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• SOA formation potential (SOAFP) in
urban Beijing was measured using oxida-
tion flow reactor (OFR).

• Causes for the dramatic decrease of
SOAFP in two consecutive winters were
investigated.

• Emission reduction from coal combustion
is critical to significant reduction in
SOAFP.

• Transition of “coal-to-gas” and “coal-to-
electricity” dominated the emission re-
duction from coal combustion.
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 Secondary organic aerosol (SOA) formation originating from the emission of anthropogenic volatile organic com-
pounds (VOCs) makes a significant contribution to fine particulate matter (PM2.5) pollution in urban areas. Investiga-
tion on the SOA formation potential (SOAFP) can help us understand the contribution of different sources to SOA
formation. To characterize the SOAFP of ambient air from anthropogenic VOCs in the urban area of Beijing, field ob-
servation was implemented using a twin oxidation flow reactor (Twin-OFRs) system in the winters of 2016 and 2017.
Compared to the winter of 2016, the seasonal-average SOAFP in the winter of 2017 was found to decrease by about
74% (18.6 to 4.9 μg/m3), which is more than that of PM1 (59%, 48.7 to 20.2 μg/m3), PM2.5 (61%, 114.4 to
44.8 μg/m3) and CO (57%, 2.1 to 0.9 mg/m3) that mainly comes from the combustion of fossil fuels, suggesting com-
plex affecting factors on SOAFP. The results of wind decomposition mathematical modeling showed that anthropo-
genic factors and favorable meteorological conditions both contributed significantly to the decrease in SOAFP. The
reduction of emissions from scatter coal combustion, which is the key VOCs source for SOAFP, is probably the most
important anthropogenic factor affecting SOAFP. In the winter of 2016, the ratio of benzene to toluene is 1.45 that
was close to 1.54 representing coal combustion emission; however, it decreased dramatically to 1.05 in the winter
of 2017, suggesting considerable reduction of VOC emissions from scatter coal combustion in the latter year due to
the coal-to-gas transition in Beijing and surrounding regions. The SOAFP measured in this study considers all ambient
VOCs that can react with OH radical, providing another representativemethod for estimating it. These results could be
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beneficial to understanding the factors driving SOAFP and its contribution to PM2.5, especially in regions with high-
intensity anthropogenic emissions.
Synopsis: This study reported the sharp decline of secondary organic aerosol formation potential (SOAFP) between
two consecutive winters in Beijing and analyzed the reasons.
1. Introduction

Frequently, haze characterized by high mass concentrations of fine par-
ticulate matter (PM2.5) in developing countries has unfavorable effects on
air quality, human health, and regional and global climates (Hallquist
et al., 2009; Nel, 2005). In China, particulate matter pollution has also
been a severe environmental problem for a long time (Guo et al., 2021;
Guo et al., 2014). China's Action Plan of Prevention and Control of Air Pol-
lution (Cai et al., 2017) (clean air action hereafter) was implemented in
2013, whose goal was to reduce the annual average particulate matter
mass concentration by certain percentages by 2017 compared with 2012:
(a) to reduce the PM10 mass concentration by more than 10% for national
prefecture-level and above cities; (b) to reduce the PM2.5 mass concentra-
tion by 25%, 20%, and 15% for the Beijing-Tianjin-Hebei (BTH) region,
the Yangtze River Delta (YRD) region, and the Pearl River Delta (PRD) re-
gion, respectively; (c) to reduce the PM2.5 mass concentration to 60 μg/
m3 or less in Beijing.

Reducing coal consumption is certainly the key to air pollution control
in China (Zhang et al., 2012). Therefore, an important measure of the
clean air action was to limit the proportion of coal consumption in total
energy consumption to less than 65% in 2017. Early policy aiming at ef-
fectively reducing the coal consumption of energy-intensive industries
achieved that goal, then more attention was paid to the dispersed coal
consumption in residential and small-scale factories. For example, the
“coal-to-gas” action has been implemented in Beijing and surrounding
areas since early 2017, which cut down coal use by replacing traditional
coal-fired equipment with gas-fired or electric equipment (Wang et al.,
2020).

Submicron aerosol (PM1) is the dominant subset of PM2.5 (Sun et al.,
2020; Zhang et al., 2017) and is playing an increasingly important role in
atmospheric processes. Organic aerosol (OA) is ubiquitous and contributes
significantly (20–90%) to PM1 globally, while it is the least understood
component of PM1 compared to inorganic aerosols (Jimenez et al., 2009;
Kanakidou et al., 2005). Secondary organic aerosol (SOA) is generated by
the oxidation of volatile organic compounds (VOCs), semivolatile and inter-
mediate volatility compounds (S/IVOCs) and condensation of the low vol-
atility products, and constitutes a considerable fraction of OA (Hu et al.,
2021; Robinson et al., 2007; Shrivastava et al., 2017). In urban Beijing,
OA always contributes the largest mass concentration to PM1 in all seasons,
more than half of which is SOA (Chen et al., 2020; Xu et al., 2019; Zhao
et al., 2019; Zhou et al., 2019). Environmental chamber experiments,
which were mainly designed to study atmospheric chemistry, have focused
on SOA formation in recent years (Chen et al., 2019a; Chu et al., 2022). The
atmospheric oxidation processes of many VOCs can be parameterized effec-
tively based on the results of chamber experiments under limited condi-
tions. However, there is a considerable gap between experiment-based
models and actual observations (Hayes et al., 2015), which highlights the
importance of investigating SOA formation in ambient air.

In 2007, Kang et al. (2007) released the 1st generation potential aerosol
mass (PAM) reactor, a kind of oxidation flow reactor (OFR), which was
used to investigate the SOA formation within short residence time. Subse-
quent researchers (Chu et al., 2016a; Keller and Burtscher, 2012; Lambe
et al., 2011; Li et al., 2019b) have been improving on the reactor over the
past ten years for better performance. The high concentration of OH radical
in the reactor is likely to alter the oxidation pathways of ambient VOCs;
however, the oxidation of VOCs and SOA formation are greatly accelerated,
and researchers can obtain roughly the same information on yield and com-
position as environmental experiments in just a few minutes (Bruns et al.,
2015; Lambe et al., 2015).
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Many OFR experiments have been conducting to study the SOA forma-
tion potentials (SOAFP) of different emission sources, such as vehicle ex-
haust (Liao et al., 2021; Liu et al., 2019b; Saha et al., 2018), biomass
burning (Liu et al., 2019a; Ortega et al., 2013), and plant emissions (Palm
et al., 2016; Palm et al., 2018). However, few OFR experiments other
than our previous work (Chu et al., 2016a; Liu et al., 2018; Liu et al.,
2021) were carried out in downtown area to study the SOA formation in
real urban atmospheres (Ortega et al., 2016; Sbai et al., 2021). Ortega
et al. (2016) deployed an OFR experiment in Los Angeles to characterize
the SOA formation of ambient air, concluding that motor vehicles make
an important contribution to urban SOA. Our previous study (Liu et al.,
2018) found significantly higher SOAFP in urban Beijing than that of Los
Angeles, which suggested that there may be considerable differences in
the VOC concentrations between the two cities. Sbai et al. (2021) con-
ducted the first field observation with an OFR to study the SOAFP of ambi-
ent air in an urban area of Lyon, and a higher SOAFP than that of Beijing
and Los Angeles was observed.

Despite the availability of knowledge on SOAFP over short periods or
specific haze events, there has been no study investigating year-to-year
SOAFP changes as far as we know. Therefore, field observation using OFR
from the winter of 2016 to the winter of 2017 was performed in this
study. The contribution of various emission sources such as coal combus-
tion to the variation in SOAFP at different pollution levels was evaluated.
Meanwhile, the relative contributions of meteorological conditions and an-
thropogenic factors to the change in SOAFP in the winter of 2017were also
investigated.

2. Experimental section

2.1. Sampling setup

Three sampling experiments based on Twin-OFRs system were de-
ployed during different periods at a typical urban site in the Research
Center for Eco-Environmental Sciences (RCEES, 40.01°N, 116.35°E) located
between the north 4th and 5th Ring Roads in Beijing, China. These two
discontinuous sampling periods were during the winter of 2016
(2016.12.10–2017.01.19, N = 472 h) and the winter of 2017
(2017.12.04–2018.01.16, N= 738 h). Meanwhile, the sampling was inter-
mittent due to instrument maintenance and repair. Detailed information
about the Twin-OFRs utilized can be found in our previous works (Chu
et al., 2016a; Liu et al., 2018; Liu et al., 2021).

Surface PM2.5, NO2, CO, SO2 and O3 concentrations were obtained in a
state-controlled air sampling site, i.e., the National Olympic Sports Center
(NOSC, 39.98°N, 116.40°E) station, where PM2.5, NO2, CO, SO2 andO3 con-
centrations were continuously measured. The two stations are both located
between the north 4th and 5th Ring Roads in Beijing, while the NOSC sta-
tion is located 5 km southeast of RCEES station.

2.2. Twin-OFRs setup

The twin-OFRs consist of two stainless steel cylinder reactors coated on
the inside with FEP film as shown in Fig. 1. Each reactor is equipped with
four 254 nm UV lamps that are turned on in one reactor (active reactor)
and turned off in the other reactor (bypass reactor). The active and bypass
reactors are switched back and forth every 20–30 min. There is continuous
circulating water through the interlayer of the two reactors to keep the
inner temperature around 25 °C. The relative humidity (RH) in the two re-
actors was always controlled in the range of 20%–40%, 0.4%–0.8% water
mixing ratio during all measurement periods. As the bulk of OFR



Fig. 1. (a) Schematic of Twin-OFRs system, (b) Structure of OFR/bypass reactor.
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applications, this study also concentrated on simulating daytime atmo-
spheric oxidative processes, therefore, OH radicals were chosen as the
main oxidant. OH radical is produced inside the active reactor by irradiat-
ing humidified O3, which can oxidize a variety of VOCs into SOA. The
OH concentration in the reactor can reach values 4 orders of magnitude
higher than those in the atmosphere, which is equivalent to several weeks
of OH exposure in the real atmosphere.

SOAFP is the maximummass concentration of SOA generated by oxida-
tion of VOCs, which is calculated as the difference in the total OA concen-
trations in the outlets of the two reactors: SOAFP = OAactive reactor −
OAbypass reactor. The sampling loss of particles and precursors is considered
when calculating the SOAFP (Liu et al., 2021). OH exposure is the integral
of OH radical concentration and the average residence time in the OFR re-
actor, according to our experience in our previous studies, it is fixed at
about 3 days of atmospheric aging assuming an average OH concentration
of 1.5× 106 molecules/cm3 tomaximize the SOA formation in the reactor.
The effect of fluctuations in OH exposure on the estimation of SOAFP was
evaluated to be within a reasonable range of deviation (Liu et al., 2021).
Low-NOx conditions in the OFR due to the addition of high concentrations
of O3 could lead to overestimated SOA yield and SOAFP (Eluri et al., 2018;
Peng and Jimenez, 2017). In this study, the influence of NOx on the SOA
yield is not the principal focus, while the main goal is to study the relative
change in SOAFP in different years.

2.3. Instruments and data analysis

The PM1 was measured by a high-resolution time-of-flight aerosol mass
spectrometer (Aerodyne, hereafter AMS) and a scanning mobility particle
sizer (SMPS, TSI Inc., model 3082 with long DMA and 3776 CPC). For
AMS, the concentrations of OA, sulfate, nitrate, ammonium, and chloride,
as well as the elemental composition of the OA, were measured every
3 min. The measured data were recorded as the 2-min average in “V
mode” and 1-min average in “W mode”. Every month, the ionization
3

efficiency was calibrated with 300 nmmonodisperse, dried ammonium ni-
trate particles. The relative ionization efficiency for ammonium (RIE-NH4)
varied between 3.8 and 4.1 during the sampling period. The collection effi-
ciency (CE) was assumed to be 0.5 during the whole sampling period. AMS
data analysis was performed using Igor Pro 6.37 (Wavemetrics, USA),
Squirrel 1.57, and PIKA 1.16. The elemental analysis of OA, including oxy-
gen to carbon ratio (O/C) and hydrogen to carbon ratio (H/C), was per-
formed using the “improved-ambient” method developed by Canagaratna
et al. (2015). The density of PM1 was estimated using the following equa-
tion (Li et al., 2018; Zhao et al., 2017):

ρm ¼ NO3
−½ � þ SO4

2−� �þ NH4
þ½ � þ Cl−½ � þ OA½ �

NO3
−½ �þ SO4

2−½ �þ NH4
þ½ �

1:75 þ Cl−½ �
1:52 þ OA½ �

1:2

where the densities are 1.75 g/cm3 for ammonium nitrate and ammonium
sulfate, 1.52 g/cm3 for ammonium chloride, 1.2 g/cm3 for OA. The SMPS
data was used to measure the PM1 mass concentration with 5 min resolu-
tion. The mass concentration of PM1 was calculated based on the volume
concentration from SMPS and the density estimated from the component
of PM1 as show above. The PM1 mass concentration measured by AMS
and SMPS is in good agreement (slope = 0.98 and r2 = 0.92, see Fig. S1).

The NOx, CO, SO2 and O3 levels at the inlet and outlet of the two reac-
tors were monitored by gas analyzers (model 42i, 48i, 43i and 49i, Thermo
Fisher) with 1 min resolution. NOx, CO and SO2 analyzers were calibrated
every two weeks using the multi-gas calibrator (model 146i, Thermo
Fisher), and O3 analyzer was calibrated at same intervals using O3 calibra-
tor (model 49i-PS, Thermo Fisher). A proton transfer reaction time-of-flight
mass spectrometer (PTR-ToF-MS, Ionicon, here after PTR)was used tomea-
sure concentrations of some VOCs with H3O+ as the primary reaction ion.
The operating pressure, temperature, voltage, and consequent E/N (E:
electric field strength, N: number density of the gas) in the drift tube are
3.8 mbar, 60 °C, 993 V and ~132 Td, respectively. The PTR was operated
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at a flow rate of 100 ml/min and a time resolution of 5 min. The PTR-MS
Viewer software (version 3.1.0.31) was used to analyze the data. A 57-
component VOCs gas standard was diluted by gas dilution calibrator
(model 2010, Sabio Environmental) to calibrate the PTR.

3. Results and discussion

3.1. Substantial decline in pollutant concentrations in winter from 2016 to 2017

The air quality in China is getting better and better after the implemen-
tation of the clean air action, especially in the BTH region. In recent years,
the largest decline in the mass concentration of pollutants in Beijing
occurred between 2016 and 2017, as shown in Figs. S2–S3, especially in
winter. Compared to the winter of 2016, the mass concentrations of
PM2.5, NO2, SO2 and CO in the winter of 2017 were reduced by 61%,
37%, 52% and 57%, respectively, as shown in Fig. 2. Especially for PM2.5

and CO, the levels became close to or even lower than those in summer of
2017, as shown in Table S1. The concentrations of VOCs also decreased.
For example, the aromatic hydrocarbons with 6–9 carbons (C6–C9 aro-
matics), which are regarded as an indicator of the anthropogenic precursor
VOCs in this study, decreased by 46% during the same period. Compared to
the winter of 2016, the mass concentration of PM1 in the winter of 2017
dropped by 58.5% from 48.7 to 20.2 μg/m3, with more detail on time var-
iations shown in Figs. S4–S5, which is slightly lower than the reduction in
PM2.5. As the components of PM1, the mass concentrations of OA, nitrate,
sulfate, ammonium, and chloride declined by 59%, 57%, 62%, 58% and
40%, respectively. OA constitutes the majority of the PM1 and accounts
for 41.5% and 41.0% in the winters of 2016 and 2017, respectively, as
shown in Figs. S4–S5. Compared to the winter of 2016, all these pollutants
decreased dramatically in the winter of 2017. In particular, the SOAFP was
found to drop by 74% from 18.6 to 4.9 μg/m3, which is higher than the
drop in PM2.5.

3.2. Contribution from changes in meteorological conditions

Meteorological conditions were found to make considerable contribu-
tions to the improvement in the air quality in China (Ma et al., 2021;
Zhang et al., 2019b; Zhang et al., 2019c). From 2013 to 2017, about 10%
of national PM2.5 reduction can be ascribed to meteorological conditions;
in particular, it accounted for about 15% for the BTH region (Zhai et al.,
2019; Zhang et al., 2019b). In this study, a mathematical model (Li et al.,
2014; Song et al., 2021) based on a wind decomposition method was
used to quantify the contributions of meteorological conditions (wind
Fig. 2. Particle-phase (a) and gas-phase (b) concentrations of pollutants in the winters o
obtained in a state-controlled air sampling site (NOSC). PM1 and its components (OA, nit
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speed, wind direction, temperature, and relative humidity) and anthropo-
genic factors to the changes in the concentrations of CO, PM2.5 and
SOAFP. This model is based on the mathematical expectation calculated
from the frequency distribution of pollutant concentrations associated
with the meteorological conditions, which is described in detail in
Section S1 in the supplemental material. CO and PM2.5 decrease by 57%
(2.1 to 0.9 mg/m3) and 61% (114.4 to 44.8 μg/m3) in winter from 2016
to 2017, respectively. The decomposition results shown that meteorologi-
cal conditions contributed about 50% to the reduction of CO and PM2.5,
which are 0.6 mg/m3 and 35 μg/m3, respectively, as shown in Fig. 3a. It
is consistent with a previous model study reporting that favorable meteoro-
logical conditions played a critical role in the air quality improvement in
the winter of 2017 (Zhang et al., 2019b). Due to the simple setup in the
mathematical model, there is still substantial residue in the decomposition
results, indicating significant contributions from unconsidered factors such
as precipitation, atmospheric pressure, radiation etc. For the increase of O3

in the winter of 2017, meteorological factors played a dominant role, in
which the reduction of RHmay relate to a favorable atmospheric condition
for O3 accumulation, such as more solar irradiation (Camalier et al., 2007),
less sink for radicals and related low-volatility intermediate species (Jia and
Xu, 2014; Li et al., 2019a) and so on. Among meteorological factors, de-
creasing RH also has a dominant influence on the decrease of PM2.5, CO
and SOAFP, according to the decomposition of meteorological parameters
shown in Fig. 3b. Lower RH was usually accompanied by favorable atmo-
spheric diffusion conditions. This is consistent with the marked variation
in RH between the two years, as shown in Fig. 3c, and the crucial role of
RH in haze formation in northern China, which has been reported widely
in previous studies (Chen et al., 2020; Zhai et al., 2019). In addition,
more solar irradiation (Camalier et al., 2007) and less radical loss (Park
et al., 2008) under lower RH condition would promote the photochemical
oxidation of VOCs, which led to more SOA formation and less SOAFP. In-
creasing wind speed in 2017 compared to 2016 contributed less to the re-
duction of SOAFP than RH, while the influence of temperature is
estimated to be small.

3.3. Contribution from the decrease in emission from anthropogenic sources

The non-meteorological factors are those control measures that changes
emission from anthropogenic sources, which is another important reason
for the reduction in SOAFP. Anthropogenic VOC emissions from solvent
use, industrial processes, transportation, and domestic combustion contrib-
ute most of the SOA formation in Beijing and the surrounding area (Wu
et al., 2017). According to the estimate of Wu and Xie (2017), aromatic
f 2016 and 2017 in Beijing. The concentrations of PM2.5, NO2, CO, SO2 and O3 were
rate, sulfate, ammonium, and chloride reduce) weremeasured in the RCEES station.



Fig. 3. Relative contribution of meteorological and non-meteorological factors to SOAFP, CO and PM2.5 (a); Factor decomposition of the meteorological conditions (b);
Temperature (T), relative humidity (RH) and wind speed (WS) in the winters of 2016 and 2017 in Beijing (c).

Fig. 4. Ratio of benzene to toluene in the winters of 2016 and 2017.
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hydrocarbons contribute 68.6% of the SOAFP in China based on a speciated
anthropogenic VOC emission inventory. Moreover, this contribution may
reach more than 90% in Beijing (Li et al., 2020; Zhang et al., 2021). In
this study, the concentration of C6–C9 aromatic VOCs decreased by 46%,
which is close to the reported reduction in ambient VOCs concentrations
by 52% during the same periods (Shi et al., 2020). The significant decrease
in VOC precursors is consistent with the decrease in SOAFP, although the
decrease ratio of these VOCs is lower than that of SOAFP. This may be
partly due to the fact that not all precursor VOCs can be identified, so
there are probably unidentified precursor VOCs with higher reduction ra-
tios than that of C6–C9 aromatics. Another reason would be changes in
the atmospheric oxidation conditions, which will be discussed later in the
next section.

Emissions from heating systems in winter are one of the main pollutant
sources in north China (Liu et al., 2016; Zhang et al., 2016). Coal burning
was the main heating method in the winter in Beijing and surrounding
areas before 2017, which has been gradually replaced by natural gas
since early 2017 (Wang et al., 2020). Emission from coal combustion not
only contributed most of the CO and SO2 emission in China (Sun et al.,
2018), but also substantially affected the anthropogenic VOC emission
(Wu et al., 2017). Rigorous measures to control dispersed coal use resulted
in an 892.1 Gg (16.2%) decrease in primary CO emission over “2 + 26”
cities in the heating period of 2017 compared to the same period of 2016
(Wang et al., 2020). This reduction ratio is clearly lower than the observed
reduction in CO shown in Fig. S7, which confirmed the considerable
contribution from beneficial meteorological conditions in the winter
of 2017.

Rigorous measures controlling dispersed coal use were found to be the
main reason for the reduction in VOC precursors in the winter of 2017.
The ratio of benzene to toluene has been widely used to characterize the
emissions of VOCs from coal combustion and vehicle exhaust. The upper
and lower boundaries of this ratio (about 1.54 and 0.59) represent coal
combustion and vehicle emission sources, respectively, as sole contributors
(Liu et al., 2017). In thewinter of 2016, this ratiowas 1.45, which is close to
the upper limit, suggesting that the dominant emission sources were VOCs
from coal combustion, as shown in Fig. 4; and the lower ratio of 1.05 in the
winter of 2017 indicates that coal consumption was significantly reduced
compared to the winter of 2016. Meanwhile, the lower decline ratio of
NO2 (37%) in the winter of 2017 than that of SO2 (52%) compared with
the winter of 2016 also supports the reduction in scattered residential
coal burning, since it contributed a lot of SO2 emission while NOx mainly
comes from other sources, such as vehicles (Li et al., 2017).
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Similarly, Shi et al. (2020) reported that although coal burning consti-
tuted 27% of ambient VOCs, it contributed about 40% on average to the
SOAFP in the winters of 2016 and 2017 based on the explicit SOA yield
models and correctedVOCs emission inventory. According to the source ap-
portionment of VOCs, the estimated SOAFP decreased by about 64% in the
winter of 2017, of which coal burning accounted for 55% of the reduction
(Shi et al., 2020). Instead of estimating SOAFP by considering the combined
effects of more than 100 known identified VOCs, the SOAFP measured in
this study can provide another representative method which considers all
ambient VOCs that can react with OH radical in the OFR and corresponds
well to the reduction in VOC emission from key anthropogenic sources.

3.4. Contribution from changes in atmospheric oxidation conditions

In addition to decreasing the direct emission of VOCs, the dramatic de-
cline in pollution levels may lead to an increase in irradiation and more in-
tense photochemical reactions in the ambient air, promoting the conversion
of VOCs (Liu et al., 2021). The greater reduction ratio for SOAFP than that
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for OA in the winter of 2017, as shown in Fig. 2, confirmed that a higher
proportion of precursor VOCs was converted to SOA. Besides, the decrease
in other air pollutants such as SO2 and NO2 may also have important influ-
ences on OA pollution under complex pollution conditions (Chu et al.,
2016b; Xu et al., 2020; Zhang et al., 2019a). The acid catalytic effects of
SO2 and its oxidation products on SOA formation have been widely re-
ported (Chen et al., 2019b; Liggio et al., 2007), while NO2 can affect SOA
formation by participating in the formation of organic nitrates (Ma et al.,
2018). NO2 is also an important oxidant under high NH3 and NO2 concen-
trations (Huang et al., 2014) and can change the formation pathway of O3

and consequent VOC oxidation. As an indicator of atmospheric photochem-
ical activity, odd oxygen (Ox = NO2 + O3) is composed of predominantly
NO2 in this study, which decreased by 23% in the winter of 2017. In addi-
tion, the lower aqueous water content with lighter pollution levels and
lower RH in 2017 is not beneficial to the formation of aqueous OA (Xu
et al., 2017), which may also affect the SOAFP. These factors could bring
about the lower reduction ratio for VOCs than that for OA in the winter
of 2017. Due to the difficulty in quantifying the atmospheric oxidation ca-
pacity and the complex relationship between it and SOAFP, its influence on
SOAFP is difficult to be quantified.

4. Conclusions and atmospheric implications

In our previous work, the SOAFP at different pollution level with differ-
ent precursor concentrations and atmospheric oxidation conditions were
characterized. This study further investigates the effects of these factors
as well as meteorological conditions on the interannual variation of
SOAFP between the winters of 2016 and 2017. The dramatic reduction of
SOAFP in thewinter of 2017 compared to the winter of 2016was observed,
which is found to be driven by the reduction in emissions and the favorable
meteorological conditions according to the results of wind decomposition
model. The reduction in VOCs from coal combustion was found to be the
most important anthropogenic factor contributing to the decrease in the
SOAFP in the winter of 2017. The ratio of benzene to toluene in the winter
of 2016 (1.45) was close to 1.54, which represents emission from coal com-
bustion, indicating that VOC emissions from coal combustion dominated in
the winter of 2016 in Beijing. However, the strikingly lower ratio in the
winter of 2017 (1.05) indicates a significant reduction in coal consumption
compared to the winter of 2016 due to the coal-to-gas transition in Beijing
and surrounding regions, which is also consistent to the estimated variation
of VOCs emission from scatter coal burning. Besides the reduction in VOC
emissions, the favorable meteorological conditions in the winter of 2017
also significantly promoted the decline in SOAFP, among which decreasing
RH dominated the contributions. In the “2 + 26” cities including Beijing,
the observed reduction in CO concentrations was significantly greater
than that of primary CO emissions, which also suggest the significant effect
of favorable meteorological conditions on the improvement of air quality in
2017. Moreover, coal combustion contributed most of the CO emissions in
China, and similar reductions in CO and precursor VOCs were observed in
this study. Although there is a lack of data on precursor VOCs in the sur-
rounding areas of Beijing, the SOAFP in related regions was likely to de-
crease significantly as inferred from the observed reduction in CO
concentrations. Overall, based on the available evidence, the decline in
emissions from coal combustion and decreased RH were the principal rea-
sons for the sharp drop in SOAFP in the winter of 2017.

Many strict measures for controlling pollutants have been implemented
by the Chinese government, and remarkable phased goals have been
achieved. Among these measures, the reduction in coal combustion emis-
sion helped to decrease not only ambient SO2 and CO, but also the VOCs
and consequent SOA formation. Meanwhile, the atmospheric oxidation ca-
pacity may change with the improvement of air quality, further affecting
the secondary aerosol formation. SOAFP can provide a representative view-
point which considers all ambient VOCs that can react with OH radical in
the OFR. The continuous measurement of SOAFP from ambient air may
provide helpful insights for emission-reduction strategies and assessment
of the effectiveness of OA pollution control.
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