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• Newly developed indexes were used to
elucidate the atmospheric oxidation ca-
pacity (AOC).

• Well-defined seasonal and diurnal pat-
terns of AOC were found in urban and
suburban Beijing.

• AOC was dominated by oxidation of CO
and alkenes in summer and of CO and
NO2 in winter.

• The dominate contributor to AOC was
OH and ozone during the daytime and
nighttime, respectively.

• The heterogeneous oxidation processes
contributed substantially to the under-
estimation of AOC.
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The atmospheric oxidizing capacity (AOC) is the essential driving force of tropospheric chemistry, but its quan-
titative representation remains limited. This study presents the detailed evaluation of AOC in the megacity of
Beijing based on newly developed indexes that represent the estimated oxidative capacity from the prospective
of oxidation products (AOIe) and the potential oxidative capacity considering the oxidation rates of major reac-
tants by oxidants (AOIp). A comprehensive suite of data taken from summer and winter field campaigns were
used to create these two indexes and in the calculation of AOC. The AOC showed a clear seasonal pattern, with
stronger intensity in summer compared to winter. The gaseous-phase oxidation products (O3 and NO2) domi-
nated AOIe (~80%) during summertime at both sites, while the contribution of particle-phase oxidation products
(sulfate, nitrate, and secondary organic aerosol) to AOIe increased in winter (~30%). As for AOIp in summer, the
dominant contributor was alkenes (31.0%, urban) and CO (38.5%, suburban), whereas CO and NO2 dominated
AOIp at both urban (68.8%) and suburban (61.0%) sites during wintertime. As expected, the dominant oxidant
contributor to AOIp during the daytime was OH, while O3 was the second most important oxidant at both
sites. The diurnal variations of normalized AOIe and AOIp were examined, revealing that they share the same
daytime peak but showed significant bias during the nighttime. To explore the possible deviation in sources be-
tweenAOIe andAOIp, a constrainedphotochemical boxmodel and a constrainedmultiphase chemical boxmodel
were used to evaluate AOC budgets and their source apportionment. Our results suggest that unmeasured OVOC
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(oxygenated volatile organic compound) species and missed heterogeneous oxidation processes in the calcula-
tion of AOIp contributed substantially to the underestimation of AOC by this index, which should be taken into
consideration in future studies of AOC.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Poor air quality due to unsustainable growth of urban areas affects
millions of people worldwide, and is one of the major threats to
human health in and downwindof urban areas.With the rapid develop-
ment of economies and the intensification of urbanization, economi-
cally developed regions in eastern China have experienced severe air
pollution in recent decades (Chan and Yao, 2008), especially the North
China plain region where an unprecedented long-lasting heavy haze
pollution episode occurred in January 2013 (Wang et al., 2014a,b; M.
Wang et al., 2014), causing more than 600 premature deaths in the
Beijing area and leading to economic losses that amounted to 0.08% of
the GDP of Beijing that year (Gao et al., 2015). Since then, the
toughest-ever “Air Pollution Prevention and Control Action Plan” has
been implemented by the State Council of China to improve the air qual-
ity nationwide. Subsequently, in the followingfive years (2013–2017), a
reduction of 25% for PM2.5 was found in the Beijing–Tianjin–Hebei
region, and a similar decreasing trend of PM2.5 was also observed in
other developed regions of China (Zhang et al., 2019). However, surface
ozone (O3) concentrations showed increasing trends in developed re-
gions from 2013 to 2017 (Wang et al., 2020), which is the only sub-
stance among six air quality indexes that has increased during the last
five years, and the increased trend of surface ozone was reported to be
caused by the decrease in PM2.5 which slowing down the sink of
hydroperoxy radicals and thus speeding up ozone production (K. Li
et al., 2019). In addition, the nitrate component of PM2.5 has not
shown a consistent decrease, despite nationwide reduction in the emis-
sions of nitrogen oxides (Wang et al., 2019); fine particulate nitrate in
winter in Beijing has even shown no decrease, despite a 43% reduction
in emissions of nitrogen oxides (NOx) (Gao et al., 2020). These results
indicate a nonlinear relationship between primary and secondary
pollutants, which may be associated with the enhanced oxidizing
capacity in urban environments.

The atmospheric oxidation capacity (AOC) is the essential driving
force of atmospheric chemistry in forming complex air pollution (Li
et al., 2018), which determines the removal rate of trace gases and
also theproduction rates of secondary pollutants (Prinn, 2003). Thepro-
cesses and rates of species being oxidized in the atmosphere thus con-
stitute the key factors to quantify AOC. Several studies have been
carried out to quantify the atmospheric oxidation processes, including:
field observation of key oxidizing species and their precursors in
urban and suburban environments (Elshorbany et al., 2009; Xue et al.,
2016; Lu et al., 2012); laboratory dynamics studies on the conversion
of various precursors to the contribution of the free radical sources
(George et al., 2005; Stemmler et al., 2006, 2007); and numerical
model studies to quantitatively evaluate the oxidation of trace gases in
urban environments (L. Liu et al., 2019). Currently, the term “oxidation
capacity” is defined as the sum of the respective oxidation rates of the
molecules (VOCs, CO, CH4, etc.) by the main oxidant (OH, O3, NO3,
etc.) (Geyer et al., 2001), and these oxidation processes are described
in atmospheric chemical reaction mechanisms such as the RACM
(Regional Atmospheric Chemistry Mechanism) and MCM (Master
Chemical Mechanism). However, recent modelling studies have
shown that traditional gas-phase chemistry in the RACM or MCM
cannot explain the rapid secondary aerosol production observed during
winter haze in China (Zheng et al., 2015; Zhang et al., 2015; Shao et al.,
2019), suggesting the existence of missing AOC mechanisms in the
formation of secondary aerosol. In addition, developed countries have
not eliminated the O3 pollution problem, despite strict controls on
2

NOx and VOC emissions (Parrish et al., 2011), indicating the current
control strategy has lost sight of O3 pollution, possibly due to inadequate
understanding of theAOC. Therefore, a deeper understanding theAOC is
the priority before any efficient pollution mitigation can take place.

The present study focuses on the quantitative characterization of
AOC in the polluted atmosphere of Beijing, and constitutes the first de-
tailed evaluation of AOC using newly developed AOC indexes through
analyzing the comprehensive observation of gaseous and particulate
chemical composition data obtained from intensive field campaigns. In
addition, a constrained photochemical box model based on the MCM
and a constrained multiphase chemical box model (RACM-CAPRAM)
were used to model the key primary species being oxidized and the im-
portant formation pathways of their secondary products, which help to
evaluate AOC budgets and their source apportionment and thus provide
better understanding on the missing sources of AOC from current pho-
tochemical mechanisms in the highly polluted urban environment.

2. Methods

2.1. Experiments

The field measurements were performed in parallel at an urban site
in the downtown area of Beijing and a suburban site approximately
50 km southeast of the central Beijing. The urban station was located
in the northern part of Beijing, which was well-known as the IAP site
(116° 22′E, 39° 58′N, 45 m above sea level) for long-term monitoring
of urban air quality since 2004 (Liu et al., 2015). The suburban site
was located at Xianghe (116° 95′E, 39° 76′N, 25 m above sea level),
which is an air monitoring station operated by the Institute of
Atmospheric Physics, Chinese Academy of Sciences. The Xianghe site is
surrounded by residential areas and agricultural land, and has been
used as a typical suburban site to evaluate the influence of polluted
plumes transported from urban Beijing and other megacities of North
China Plain in previous studies (Liu et al., 2018). In the present study,
a 3-month measurement campaign was carried out from 1 June to 15
July 2018 and from1December 2018 to 15 January 2019,which covered
the summer and winter seasons, respectively.

The comprehensive observation of gaseous pollutants, particulate
chemical compositions and meteorological parameters using state-of-
the-art instruments were conducted at the urban and suburban sites.
Detailed description about these instruments and their calibration pro-
cedures have been provided in our previous studies (Liu et al., 2016; L.
Liu et al., 2019; Z. Liu et al., 2019; Yang et al., 2019; Li et al., 2020a).
Briefly, the gaseous species (O3, NO/NO2/NOx, CO, SO2) were measured
using the commercial instruments (Model series I, Thermo Scientific,
USA), while a tapered element oscillating microbalance (TEOM 1405-
DF, Thermo Scientific, USA)was used tomeasure the PM2.5 mass concen-
trations. The ambient VOC concentrations were analyzed on-line using a
gas chromatograph instrument (7820A, Agilent Technologies, Santa
Clara, CA, USA) equipped with an MS and an FID (5977E, Agilent
Technology, Santa Clara, CA, USA) (Wang et al., 2014a,b; M. Wang et al.,
2014), and a total of 100 VOC species were quantified, including 28 al-
kanes, 12 akenes, 1 alkyne (acetylene), 16 aromatics, 12 OVOCs (oxygen-
atedVOCs), and31haloalkanes. The detailed compounds that used in this
study were summarized in Table S1. The chemical compositions of
nonrefractory submicron particles (NR-PM1) were measured by a high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS,
Aerodye Inc., USA). The photolysis rates of j(O1D), j(NO2) and j(NO3)
were calculated using the actinic radiation flux values which converted
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from the irradiancemeasuredwith a spectroradiometer (DTMC300, Ben-
tham, England). Meteorological parameters, including temperature, hu-
midity, pressure, solar radiation, wind speed, and wind direction were
monitored by automatic meteorological monitoring instruments
(Milos520, Vaisala, Finland).

2.2. Evaluation of AOC by index methods

At present, there is no uniform, globally accepted quantitative index
to characterize the AOC. The present study introduces two kinds of AOC
index: one is the evaluation index (AOIe), which estimates the AOC
from the perspective of electron transfer during the formation of atmo-
spheric oxidation products (secondary pollutants); and the other is the
potential index (AOIp),which is calculated as the sumof oxidation rates
of major reductants by the principal oxidants. Detailed descriptions of
these two AOC indexes are provided below.

2.2.1. Evaluation index of AOC (AOIe)
Anthropogenically emitted reducing pollutants, after reacting with

various oxidants in the atmosphere, are converted from low-valent pri-
mary pollutants to high-valent secondary pollutants. The essence is that
electrons are transferred from the reducing agent to the oxidizing agent,
or electron hopping from onemoiety to another. Electron transfer reac-
tion is an important elementary chemical reaction during the
oxidation–reduction reaction of air pollutants. Based on this theory,
this study seeks to qualify the AOC by calculating the mole number of
transferred electrons based on the oxidation products such as the
major gaseous-phase products and major particle-phase products. Ac-
cording to the definition of AOIe, it can be calculated by Eq. (1):

AOIe ¼ f e1 NOx toNO−
3ð Þ þ f e2 SO2to SO

1−
4ð Þ þ f e3 VOCs to SOAð Þ þ f e4 NOtoNO2ð Þ

þ f e5 O toO3ð Þ, ð1Þ

where fe1–5 denote the molar number concentrations of electrons dur-
ing the oxidation processes of NOx, SO2, VOCs and the formation of O3,
respectively. Themolar number concentrations of electronswere calcu-
lated from the difference of valence between the reductants and the ox-
idation products. For example, the valence of elemental sulfur in the
reductant (SO2) and oxidation product (SO4

2−) is positive tetravalent
(S(IV)) and positive hexavalent (S(VI)), respectively. Then, the molar
number concentration of electrons for fe2 is calculated from the molar
mass concentration of SO4

2−, multiplied by two, which denotes the
change in valence of elemental sulfur from positive tetravalent to posi-
tive hexavalent. The amount of electron transfer during the oxidation of
NOx to nitrate was considered. Note that the change in valence of ele-
mental nitrogen should be divided into two parts when considering
the NO3

− formation: one is from positive divalent (NO, N(II)) to positive
pentavalent (NO3

−, N(VI)), and the other is from positive tetravalent
(NO2, N(IV)) to positive pentavalent (NO3

−, N(VI)). It should be noted
that NOx can be also oxidized to other products, such as PANs, organic
nitrate aerosol, etc. These transformation processes were not consid-
ered in this study whichmay underestimate AOIe. However, as the con-
centration of these products is much lower than the nitrate
concentration, this kind of underestimation should be insignificant. In
addition, due to the large variety of VOCs and the complex structure of
secondary organic aerosol (SOA), it is not yet possible to accurately un-
derstand the conversion of all VOC species to SOA in the atmosphere,
making it difficult to quantify the total number of electrons transferred
in the SOA formation processes. Instead, we use the oxygen content in
SOA as a proxy to characterize the total number of electrons since the
majority of primary VOC species emitted from anthropogenic and natu-
ral sources were oxygen-free, whichmeans the electrons transferred in
the SOA formation could be simply equal to the change of oxygen va-
lence in the SOA. The oxygen content in SOA was calculated based on
the oxygen-to-carbon (O/C) ratios in organic aerosols measured by
the HR-ToF-AMS and the SOA concentrations resolved from organic
3

aerosol source appointment (Li et al., 2020b), and the molar number
concentrations of electrons during the oxidation processes of VOCs
could be calculated by Eq. (2):

f e3 VOCs to SOAð Þ ¼ SOA� O=C
1þ O=C

� �
� 2: ð2Þ

2.2.2. Potential index of AOC (AOIp)
The potential oxidative capacity of the atmosphere (AOIp) is deter-

mined by quantifying the loss rates of trace gaseous pollutants via reac-
tions with the main atmospheric oxidants (Elshorbany et al., 2009; Xue
et al., 2016), the quantitation of which can be calculated by Eq. (3):

AOIp ¼ ∑
m

j¼1
Cj
� ��∑

n

i¼1
kij Xi½ �

� �
, ð3Þ

In this study, Cj denotes the primary pollutants of VOCs, CO, NOx and
SO2; Xi denotes the oxidants of OH, O3 and NO3; and kij is the bi-
molecular rate constant for the reaction of Cj with Xi. The information
on the primary pollutants included in the AOIp calculation and their re-
action rates with oxidants is presented in Table S1. Note than the target
VOCs used in calculating AOIp were selected that registered in
MCM3.3.1. In addition, the oxidants of OH and NO3 radicals were esti-
mated from parameterization methods introduced by previous studies
(Ehhalt and Rohrer, 2000; Yuan et al., 2013; Tham et al., 2018), and a
brief description of the calculation processes were provided in the
supporting information. The calculated OH and NO3 radical showed
similar diurnal variations as thosemodelled by a boxmodel constrained
by observations (Fig. S2a). In addition, the calculated OH in this study
was on average 28.4% lower and 94.3% higher than themodelled values
during the summer and winter campaigns, in accordance with the un-
certainties reported by Zheng et al. (2011). Note that the calculated
OH was closer to the measured OH than the modelled ones during the
winter campaign in Beijing (Fig. S3). OH mixing ratio was measured
using a laser induced fluorescence (LIF) instrument during a 13-day
field campaign conducted at the campus of Peking University (Lu
et al., 2018). Thus, the parameterizationmethodswere used to calculate
OH andNO3 radical concentrations in this study, as themeasured values
was unavailable for thewhole campaign for both sites and themodelled
values seem to be much underestimated.

3. Results and discussion

3.1. Overview of the observation periods

The measured time series of major gaseous pollutants and meteoro-
logical parameters at the urban and suburban sites during the cam-
paigns from 1 June to 15 July 2018 and from 1 December 2018 to 15
January 2019 are depicted in Fig. 1. During the summer campaign, the
average temperature and relative humidity were 27.9 ± 4.6(26.8 ±
4.9)°C and 49.8 ± 21.5(68.7 ± 22.6)%, respectively, while the average
concentrations of SO2, CO, NO2, NO and O3 were 0.85 ± 0.91(2.78 ±
1.20) ppb, 1.36 ± 0.36(1.08 ± 0.50) ppm, 18.9 ± 9.8(15.2 ± 7.8) ppb,
3.8 ± 4.8(2.7 ± 5.0) ppb, 48.9 ± 31.6(54.1 ± 35.7) ppb, for the urban
(suburban) sites. The average PM2.5 concentration during the summer
campaign was 49.4 ± 30.8 and 40.0 ± 21.2 μg m−3 for the urban and
suburban sites, respectively, with days of good air quality (daily
PM2.5 < 75 μg m−3 according to the Ambient Air Quality Standard
(GB3095-2012) of China) accounting for 84.4% and 100% for the urban
and suburban sites, suggesting good air quality represented by the
fineparticles during the summer campaign. However, high-O3 pollution
dayswere frequently observed,with 17 and 29 days exceeding the Class
2 standard for O3 in the Ambient Air Quality Standards of China (GB
3095-2012, hourly O3 > 93 ppb). All the gaseous pollutants except O3

were largely increased during the winter campaign, with the average



Fig. 1. Time series of major pollutant mixing ratios and meteorological parameters at the urban and suburban sites in Beijing during the summer (1 June to 15 July 2018) and winter (1
December 2018 to 15 January 2019) campaigns. The meteorological data was only for the urban site.

Table 1
Summary of the average pollutant concentrations,meteorological parameters andAOC in-
dex values for the summer and winter campaigns.

Parameters Urban Suburban

Summer Winter Summer Winter

PM2.5 (μg m−3) 49.4 ± 30.8 52.2 ± 55.2 40.0 ± 21.2 57.1 ± 54.6
Org. (μg m−3) 7.8 ± 4.0 10.7 ± 11.9 8.6 ± 5.1 19.2 ± 18.2
NO3

− (μg m−3) 2.9 ± 5.4 6.2 ± 11.2 7.6 ± 6.6 5.7 ± 6.8
SO4

2− (μg m−3) 4.8 ± 3.3 3.1 ± 6.4 6.0 ± 3.5 4.2 ± 6.1
NH4

+ (μg m−3) 2.3 ± 2.2 3.0 ± 5.1 5.5 ± 3.5 3.8 ± 4.5
Cl− (μg m−3) 0.02 ± 0.03 0.37 ± 0.50 0.09 ± 0.08 0.65 ± 0.69
Alkanes (ppb) 17.8 ± 6.8 21.0 ± 14.1 13.5 ± 8.6 33.1 ± 36.6
Alkenes (ppb) 3.7 ± 1.1 8.1 ± 6.9 2.8 ± 2.3 11.6 ± 13.5
Aromatics (ppb) 4.9 ± 1.9 4.7 ± 3.5 3.7 ± 4.7 10.2 ± 14.8
OVOCs (ppb) 10.5 ± 3.3 4.2 ± 5.1 3.6 ± 1.2 3.4 ± 4.9
Haloalkanes (ppb) 5.2 ± 2.1 3.2 ± 2.7 4.7 ± 3.7 9.1 ± 15.4
JO1D × 106 (s−1) 10.6 ± 9.3 4.4 ± 2.8 10.8 ± 9.7 1.4 ± 1.8
JNO2 × 103 (s−1) 3.1 ± 1.6 3.0 ± 1.0 3.5 ± 1.7 1.4 ± 1.6
AOIe (μmol m−3) 4.76 ± 1.32 2.81 ± 1.61 4.77 ± 1.64 4.16 ± 2.11
AOIp × 107 (cm−3 s−1) 2.81 ± 3.42 0.51 ± 0.75 2.71 ± 3.47 0.31 ± 0.54
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concentrations of SO2, CO, NO2 and NO being 4.12 ± 2.68(4.24 ± 2.38)
ppb, 1.07 ± 0.56(1.70 ± 1.22) ppm, 19.1 ± 11.2(29.1 ± 17.0) ppb,
22.5±31.1(68.1±85.5) ppb, for the urban(suburban) sites. In compar-
ison, the average O3 concentrations decreased to 9.2 ± 8.2 and 12.4 ±
10.9 ppb. Note that the average PM2.5 concentration during the winter
campaign also increased, especially for the suburban site, which were
52.2 ± 55.2 and 57.1 ± 54.6 μg m−3 for the urban and suburban sites,
suggesting enhanced fossil fuel combustion for domestic heating in
winter in Beijing. The comparable concentration in SO2 butmuchhigher
concentration in NOx for the suburban site may suggest different kinds
of fossil fuels used for heating between the urban and suburban areas of
Beijing.

The difference in the air pollution conditions between the urban and
suburban siteswas also reflected by the chemical composition of submi-
cronparticles. Table 1 lists the average concentrations ofmajor chemical
species in PM1. It clearly shows that the average concentrations of the
five species (organics, NO3

−, SO4
2−, NH4

+ and Cl−) during the summer
campaign were higher at the suburban site than those at the urban
site, especially for nitrate, which was more than two times higher at
the suburban site. A similar phenomenon was also observed during
the winter campaign, except the nitrate showed slightly higher values
at the urban site. Different from the results of the particulate chemical
components, the VOC species were higher at the urban site during the
summer campaign. As shown in Table 1, the largest difference was for
OVOCs, being 10.5 ± 3.3 ppb and 3.4 ± 1.4 ppb at the urban and subur-
ban sites, respectively. During the winter campaign, however, the VOC
species were much higher at the suburban site, except for the OVOCs.
Such a difference in the gaseous pollutants and particle chemical
compositions will result in different atmospheric chemical processes
4

between the urban and suburban sites, such as the loss rates of CO,
SO2, NO2 and VOCs via reactions with OH, O3 and NO3, which are repre-
sentative of the AOC as discussed in detail in the following sections.

3.2. Atmospheric oxidative capacity

In this study, two kinds of atmospheric oxidation indexes are intro-
duced to quantify the AOC during summer and winter in Beijing, which
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represent the estimated capacity of atmospheric oxidation (AOIe) and
the potential capacity of atmospheric oxidation (AOIp). The seasonal
variations and diurnal patterns of these two AOC indexes are discussed
in the following subsections.

3.2.1. Estimated oxidative capacity of the atmosphere (AOIe)
The estimated oxidative capacity of the atmosphere was estimated

by quantifying the electron transfer during the formation of gaseous-
phase oxidation products (O3 and NO2) and particle-phase oxidation
products (nitrate, sulfate and SOA). During the summer campaign, the
24-hour average AOIe value at the urban sitewas 4.76±1.32 μmolm−3,
and a comparable value of 4.77 ± 1.64 μmol m−3 was observed for the
suburban site. At the urban site, the average oxidation capacity of
gaseous-phase oxidation products (AOIe_G) and particle-phase oxida-
tion products (AOIe_P) was 4.16 ± 1.22 μmol m−3 and 0.60 ±
0.31 μmol m−3, representing 87.4% and 12.6% of the total oxidation ca-
pacity, respectively. The average value of AOIe_G and AOIe_P at the sub-
urban site was 3.84 ± 1.36 μmol m−3 and 0.93 ± 0.47 μmol m−3,
accounting for 80.4% and 19.6% of the total oxidation capacity, respec-
tively. Clearly, the gaseous-phase oxidation products dominated the
AOC during summertime in both the urban and suburban area of Bei-
jing. During the winter campaign, the average value of AOIe decreased
to 2.81±1.61 μmolm−3 at the urban site, which couldmainly be attrib-
uted to the large decrease in AOIe_G (1.95± 0.64 μmolm−3), while the
average AOIe_P increased substantially to 0.86 ± 1.04 μmol m−3. Note
that the winter AOIe at the suburban site remained at a similar level
(4.16 ± 2.11 μmol m−3) to that in the summer owing to the insignifi-
cant decrease in AOIe_G (2.95 ± 0.99 μmol m−3) and large increase in
AOI_P (1.21 ± 1.23 μmol m−3). Although the winter AOC was still
mainly contributed by the gaseous-phase oxidation products (~70%),
particle-phase oxidation products also played an important role in the
winter AOC of Beijing. The contributions of individual oxidation prod-
ucts to the total AOIe are further discussed for the urban and suburban
sites. As shown in Fig. 2a and b, the majority of AOIe was contributed
by O3 at both sites, accounting for 52.1% and 54.2% of the total AOIe.
Fig. 2.Contributions of (a, b)major oxidation products to AOIe and (c, d) themajor reductants to

5

The second largest contributor for summer AOIe was NO2, which
showed a higher contribution at the urban site (35.3%) than at the sub-
urban site (26.2%). In comparison, the contribution from secondary
aerosol was relatively small. During the winter campaign, the NO2 be-
came the dominant contributor to the AOIe at both sites, accounting
for 54.4% and 58.2% at the urban and suburban sites, respectively. In ad-
dition, the second largest contributor was O3 at the urban site, while it
was SOA at the suburban site, suggesting particle-phase oxidation prod-
ucts play the more important role in AOC at the suburban site.

The diurnal variation patterns of AOIe were examined and the re-
sults are shown in Fig. 3. During the summer campaign, the lowest
value of AOIe (3.64 μmol m−3) appeared at 03:00 at the urban site.
Then, it rose rapidly and reached its highest value (5.77 μmol m−3) at
about 12:00, after which AOIe decreased slightly but still maintained
at a high level for 6 h. After sunset, AOIe decreased continually until
reached its lowest value on the second day. Note that the diurnal varia-
tion of AOIe was mainly contributed by the gaseous-phase oxidation
products, which shared a similar pattern with the total AOIe, while the
particle-phase oxidation products showed an almost flat diurnal varia-
tion pattern and contributed negligibly to the total AOIe (Fig. 3a).
Among the gaseous-phase oxidation products, O3 was clearly the dom-
inant oxidant during the daytime, contributing by a maximum of
4.06 μmolm−3 (71.6%) to the total AOIe at about 13:00. The NO2 contri-
bution to AOIe during daytime ranged from 17% to 58%, while it reached
>67% during the nighttime (Fig. 4a). Similar diurnal variation patterns
of AOIe were also observed for the suburban site during summertime,
except that the lowest value (3.63 μmol m−3) appeared at 04:00—
an hour later than that in the urban site; while the highest value
(5.90 μmol m−3) also appeared at 12:00. In addition, a high level of
AOIe during the afternoon (12:00–16:00) was more visible at the
suburban site. Similarly, the diurnal variation of AOIe at the subur-
ban site also mainly derived from the gaseous-phase oxidation prod-
ucts, and O3 dominated the daytime AOIe with a maximum value of
4.31 μmol m−3 (73.5%) appearing at about 13:00 (Fig. 4c). However,
the particle-phase oxidation products at the suburban site showed a
AOIp at the urban and suburban sites in Beijing during the summer andwinter campaigns.



Fig. 3. Diurnal variation of AOIe due to particle-phase oxidation products (AOIe_P for a1 and b1), AOIe due to the gaseous phase oxidation products (AOIe_G for a2 and b2), and the total
AOIe (a3 and b3) at the urban and suburban sites in Beijing during the summer and winter campaigns.
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more obvious diurnal pattern compared to those at the urban site
(Fig. 3b), with a higher contribution from nitrate during the night-
time. These results indicate the atmospheric oxidation condition in
the suburban area might be more favorable for secondary aerosol
formation during summertime.
Fig. 4. Diurnal variation of AOIe and the contributions of major oxidation products at the (

6

The diurnal patterns of AOIe in the winter campaign were totally
different from those in summer. For the urban site, the lowest value of
AOIe (2.45 μmol m−3) appeared at 07:00 and remained almost stable
until 10:00, before it then began to increase linearly to reach its highest
value (3.82 μmol m−3) at about 20:00. Note that the high level of AOIe
a) urban and (b) suburban sites in Beijing during the summer and winter campaigns.
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during the afternoon disappeared in winter and higher values of AOIe
were observed during the nighttime, which was the reverse to that in
summer. In addition, NO2 became the dominant oxidant, and the max-
imum value of 1.88 μmol m−3 (59.7%) was observed at about 01:00
(Fig. 4b). Furthermore, distinct diurnal variation of winter AOIe_P was
observed, with the contribution to the total AOIe reaching a maximum
of 36.3% during the nighttime. A different diurnal pattern of winter
AOIe was observed at the suburban site. As shown in Fig. 3b, AOIe de-
creased continually from 0:00 to 15:00, then increased significantly
from 3.63 μmol m−3 at 15:00 to 4.87 μmol m−3 at 20:00. Interestingly,
the diurnal variation of AOIe_G shared a similar pattern with that of
AOIe_P at the suburban site. Specifically, NO2 dominated the gaseous-
phase oxidation products while SOA dominated the particle-phase oxi-
dation products and their contributions both increased during the
nighttime (Fig. 4d). This may suggest similar formation processes at
the suburban site during wintertime.

3.2.2. Potential oxidative capacity of the atmosphere (AOIp)
During the summer campaign, the calculated AOIp showed compa-

rable values at the urban and suburban sites, with an 24-hour averaged
value of 2.81 × 107 and 2.71 × 107 molecules cm−3 s−1, respectively,
which are 10 times higher than those (2.65 × 106 molecules
cm−3 s−1) observed in Berlin, Germany (Geyer et al., 2001); but still
lower than those (4.14 × 107molecules cm−3 s−1) reported in Santiago,
Chile (Elshorbany et al., 2009). In addition, the maximum hourly value
of AOIp was slightly higher in the suburban (1.71 × 108 molecules
cm−3 s−1) than the urban area (1.49 × 108 molecules cm−3 s−1), and
these values are largely higher than the maximum value of AOC
(1.0 × 108 molecules cm−3 s−1) observed in Shanghai during the
same period as the present study (Zhu et al., 2020), suggesting the
stronger AOC in the northern megacities. Note that two more loss
rates of SO2 and NO2 via reactions with OH radical were included in
AOIp calculation compared with previous studies (Geyer et al., 2001;
Elshorbany et al., 2009), which would be more representable for
Fig. 5. Diurnal variation of AOIp due to three major oxidants (OH, O3 and NO3) and the tota
campaigns.

7

qualifying theAOC in pollutedurban atmosphere, considering their con-
tribution were above 10% of the total AOC (Fig. 2). During wintertime,
significant reductions of AOCwere observed at both sites, with an aver-
age AOIp of 0.51 × 107 and 0.31 × 107molecules cm−3 s−1, respectively,
consistentwith a previous study on the seasonal pattern of AOC at other
urban locales (Li et al., 2018).

As shown in Fig. 2c, the major reductants that contributed to the
total AOIp during summertime were alkenes (31.0%) at the urban site
and CO (38.5%) in the suburban site. In addition, CO and alkenes were
also the second largest contributors at the urban (28.6%) and suburban
(35.7%) sites, respectively. The third largest contributorwasNO2 at both
sites, which accounted for more than 13% of AOIp. Note that aromatics
and the measured 12 OVOCs also contributed substantially to the sum-
mer AOIp at the urban site (~20%), while their contributionwas negligi-
ble at the suburban site. During the winter campaign, AOIp was mainly
contributed by CO, NO2 and alkenes at both sites (Fig. 2d), accounting
for 83.4% (urban) and 81.8% (suburban) of the total AOIp. In addition,
aromatics also contributed considerably to the AOIp at both sites
(~10%) during wintertime.

The diurnal variation patterns of AOIp due to three major oxidants
(OH, O3 and NO3) and the total AOIp for the urban and suburban sites
are presented in Fig. 5. During the summer campaign, AOIp showed a
unimodal diurnal pattern at both the urban and suburban sites, with
peak values of 8.85 × 107 and 8.54 × 107 molecule cm−3 s−1, respec-
tively. Note that the peak value of AOIp at the urban site appeared at
11:00, while that at the suburban site was 2 h later at 13:00, with a
peak value of 3.5% lower than that at the urban site, suggesting a slightly
stronger AOC for the urban site during the summertime. The average
oxidation capacity of OH, O3 and NO3 radicals through the entire day
at the urban site during summertime was 2.28 × 107, 4.87 × 106 and
4.15 × 105 molecule cm−3 s−1, representing 81.2%, 17.3% and 1.5% of
the total oxidation capacity, respectively. For the suburban site, an
average oxidation capacity of 2.43 × 107, 2.32 × 106 and 4.94 × 105

molecule cm−3 s−1 was calculated for OH, O3 and NO3 radicals,
l AOIp at the (a) urban and (b) suburban sites in Beijing during the summer and winter
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representing 89.6%, 8.6% and 1.8% of the total oxidation capacity, respec-
tively. As expected, the dominant contributor to the AOIp during the
daytime was OH, while O3 was the second most important oxidant at
both sites (Fig. 6a). The major fuels for O3 oxidation at both sites were
alkenes (>95%), while aromatics contributed the rest part. In compari-
son, NO3 made minor contributions owing to the lower abundance of
OVOCs (Table 1). During the winter campaign, the diurnal patterns of
AOIp almost resembled those in summer, but with much lower peak
values at the urban (2.11 × 107 molecule cm−3 s−1) and suburban
(1.56 × 107 molecule cm−3 s−1) sites. Note that the peak value at the
urban site appeared at 12:00, which was 1 h later than that in summer,
while the peak value at the suburban site appeared 2 h earlier than that
in summer. The average oxidation capacity of OH, O3 and NO3 radicals
was approximately 10-fold lower than those in summer for both sites.
Still, OH was the predominant contributor to the AOIp during daytime
(Fig. 6a), with contributions of 97.3% and 89.4% to the total oxidation ca-
pacity for theurban and suburban sites, respectively. Ozonewas the sec-
ond most important oxidant, with contributions of 2.7% and 10.4%,
which dominated the AOC during the nighttime (>60%) at both sites.
Alkenes (96.8% for urban, 91.7% for suburban) were the dominate
fuels for O3 oxidation at both sites. Similar to summer, negligible contri-
butions from NO3 were observed for both sites owing to the relatively
lower abundances of OVOCs. In general, OH dominated the AOC in the
urban and suburban area of Beijing, which is consistent with previous
studies in different urban locations (Elshorbany et al., 2009; Bannan
et al., 2015; Xue et al., 2016; Zhu et al., 2020).

To specify the major reactant species consuming OH, the loss fre-
quency of the different reactants to OH was determined using the indi-
cator of OH reactivity (LOH, Xue et al., 2016). During the summer
campaign, the average values of LOH were 23.92 ± 6.01 s−1 and
16.82 ± 7.32 s−1 for the urban and suburban sites, comparable with
Fig. 6. (a) Contributions of major oxidants to the diurnal pattern of AOIp and (b) portioning o
campaigns at the urban and suburban sites of Beijing.
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results reported in other megacities of China, which ranged from
15 s−1 to 30 s−1 (Tan et al., 2019). As shown in Fig. 7a, VOCs, CO and
NO2 were major contributors to OH reactivity in summer Beijing,
which is consistent with previous studies (Ling et al., 2014; Zhu et al.,
2020). Note that the contribution of VOCs to the total OH reactivity
was higher at the urban site,whichmight be attributable to thedifferent
contributions of the VOCs group. Alkenes clearly dominated the OH re-
activity at the suburban site (Fig. 7b), withmaxima in the earlymorning
and late afternoon (Fig. 6b); whereas, both alkenes and aromatics dom-
inated the OH reactivity at the urban site during the daytime (Fig. 6b).
The OH reactivity was slightly higher during wintertime at the urban
site (27.79 ± 19.15 s−1), covering a range from 3.4 to 113 s−1, which
is comparable with previous results observed in Paris during the 2010
MEGAPOLI winter campaign (10–130 s−1; Dolgorouky et al., 2012), as
well as observations in urban Beijing during pollution episodes
(27 s−1; Ma et al., 2019). Conversely, the winter OH reactivity at the
suburban site increased significantly, with an average value of
52.58 ± 48.37 s−1, which was much higher than that at the urban site
and mainly attributable to the abnormally high levels of NO (up to
380 ppb) observed at the suburban site during the winter campaign
(Fig. 1). The high levels of NO observed at the suburban site duringwin-
tertime possibly due to the emissions from heavy trucks, the intense
biomass burning activity, and the “Coal to Gas” project as reported in a
recent study (Zhao et al., 2020). As shown in Fig. 7a, the contribution
of NO to the total OH reactivity was much higher at the suburban site
(36.89%) than that at the urban site (25.98%). In comparison, the contri-
bution of VOCs to the total OH reactivity was comparable at these two
sites during wintertime, both of which were dominated by the alkenes
(Fig. 7b), with maxima in the late afternoon (Fig. 6b). In addition, a
higher contribution of OVOCs but lower contribution of aromatics to
the total OH reactivity was observed at the urban site compared with
f the daytime OH reactivity by oxidation of major VOC groups during summer and winter



Fig. 7. (a) Average contributions of major groups of reactants to the total OH reactivity at the urban and suburban sites during the summer andwinter campaigns. (b) Contribution of each
VOC group to the OH reactivity of VOCs at the urban and suburban sites during the summer and winter campaigns.

Z. Liu, Y. Wang, B. Hu et al. Science of the Total Environment 771 (2021) 145306
those at the suburban site (Fig. 7b). These results are different to those
observed in the Pearl River Delta region (Lou et al., 2010) and central
London (Whalley et al., 2016), where alkenes and aromatics have
been found to account for minor fractions and secondary OVOCs domi-
nated the OH reactivity. This kind of discrepancy may have resulted in
the different concentrations of VOC groups andmight also be associated
with the limited OVOC species measured in this study.

3.2.3. Comparison of AOIe and AOIp
As shown in Table 1, AOIe and AOIp presented different seasonal

trends at both sites. Although reduced values in winter were apparent
for both AOIe and AOIp, the magnitude of reduction was more signifi-
cant for AOIp, especially at the suburban site. For example, the average
reduction in AOIe from summer to winter was 40.9% and 12.7% for the
urban and suburban sites, respectively, whereas for AOIp it was 81.8%
and 88.5%. Note that the average winter AOIp at the suburban site de-
creased more obviously compared to that at the urban site, which was
opposite to the seasonal trend of AOIe at these two sites (Table 1). In ad-
dition, the diurnal patterns of AOIe and AOIp were also distinct, espe-
cially during wintertime at both sites. While AOIe showed higher
values at nighttime in winter (Fig. 3), a unimodal diurnal pattern with
peak values at noon was evident for AOIp (Fig. 5). In general, AOIe and
AOIp showed different seasonal variations and diurnal patterns at
both sites, which suggests inconsistency between these two AOC in-
dexes in qualifying the oxidative capacity of the atmosphere. By defini-
tion, AOIe denotes estimation of oxidative capacity based on the
oxidation products, such as the major gaseous-phase and major
particle-phase oxidation products, while AOIp denote the potential ox-
idative capacity based on the bi-molecular reaction between major re-
actants and major oxidants (OH, O3 and NO3). Thus, both AOIe and
AOIp neglect the complex intermediate processes that convert the reac-
tants into the final oxidation products. Since the oxidation products are
formed froma variety of reaction processes, such as gas-phase reactions,
liquid-phase reactions and heterogeneous reactions, the variations in
9

AOIe should thus be close to the actual AOC. In addition, as AOIe highly
depends on the concentrations of these secondary pollutants which are
formed fromboth local transformation and regional transported and are
relatively long lived, thus AOIe would be represent AOC more region-
ally. Conversely, only gas-phase reactions are considered in AOIp,
which will underestimate the AOC in the absence of liquid-phase and
heterogeneous reactions. In addition, some active VOC species, such as
formaldehyde and acetaldehyde, were not measured in this study and
thus may also introduce uncertainty in the calculation potential of
AOC. Assuming AOIe represents the actual AOC, the sources of underes-
timation for AOIp are discussed in the following budget analysis.

3.3. Quantitative analysis of the AOC index methods

Both indexes are based on different time frames. AOIe is based on the
past time frame, and describes the amount of electron transfer
(representing secondary pollutant formation) during the oxidation his-
tory. In comparison, AOIp is a present time frame index, and describes
the instantaneous reaction rates of a variety of primary reactants with
major oxidants. Their units are also different, AOIe is a concentration,
while AOIp is a reaction rate. As AOIe and AOIp are calculated from dif-
ferent datasets and they have different time frames and different di-
mensions, we concentrate on comparing the diurnal patterns of these
two AOC indexes after they have been normalized to dimensionless
values. The dimensionless procedure was based on the average diurnal
variation data and normalized by dividing themaximumhourly value in
each season. Note that the difference in the diurnal pattern of AOIe and
AOIp could be attributed to the different transformation processes asso-
ciated with them. As discussed in Section 3.2.3, AOIp was calculated
based solely on gas-phase reactions (MCM), and could be represent
the potential oxidizing capacity. In comparison, not only gas-phase re-
actions, but also liquid-phase reactions and heterogeneous reactions
were included in AOIe as it was calculated from the oxidation products,
which could be represent the apparent oxidizing capacity. Thus, the
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comparison of AOIp and AOIe in diurnal pattern would be expected to
explore whether the AOC is properly represented by current photo-
chemical mechanism (e.g. MCM 3.3.1) or not. Fig. 8a and b show the di-
urnal variations of normalizedAOIe andAOIp at theurban and suburban
sites. During the summer campaign, AOIe and AOIp shared the same
daytime peak at about 12:00. Clearly, there was underestimation of
AOC by AOIp during thewhole day, except at noon, at both sites. In par-
ticular, the maximum underestimation was at nighttime, ranging from
83% to 96% at the urban site and from 80% to 97% at the suburban site
(Fig. 8a). In wintertime, underestimation of AOC by AOIp also prevailed
at nighttime, ranging from 98% to 99% at the urban site and from 94% to
96% at the suburban site. The possible sources that contributed to the
underestimation of AOIp are discussed.

3.3.1. Underestimation due to missing major secondary OVOCs
As shown in Fig. 7b, OVOCs contributed aminor fraction to the OH

reactivity in this study, at about 4%–8% in the urban site, which is
much lower than that reported in urban environments, ranging
from 20% to 23% (Tan et al., 2019). Note that only 12 OVOCs were
measured and included in the AOIp estimation, and other reactive
OVOCs such as aldehydes and ketone were not measured thus
would underestimation the contribution of OVOCs to AOIp. To evalu-
ate the contribution of unmeasured OVOC species, we used a box
model—Framework for 0-Dimensional Atmospheric Modeling
(F0AM), based on MCM3.3.1, to simulate the ambient levels of
OVOCs constrained by observations. Detail description about the
F0AM model has been reported in our recent work (Liu et al., 2021)
and a brief description was provided in the SI. A high-O3 day during
summertime (4 July 2018) and a high particle-loading day during
wintertime (12 January 2019) were selected as case studies for the
simulation of OVOCs at the urban site. The model results suggested
that the AOC will be largely underestimated without the OVOC
group. As shown in Fig. S5, aldehydes and ketone compounds
Fig. 8.Diurnal variation of normalizedAOIe andAOIpduring the (a) summer campaign and (b)w
reaction of OVOCs with major oxidants and modelled heterogeneous reaction pathways of SI
January 2019).
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contributed a considerable proportion of OH consumption when cal-
culating the OH budget analysis. Among the aldehydes and ketones,
formaldehyde, acetaldehyde and benzaldehyde were the three
major fuels for which the consumption rate of OH contributed by
them could reach up to 10 ppb/h, accounting for nearly 30% of the
total consumption rate of OH. In comparison, the contributions of
these three OVOC species to OH consumption in winter were
relatively low (Fig. 7b), with a consumption rate of OH at about
2 ppb/h, accounting for about 12% of the total consumption rate of
OH. Thus, the simulated OVOC species were included in the AOIp
calculation to minimize the underestimation of AOC.

3.3.2. Underestimation due to the missing heterogeneous mechanism
Current air quality models are unable to reproduce the extremely

high concentrations of fine particles during heavy haze episodes,
which is mainly attributed to underestimation of secondary aerosols
such as sulfate owing to the lack of a heterogeneous mechanism (Shao
et al., 2019). This suggests that the AOC will be largely underestimated
if the heterogeneous mechanism is not considered, which was con-
firmed by the comparison of AOIp to AOIe in this study. To evaluate
the contribution of heterogeneous processes to the AOC,we used amul-
tiphase chemical box model (RACM-CAPRAM) constrained by observa-
tions to elucidate the heterogeneous mechanism in the formation of
sulfate and nitrate. Detail description about the RACM-CAPRAMmodel
has been reported in previous work (Wen et al., 2018) and a brief de-
scription was provided in the SI. Note that heterogeneous sulfate
production, which refers to aqueous phase oxidation of S(IV)
(SO2·H2O + HSO3

− + SO3
2−) on the surface of and/or within the bulk

preexisting aerosols were also considered and four heterogeneous sul-
fate production mechanisms (via H2O2, O3, NO2, and TMIs) on aerosols
were coupled into the RACM-CAPRAMmodel. More details on the het-
erogeneous sulfate production mechanisms were briefly present in the
SI and could be also found in Shao et al. (2019).
inter campaign, and improvement in theunderestimation of AOIpby adding themodelled
A (sulfate and nitrate) in (c) the summer case (4 July 2018) and (d) the winter case (12
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To be consistentwith the OVOCmodelling results, the same summer
case (4 July 2018) and winter case (12 January 2019) for the urban site
were selected. As can be seen from Fig. S7, the contribution of the gas-
phase homogeneous reaction only accounted for about 45% of sulfate
enhancement in thewinter case, while the contribution of the heteroge-
neous reaction exceeded 50% and dominated the sulfate production,
which confirmed the underestimation of AOC if the heterogeneous
mechanism is not considered. As for nitrate formation, the gas-phase
homogeneous reaction contributed more than 95% of the nitrate incre-
ment, while the hydrolysis of N2O5 contributed more than 5% in the
peakpollution stage. Therefore, the heterogeneous process of secondary
inorganic aerosol (SIA) formationwas further considered in the calcula-
tion of AOIp.

3.3.3. Improved AOIp in qualifying AOC
Based on the above analysis, the modelled OVOC species and the

heterogeneous process of SIA formation were included in the AOIp cal-
culation, and the normalized results were then compared with the nor-
malized AOIe for the case studies. Fig. 8c and d show the improved AOIp
for the summer and winter cases. As shown in Fig. 8c, the added OVOCs
contributed a large fraction to the total AOIp in the summer case, with
an average contribution of 25.7% during the daytime, which was signif-
icantly higher than thatwhen only the nine kinds of OVOC speciesmea-
sured in this study were considered (5.8%). In addition, OH dominated
the added contribution of OVOCs, especially during the daytime. Fur-
thermore, the contribution of OVOCs to the OH reactivity was increased
to 37.1%when themodelledOVOC specieswere included,which is com-
parable to previous studies (20%–60%) conducted in urban environ-
ments during summertime (Xue et al., 2016; Li et al., 2018; Tan et al.,
2019). Note that a considerable contribution from the heterogeneous
oxidation of SO2 and NO2 (27.4%) was observed, especially during the
nighttime and early morning, with the maximum contribution of
85.6% at about 04:00. As a result, the underestimation of AOIp during
the summer case improved substantially, ranging from 56% to 93%. Dif-
ferent to the summer case, the added OVOCs only contributed a minor
Fig. 9. The distribution of (a, b) AOIp and (c, d) AOIe under different air pollution levels (Ex
75 < hourly PM2.5 ≤ 115 μg/m3; Moderately/heavily polluted: hourly PM2.5 > 115 μg/m3) du
25th and 10th percentiles of the AOC index data.
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fraction (2.9%) to the total AOIp, whereas the added AOIp was mainly
attributable to the heterogeneous process of SIA formation. As shown
in Fig. 8d, heterogeneous oxidation dominated AOIp at nighttime, and
the variation of was consistent with AOIe at night. Consequently, the
significantly underestimated AOIp at nighttime in winter was notably
improved owing to the inclusion of heterogeneous oxidation in the
AOIp calculation. Note that reminding large discrepancy between AOIe
and AOIp at nighttime (Fig. 8) maybe also due to the overestimation
of AOIe that contributed to the residual background and transport of
secondary compounds.

Overall, the added OVOC species and heterogeneous oxidation pro-
cesses in the calculation of AOIp largely improved the underestimation
of AOIp in qualifying the AOC. However, it should be noted that discrep-
ancies between AOIp and AOIe still exist, which may be attributable to
the underestimation or overestimation of the parameterized radical
concentrations, the missing of heterogeneous oxidation processes in
the formation of SOA that are not yet considered in AOIp and the
transported of secondary compounds that resulted in the overestima-
tion of AOIe, which need to be further evaluated in future studies.

3.4. Implication for the air pollution formation

Atmospheric oxidation capacity (AOC) is important in estimating the
occurrence of air pollution. As discussed above, the atmospheric oxidation
capacity could be properly qualified by AOIe andAOIp, although the latter
underestimated AOC in some extent during nighttime. To explore the
relationship between these two AOC indexes and air quality, the distribu-
tion of AOIp and AOIe under different air pollution levels (Excellent:
hourly PM2.5 ≤ 35 μg/m3; Good: 35 < hourly PM2.5 ≤ 75 μg/m3; Lightly
polluted: 75 < hourly PM2.5 ≤ 115 μg/m3; Moderately/heavily polluted:
hourly PM2.5 > 115 μg/m3)were analyzed during the summer andwinter
campaigns (Fig. 9). As showed in Fig. 9a, continuous increase of AOIpwas
observed during summertime as the pollution level evolved from
excellent to lightly polluted. When the air pollution further developed
to moderately/heavily polluted, however, the average value of AOIp
cellent: hourly PM2.5 ≤ 35 μg/m3; Good: 35 < hourly PM2.5 ≤ 75 μg/m3; Lightly polluted:
ring the summer and winter campaigns. The whisker plot provides the 90th, 75th, 50th,
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showed a decrease trend. This kind of behavior for summer AOIpwas dif-
ferent from summer AOIe, which showed a continuous increase trend
when air pollution level evolved from excellent to moderately/heavily
polluted conditions (Fig. 9c). Note that the evolution patterns were
completely different for AOIp and AOIe during wintertime. While AOIp
showed a decrease trend as air quality worsened, higher values of AOIe
were observed under winter server pollution levels (Fig. 9d), consistent
with that in summer. These results suggested AOIp was inadequate for
the prediction of air pollution formation. At the same time, the evolution
pattern of AOIe suggested atmospheric oxidation capacity was enhanced
during heavy pollution episodes, which indicated the rapid increase of
fine particles was most possibility mainly contributed by the intense sec-
ondary transformation of gaseous pollutants under enhanced AOC during
pollution episodes. In fact, the observed fine particle chemical composi-
tions during also support the above hypothesis, our long observations in
fine particle chemical composition in urban Beijing (L. Liu et al., 2019; Z.
Liu et al., 2019) and many previous studies conducted in other cities
(Elser et al., 2016; Xie et al., 2019; Sun et al., 2019) all reported an increase
contribution of secondary aerosol as air pollution developed from the
clean stage to the heavily polluted stage. Furthermore, the decreased
values of AOIp in polluted daysmay suggest that the current photochem-
icalmechanism (e.g.MCM) could not properly represent the actual atmo-
spheric oxidation capacity, especially for thewintertime. Our recentwork
suggested significantly underestimated of OH oxidation rates duringwin-
tertime when HONO heterogeneous sources was not considered in cur-
rent MCM (Liu et al., 2021), which would be partly explained the
underestimation of AOC by MCM during heavy pollution episodes. Over-
all, the newly developed AOC index (AOIe) well reflects the evolution of
air pollution and could be used to air quality administration. Whereas,
the AOIp index which based solely on gas-phase reactions largely under-
estimate AOC, especially during wintertime. Thus, our results highlight
the urgent need to incorporate the heterogeneous mechanism with the
photochemical mechanism to better qualify the atmospheric oxidation
capacity.

4. Conclusion

To better understand the key processes governing the chemistry of
the polluted urban atmosphere of northern China, we present a first
detailed evaluation of atmospheric oxidation capacity (AOC) by using
newly developed indexes (AOIe and AOIp), which were created and
evaluated by a comprehensive suite of data taken from summer and
winter field campaigns conducted in parallel at an urban and suburban
site in Beijing from 1 June to 15 July 2018 and from 1 December 2018 to
15 January 2019, respectively.

The AOC showed a clear seasonal pattern, with stronger intensity in
summer compared to winter. The gaseous-phase oxidation products
(O3 and NO2) dominated the AOIe (~80%) during summertime at both
sites, while the contribution of particle-phase oxidation products (sul-
fate, nitrate and secondary organic aerosol) to AOIe increased in winter
(~30%). As for AOIp in summer, the dominant contributor at the urban
site was alkenes (29.0%), while it was CO (35.5%) at the suburban site.
Furthermore, it was mainly contributed by CO, NO2 and NO at both
sites duringwintertime, accounting for 73.3% (urban) and63.3% (subur-
ban) of the total AOIp. As expected, the dominant oxidant that contrib-
uted to the AOIp during the daytime was OH, while O3 was the second
most important oxidant at both sites. During summertime, alkenes
clearly dominated the OH reactivity at the suburban site, with maxima
in the early morning and late afternoon; whereas, both alkenes and ar-
omatics dominated the OH reactivity at the urban site during the day-
time. The OH reactivity was higher during wintertime, which was
dominated by the alkenes among the VOC species at both sites.

AOIe and AOIp presented different seasonal trends at both sites. Al-
though the reduced values in winter were evident for both AOIe and
AOIp, the magnitude of reduction was more significant for AOIp, espe-
cially at the suburban site. As AOIe and AOIp are calculated from
12
different datasets and have different dimensions, the diurnal variations
of normalized AOIe and AOIp were examined, which shared the same
daytime peak but showed significant bias at nighttime. To explore the
possible sources of deviation between AOIe and AOIp, a constrained
photochemical box model based on the MCM (Master Chemical
Mechanism) and a constrained multiphase chemical box model
(RACM-CAPRAM) were used to evaluate AOC budgets and their source
apportionment. Results suggested that unmeasured OVOC species and
missed heterogeneous oxidation processes in the calculation of AOIp
contributed substantially to the underestimation of AOC by AOIp,
which should be taken into consideration in future AOC studies. In addi-
tion, discrepancy between AOIp and AOIe still existed after the addition
of OVOCs and inclusions of heterogeneous oxidation processes, which
may be attributable to the heterogeneous oxidation processes in the for-
mation of SOA that are not yet considered in AOIp, which needs to be
evaluated in future work. Overall, the newly developed AOC index
(AOIe) well reflects the evolution of air pollution and could be used to
air quality administration. Whereas, the underestimation of AOC by
AOIp index highlight the urgent need to incorporate the heterogeneous
mechanism with the photochemical mechanism to better qualify the
atmospheric oxidation capacity.
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