (Fig. S2). That is, days on which the daily average PM mass
concentration exceeded the average (32.8-256.0 ugm™>) were cate-
gorized as polluted days, and the remaining days were considered
normal. We also conducted the meta-analysis with different threshold
values (median and 75 percentile) to determine whether the results
were robust (Fig. S5 and Fig. S6).

The statistical distribution of the RR calculated as described above
was normally distributed, and only a small bias was detected (Hedges
et al., 1999). Pearson correlation analysis (Sun et al., 2013b; Li et al.,
2017) was used to evaluate the complex relationships between the RR
for the OOA and meteorological parameters in each region. Based on
this evaluation, the potential processing of SOA in the four regions was
assessed. The data for OOA and meteorological parameters were taken
from different campaign years or different sites, and therefore, re-
lationships between the OOA and meteorological parameters may be
more broadly representative of regional atmospheric processing than
what is obtained from individual studies.

The effect sizes varied among the studies, and this was due to
within-study (sampling) variance. The variances (v) were calculated as
follows:

+ =

VIPXIZ; nNXI%,

(2

where np and ny are the numbers of polluted days and normal days,
respectively, and sp and sy are respectively the standard deviations of
the PM concentration on the polluted and normal days. For each de-
rived RR, the variance reciprocal was used as the weight (w).
Furthermore, the total mean RR (RR, ;) was calculated on the basis of
the individual RR for the polluted and normal days as follows:

k
_ iy Zj:l Wy RRjj

++ = k
ZL 21 Wi

3)
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with m and k representing the total numbers of the compared groups
and the comparisons in the analogous groups, respectively. Changes in
aerosol species on the polluted days were calculated as follows:

[exp(RR,4) — 1] X 100% (€))
2.4. Uncertainties
The standard error of RR . , was estimated as
SE(RR,) = |— L
++/) = m K
\/ Zi=1 Z_)’:l Wij (5)

The analysis was based on a fixed model using the MetaWin soft-
ware (Sinauer Associates Inc., Sunderland, MA, USA), and in the model,
bootstrapping was used to calculate the uncertainties for the variations
in aerosol species on the polluted days. For each iteration of the model,
a random choice of n studies was selected from a sample size of n with
replacement. Thus, some studies would be chosen for more than once,
while some studies would not be chosen at all (Rosenberg et al., 1999).
This procedure was repeated numerous times to produce a measure of
the spread of possible values. In the current study, the highest and
lowest 2.5% values were chosen to represent the upper and lower 95%
bootstrap confidence bounds, respectively (Nakagawa et al., 2017). The
variations in aerosol species were considered significant if the bootstrap
exhibited no overlap with zero.

3. Results
3.1. Increased secondary aerosol contributions on polluted days

In China, polluted winter days are generally characterized by en-
hanced secondary aerosol formation (Fig. 1). Compared with the results
for normal days, the sulfate/PM mass ratio increased the most (27%)
during pollution events, followed by nitrate/PM (10%) and ammo-
nium/PM (10%) (see references listed in Table S1). The contributions of
OOA to OA also were 13% higher on the polluted days.
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Fig. 1. Variations in aerosol composition, organic sources, and weather para-
meters from normal to polluted days in China during winter. The variations are
considered significant if the confidence intervals of the effect size do not
overlap with zero.
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Fig. 2. Variations in aerosol composition, organic sources, and weather parameters from normal to polluted days during winter in the Beijing-Tianjin—Hebei region,
Guanzhong region, Pearl River Delta region, and Yangtze River Delta region. The variations are considered significant if the confidence intervals of the effect size do

not overlap with zero.

Some differences among regions were found; for example, from
normal to polluted days, the contributions of OOA to total OA increased
by 26%, 16%, and 10% in the BTH, GZ, and PRD regions, respectively
(Fig. 2). By contrast, the proportion of BBOA relative to the total OA
rose by 22% in the Yangtze River Delta (YRD) area (Fig. 2). Moreover,
the fractions of total SIAs in PM increased by 19% and 34% in the BTH
and GZ regions, respectively (Fig. 2). For the SIA species, the fraction of
nitrate in PM increased by 9%-17% across the four regions, whereas the
fraction of sulfate in PM increased in only the two Northern China re-
gions: 27% in the BTH region and 51% in the GZ region. The PM
constituents that increased on the polluted days were the same for the
different threshold values used to distinguish between polluted and
non-polluted days (that is, the average, median and three quarters) (Fig.
S5 and Fig. S6), indicating that the results are robust.

3.2. Relationships between OOA and meteorological parameters

A positive linear relationship between OOA-RR and RH-RR was
found for BTH and GZ (Fig. 3a), with a correlation coefficient (r) of 0.87
(p = 0.005, n = 11). However, OOA-RR was not correlated with SR-RR
in these regions (r = 0.08, Fig. 3b). In the PRD, the OOA-RR was po-
sitively correlated with SR-RR (Fig. 3b) (r = 0.62, p = 0.20, n = 5).
Moreover, the daily average mass loadings and fractions of OOA at
Guangzhou and Shenzhen, two cities in the PRD, showed an overall
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Fig. 3. Relationships between the response ratios (RRs) for OOA and weather
parameters (RH and SR). The relationships for (a) RR-OOA and RR-RH in the
Beijing-Tianjin—-Hebei and Guanzhong regions: Y = —0.37 + 1.8 x, r = 0.87,
p = 0.005, n (sample number) = 11; (b) RR-OOA and RR-SR in the Pearl River
Delta region: Y = —0.12 + 1.6 X, r = 0.62,p = 0.2, n = 5.

parallel trend with ozone (O3) (see Fig. S7) (Cao et al., 2018; Qin et al.,
2017). Positive linear relationships between OOA and RH were seen in
BTH and GZ regions when the threshold values were set to the median
and 75th percentiles (Fig. S8 and Fig. S9). OOA also showed a linear
relationship with SR in the PRD for the same thresholds (Fig. S8 and
Fig. S9). Thus, the linear relationships appear to be robust.
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4. Discussion

The results from AMS and ACSM studies were synthesized through
meta-analyses, which showed that particulate pollution is driven by
enhanced secondary aerosol formation in four representative regions in
China during winter. A linear relationship between OOA and RH in-
dicated that aqueous-phase reactions are likely a prime influence on
OOA formation in the BTH and GZ regions. A positive correlation be-
tween OOA and SR (and with O3) highlighted the potential importance
of photochemical reactions in the PRD.

Interestingly, the combined data show that total solar radiation was
less on the polluted days than on normal days in the BTH and GZ re-
gions (Fig. 2), and therefore, the reduced solar radiation may have af-
fected atmospheric photochemistry and oxidant concentrations (O3 and
hydroxyl radical [OH]). For example, the observations showed a de-
crease in the O3 mixing ratio to < 10 ppb in the principal metropolises
in the BTH area, including Beijing, Shijiazhuang, and Tianjin, on pol-
luted days (Wang et al., 2014; Zhao et al., 2013). The model simulations
indicated that [OH] decreased during pollution events in most areas of
the North China Plain from 0.004 to 0.020 to 0.004 pptV (Zheng et al.,
2015). As O3 and [OH] radicals are crucial oxidants for gas-phase re-
actions, the intensity of photochemical reactions would be expected to
decrease on polluted days in the BTH and GZ regions.

Moreover, the contributions of nitrate and sulfate rose on the pol-
luted days in the two areas of Northern China (Fig. 2), suggesting en-
hancements in the secondary formation of sulfate and nitrate, most
likely through heterogeneous reactions. Along these lines, Zheng et al.
(2015) showed that elevated PM loadings and RH on polluted days
increased the surface area and volume of aerosols, and that led to an
increase in sulfate and nitrate formation and lower oxidant con-
centrations. In Beijing, the production of sulfate in winter was esti-
mated to be 3.3 times higher during a pollution period with high RH
and low oxidants compared with a clean period of low RH and high
oxidants (Zheng et al., 2015). Chamber and model studies conducted by
Wang et al. (2016) and Cheng et al. (2016) showed that NO, can induce
the aqueous oxidation of SO, under high RH and NH; neutralization
conditions. These aqueous reactions also produce nitrite, which can
undergo disproportionation or oxidation reactions to form nitrate
(Cheng et al., 2016).

The AMS/ACSM data for the BTH and GZ regions on polluted days
showed nearly equivalent amounts of ammonium relative to the sum of
sulfate, nitrate, and chloride (0.9-1.1), and therefore, the charges of the
measured species were nearly in balance. The average mass con-
centrations of NO, ranged from 43 to 135 ppb on polluted days during
the AMS/ACSM campaigns included in our study, and this is similar to,
but somewhat broader than, the ranges of NO, (66-92ppb) found
under the polluted conditions in Beijing and Xi'an (Wang et al., 2016;
Cheng et al., 2016). Therefore, SO, oxidation by NO, in the BTH and GZ
regions is possibly a key mechanism leading to SIA formation on pol-
luted days.

One would expect the aerosol liquid water content (ALWC) to be
higher on polluted days than clean ones in North China because high
RH and SIA loadings have been observed during those episodes (Wu
et al., 2018). Increases in ALWC support the aqueous-phase formation
of OOA and in so doing increase the mass concentrations and fractional
contributions of these species (Ervens and Volkamer, 2010; Ervens
et al., 2011; Wong et al., 2015; Wu et al., 2018; Xu et al., 2017). Or-
ganic mass concentrations are elevated on polluted days in Northern
China, but solar radiation and oxidant levels are relatively low, and
therefore the aqueous-phase dark reactions described by McNeill
(2015) may be particularly important when pollution levels are high.

There also is evidence that lower boundary layer heights (BLHs) are
associated with higher total PM mass concentrations and higher levels
of various pollutants in the regions included in our study (e.g., Sun
et al., 2014; Zhang et al., 2015). In addition to inhibiting the dispersion
of the pollutants, decreases in BLHs can lead to increases in RH (Liu
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et al., 2018; Xiang et al., 2019), and this could result in the enhanced
formation of secondary aerosols through aqueous-phase reactions
(Ervens et al., 2011). Thus, variations in the BLH may indirectly in-
fluence the formation of secondary aerosols.

The above discussion is based on the assumption that sulfate is from
the secondary processing. However, recent studies show that sulfate can
be emitted directly from residential coal combustion (Dai et al., 2018,
2019). This needs to be taken into account when attempting to de-
termine the impacts of secondary aerosols. By improving the equation
from Sun et al. (2013b), we used CCOA as the tracer of coal combustion
emissions and estimated the relative contribution of secondary sulfate:

Sulfatesr = Sulfatey, — CCOA X (

Sulfate )
CCOA Jocs

(6)

where sulfategy refers to the sulfate associated with secondary forma-
tion. (sulfate/CCOA)ccg refers to the ratio of sulfate to CCOA from coal
combustion emissions and assumed to be constant throughout the ob-
servation period. Due to the negligible secondary formation of sulfate
when RH < 20% at night (Zhang et al., 2015), one would expect sul-
fate to be mainly primary coal combustion emissions. Thus, we arbi-
trary selected the data that met this condition to obtain the (sulfate/
CCOA)ccE ratio. From Eq. (6), we found that on polluted winter days in
northern China, secondary sulfate accounted for 66-97% on polluted
days, indicating the total sulfate is dominated by the secondary sulfate.
Moreover, the enhanced sulfate fractions from normal days to polluted
days were mainly contributed by secondary sulfate (68-99%). There-
fore, the influence of primary sulfate should be small in the present
study.

It should be noted that OOA discussed in this study is a proxy for
secondary organic aerosol (SOA). For AMS/ACSM measurements, the
ion fragment m/z 44 (CO, ") is a major indicator for OOA, but some
oxidized organics (e.g., humic-like substances, Li et al., 2018a; Tan
et al., 2016) which have high m/z 44 can also be observed in primary
emission sources. Even so, for the atmospheric ambient data, the pri-
mary OAs resolved by positive matrix factorization (PMF) model also
contains the m/z 44 (e.g., Elser et al., 2016; Huang et al., 2019), which
is attributed to the oxidative transformation of the pyrolysis products
during burning process (Wang et al., 2015; Xu et al., 2016). Thus, the
oxidized organics from primary emissions are apportioned into the
primary organic sources during PMF analysis.

The coal burning activities are negligible in PRD region, as sug-
gested by the low proportion of CCOA (0-2%) in OA. Thus, the sulfate
in this region should be mainly from secondary processing. Sulfate was
the most abundant SIA species (Cao et al., 2018; Lan et al., 2017; Qin
et al., 2017), and cross-regional transport has been reported to con-
tribute to 80% of the aerosol sulfate in the area surrounding the PRD
(Lu and Fung, 2016; Wu et al., 2013). Effects of regional transport may
be reduced on polluted days, as indicated by decreases in sulfate con-
tributions. On polluted days, photochemical reactions with atmospheric
oxidants degrade volatile organic compounds (VOC) and create low
volatility products that can undergo gas-particle transfer to form OOA
(Hallquist et al., 2009). It is possible that increased solar radiation and
higher O3 mixing ratios on polluted days promote the formation of
nitrate through gas-phase photochemical reactions, leading to an in-
crease in nitrate contributions to PM. Increased nitrate in the YRD has
been ascribed to the formation and subsequent hydrolysis of N>Os on
polluted days (Sun et al., 2018). Increased biomass burning contribu-
tions to OA in YRD have been linked to high levoglucosan concentra-
tions during pollution episodes (Li et al., 2018b).

The production of SOA varied among the four regions we studied,
and a possible explanation for this is that there is a dimming effect
caused by the high aerosol loadings in the BTH and GZ regions. This
reduces atmospheric oxidant concentrations—as shown by Zheng et al.
(2015) and Wang et al. (2014)—thereby decreasing photochemical
reactions. Increased RH during pollution events promotes aqueous-
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phase reactions, and that facilitates the formation of secondary aero-
sols. Compared with BTH and GZ, the PRD is characterized by relatively
high temperatures and strong solar radiation; these conditions are fa-
vorable for photochemical reactions.

Our data analyses indicate that (1) increases in OOA on polluted
winter days result from enhanced chemical processing and (2) that
aqueous-phase reactions are relatively more important in the BTH and
GZ areas and photochemical reactions in the PRD area. Finally, few
AMS/ACSM studies have focused on the aerosol characteristics in
suburban and rural areas during winter (Table S1). This data gap should
be filled in the future, and in particular, more information needs to be
obtained on the regional characteristics of secondary aerosols.

5. Conclusions
The conclusions of this study are as follows:

e Secondary aerosol fractions increased during particulate pollution
events in China during winter; on polluted days, the observed mass
fractions of sulfate, nitrate and ammonium in PM increased by
10%-27%, and the mass fractions of OOA in OA increased by 13%.
All secondary inorganic aerosol species (sulfate, nitrate and am-
monium) increased in the BTH and GZ areas, but only nitrate in-
creased in the PRD and YRD regions.

e The organic sources increased during the pollution events but dif-
fered across the regions: BBOA increased in the YRD area, whereas
OOA formation increased in the other three areas.

e The increased SOA production was due to the aqueous-phase pro-

cessing in the BTH and GZ regions while photochemical reactions

were more important in the PRD area.

Future AMS/ACSM observations should focus on the aerosol char-

acteristics in rural areas during winter in China.
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