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Abstract. Hydroxyl (OH) radicals, nitrate (NO3) radicals
and ozone (O3) play central roles in the troposphere be-
cause they control the lifetimes of many trace gases that
result from anthropogenic and biogenic origins. To esti-
mate the air chemistry, the atmospheric reactivity and ox-
idation capacity were comprehensively analyzed based on
a parameterization method at a suburban site in Xianghe
in the North China Plain from 6 July 2018 to 6 Au-
gust 2018. The total OH, NO3 and O3 reactivities at the
site varied from 9.2 to 69.6, 0.7 to 27.5 and 3.3× 10−4 to
1.8×10−2 s−1 with campaign-averaged values of 27.5±9.7,
2.2± 2.6 and 1.2± 1.7× 10−3 s−1 (± standard deviation),
respectively. NOx (NO+NO2) was by far the main con-
tributor to the reactivities of the three oxidants, with aver-
age values of 43 %–99 %. Alkenes dominated the OH, NO3
and O3 reactivities towards total nonmethane volatile organic
compounds (NMVOCs), accounting for 42.9 %, 77.8 % and
94.0 %, respectively. The total OH, NO3 and O3 reactivi-

ties displayed similar diurnal variations with the lowest val-
ues during the afternoon but the highest values during rush
hours, and the diurnal profile of NOx appears to be the ma-
jor driver for the diurnal profiles of the reactivities of the
three oxidants. A box model (a model to Simulate the con-
centrations of Organic vapors, Sulfuric Acid and Aerosols;
SOSAA) derived from a column chemical transport model
was used to simulate OH and NO3 concentrations during
the observation period. The calculated atmospheric oxidation
capacity (AOC) reached 4.5× 108 moleculescm−3 s−1, with
a campaign-averaged value of 7.8× 107 moleculescm−3 s−1

dominated by OH (7.7× 107 moleculescm−3 s−1, 98.2 %),
O3 (1.2× 106 moleculescm−3 s−1, 1.5 %) and NO3 (1.8×
105 moleculescm−3 s−1, 0.3 %). Overall, the integration of
OH, NO3 and O3 reactivities analysis could provide useful
insights for NMVOC pollution control in the North China
Plain. We suggest that further studies, especially direct ob-
servations of OH and NO3 radical concentrations and their
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reactivities, are required to better understand trace gas reac-
tivity and AOC.

1 Introduction

In the planetary boundary layer, high concentrations of pri-
mary pollutants, such as carbon monoxide (CO), nitrogen
oxides (NOx = NO+NO2), and volatile organic compounds
(VOCs) from both biogenic and anthropogenic origins, are
transformed by reactions with atmospheric oxidants, such
as hydroxyl (OH) radicals, nitrate (NO3) radicals, chlorine
atoms and ozone (O3) on local to global scales (Atkinson
and Arey, 2003; Heard and Pilling, 2003; Lu et al., 2018;
Wang et al., 2020), with the dominant reaction depending on
the time of day and specific trace gases. Ultimately, these
processes lead to the formation of a series of important sec-
ondary pollutants, including tropospheric O3 and secondary
organic aerosols (SOAs) (Goldstein and Galbally, 2007).

OH radicals control the daytime oxidation capacity of the
atmosphere (Heard and Pilling, 2003), initiating and partici-
pating in many oxidation reaction processes. OH can react by
adding OH groups to or abstracting H from trace gases, such
as CO, NOx , methane (CH4) and nonmethane volatile or-
ganic compounds (NMVOCs) (Kovacs et al., 2003; Sadanaga
et al., 2005). The total OH reactivity, which is equivalent to
the inverse chemical OH lifetime, is the sum of the prod-
ucts of the concentrations and respective reaction rate coeffi-
cients for all gases that react with OH. The online techniques
used to determine OH reactivity include a flow tube with slid-
ing injector method (Kovacs et al., 2003), a comparative rate
method (Sinha et al., 2008) and a laser flash photolysis pump
probe technique (Whalley et al., 2016). Based on these on-
line methods, total OH reactivity values have been measured
in urban, suburban, remote and forest areas during the last
decade. The urban areas investigated include Nashville, USA
(SOS) (Kovacs et al., 2003), New York, USA (PMTACS-
NY2004) (Ren et al., 2006a), Mexico City, Mexico (MCMA-
2003) (Shirley et al., 2006), Houston, USA (TRAMP2006)
(Mao et al., 2010), Paris, France (MEGAPOLI) (Dolgor-
ouky et al., 2012), London, UK (ClearfLo) (Whalley et al.,
2016), Helsinki, Finland (Praplan et al., 2017), Seoul, South
Korea (Kim et al., 2016), and Beijing, China (Yang et al.,
2017). The total OH reactivity in these urban areas ranged
from 1 s−1 in clean air to 200 s−1 in extremely polluted
air, and NOx , CO, formaldehyde (HCHO) and nonmethane
hydrocarbons (NMHCs) were the main contributors (Fer-
racci et al., 2018). The suburban areas investigated include
Whiteface Mountain, USA (PMTACS-NY2002) (Ren et al.,
2006b), Weybourne, UK (TORCH-2) (Lee et al., 2010),
Yufa, China (CAREBeijing-2006) (Lu et al., 2010), Back-
garden, China (PRIDE-PRD) (Lou et al., 2010), Jülich, Ger-
many (HOxComp) (Elshorbany et al., 2012), Ersa, Corsica
(CARBOSOR-ChArMeX) (Zannoni et al., 2017), Po Val-

ley, Italy (Kaiser et al., 2015), the Indo-Gangetic Plain, India
(Kumar et al., 2018), and Heshan, China (Yang et al., 2017).
The total OH reactivity in these suburban areas ranged from
4.6 to 64 s−1. OH reactivity was also modeled by a global
model by Ferracci et al. (2018) and by a box model based
on the Master Chemical Mechanism (MCM) (Whalley et al.,
2016). The calculated total OH reactivity is the sum of the
OH reactivities that are attributed to measured trace gases.
The concentrations (in moleculescm−3) of trace gases and
the reaction rate constants (in cm3 molecule−1 s−1) of these
trace gases with the OH radical are the key factors for com-
puting OH reactivity (Mogensen et al., 2011, 2015). In gen-
eral, the trace gases considered in calculating OH reactivity
include NMVOCs, CH4, CO, NOx , SO2 and O3. As reported,
the contribution from NOx exceeds 50 % for the cities of
Paris, Tokyo, New York and Beijing, showing the large in-
fluence of traffic-related emissions on OH reactivity (Dolgo-
rouky et al., 2012; Ren, 2003; Yang et al., 2017; Yoshino et
al., 2006), but the contribution from NMVOCs reaches 50 %
in Mexico and Houston due to the large quantity of biomass
fuel being burned and high industrial solvent emissions (Mao
et al., 2010; Shirley et al., 2006).

As OH levels are vastly reduced during the nighttime due
to the absence of photolysis, NO3 formed by the slow reac-
tion NO2+O3→ NO3+O2 is the main initiator of nighttime
oxidation chemistry in the troposphere (Asaf et al., 2009;
Geyer et al., 2001). NO3 reacts effectively with unsaturated
NMVOCs, such as certain alkenes or aromatics via additions
to> C= C< double bonds, which can initiate the formation
of peroxyl radicals (HO2 and RO2) and even OH (Geyer et
al., 2001). High NO3 mixing ratios and large reaction rate
constants with several unsaturated NMVOCs result in NO3
being the dominant sink of many unsaturated NMVOCs dur-
ing the nighttime. The role of NO3 as an oxidizing agent can
be assessed via its total reactivity towards trace gases. The
total NO3 reactivity is an indication of nighttime oxidation
rates of trace gases with direct impacts on NOx levels and
indirect impacts on heterogeneous NOx losses and ClNO2
formation (Liebmann et al., 2017). As frequently reported
for total OH reactivity, total NO3 reactivity can be measured
online or calculated by summing the loss rates for a set of
reactive trace gases. Previous works on measured total NO3
reactivity have revealed strong diel variation. For instance,
the total NO3 reactivity obtained in Hyytiälä, Finland, dis-
played strong diel variation, with a campaign-averaged night-
time value of 0.11 s−1 and daytime value of 0.04 s−1 (Lieb-
mann et al., 2018a), but values varied from 0.005 to 0.1 s−1

during the nighttime and reached values as high as 1.4 s−1 in
the daytime in Taunus, Germany (Liebmann et al., 2017).

Along with reactions with OH and NO3 radicals, trace
gases are also oxidized in the troposphere by reactions with
O3. Although most NMVOCs have reaction rates with O3
that are much lower than those with either OH or NO3, O3 is
very important because it is present at elevated mixing ratios
in clean or contaminated atmospheres (Wang et al., 2013).
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The rate constants of the reactions for some alkenes with O3
are even comparable to those with NO3 (Atkinson and Arey,
2003). The total reactivity of O3 with trace gases can reflect
the role of O3 as an oxidizing agent. Direct measurements
of total O3 reactivity were not available until very recently
(Geyer, 2003); hence, the reactivity of O3 has traditionally
been calculated by summing the reactivities due to individual
reactive trace gases. The calculated O3 reactivity obtained in
Pabstthum, Germany, revealed that terpenes (20 %), isoprene
(20 %) and other alkenes (60 %) were the dominant contrib-
utors during the night of 20 and 21 July but arose mainly
(83 %) from nonbiogenic alkenes during the night of 4 and
5 August (Geyer, 2003).

As mentioned above OH radicals, NO3 radicals and O3 re-
act with trace gases via different rate coefficients and mech-
anisms, resulting in profoundly different reactivities. There-
fore, comprehensive evaluations of OH, NO3 and O3 reac-
tivities are key to understanding atmospheric oxidation ca-
pacity and identifying the controlling active species of sec-
ondary pollution in the atmosphere. However, comprehen-
sive evaluations of the total calculated OH, NO3 and O3 re-
activities are scarce in China. In this study, we calculated the
OH, O3 and NO3 reactivities at a suburban site (Xianghe) in
the North China Plain during an intensive measurement cam-
paign in the summer of 2018. By combining simulated OH
and NO3 concentrations using a box model (a model to Sim-
ulate the concentrations of Organic vapors, Sulfuric Acid and
Aerosols; SOSAA), we calculated the oxidation capacities of
OH, NO3 and O3 and estimated their relative contributions.

2 Methodology

2.1 Site description

The sampling site is located at the Xianghe Atmospheric
Observatory (39.798◦ N, 116.958◦ E; 15 m above sea level),
which is operated by the Institute of Atmospheric Physics
(IAP)/Chinese Academy of Sciences (CAS). The sampling
site is a typical suburban site in the seriously polluted
Beijing–Tianjin–Hebei large urban region, which is approxi-
mately 50 km southeast of Beijing, 75 km northwest of Tian-
jin and 35 km northeast of Langfang in Hebei Province. The
sampling site is approximately 4 km west of the downtown
center and is surrounded by residential areas and agricultural
land (see Fig. 1).

2.2 Experimental method

Ambient NMVOCs were collected and analyzed continu-
ously and automatically with a time resolution of 1 h using
a custom-built gas chromatography-mass spectrometry/flame
ionization detection (GC-MS/FID) instrument. The suitabil-
ity of this system for NMVOC measurements is well veri-
fied, and it has been used in several large field campaigns
(Chen et al., 2014; Yuan et al., 2013; Wu et al., 2016). De-

Figure 1. The location of the sampling site, which is marked with
a red dot. The black lines are provincial boundary lines of each
province.

tailed descriptions of the configuration of the GC-MS/FID
system, the detection limits and the precision of NMVOC
measurements can be found in our previous paper (Yang et
al., 2019). CH4 was analyzed by an Agilent 7890A gas chro-
matography (GC) instrument with a flame ionization detector
(FID). HCHO was measured by Hantzsch fluorimetry with a
commercial instrument (AL4021, Aero-Laser GmbH, Ger-
many) (Lu et al., 2019). Air-quality-related trace gases, in-
cluding O3, NO–NO2–NOx , SO2 and CO were measured
by analyzers from Thermo Fisher Scientific, United States.
High-resolution (5 min averages) data sets of O3, NO–NO2–
NOx , SO2 and CO were obtained, and hourly averaged data
were used after applying strict data quality control measures.
HONO mixing ratios were determined using a custom-made
HONO analyzer (Zhang et al., 2019; Tong et al., 2015). The
photolysis frequencies, JO1D, JNO2 and JNO3, in the atmo-
sphere were measured by a PFS-100 photolysis spectrome-
ter – Juguang Technology (Hangzhou) Co., Ltd, Hangzhou,
China. Further details of the measurements of NMVOCs,
CH4, HCHO, trace gases, HONO and photolysis frequencies
can be found in the Supplement. The meteorological param-
eters, including wind speed, wind direction, temperature and
relative humidity, were obtained from the National Meteoro-
logical Information Center (http://data.cma.cn/, last access:
20 August 2018). The sensors are approximately 3000 m
away from the measurement area.

2.3 Atmospheric chemical transport model: SOSAA

SOSAA is a column (or one-dimensional) chemical trans-
port model that was first developed by Boy et al. (2011). A
more detailed description of its newest version can be found
in Zhou et al. (2017a, b). In this study, a box model ver-
sion of SOSAA was used, in which the meteorological vari-
ables, including air temperature, air pressure, relative humid-
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ity and incoming global radiation, were directly read from
the measurement data. The chemistry scheme was gener-
ated by MCM v3.3.1 (http://mcm.leeds.ac.uk/MCMv3.3.1,
last access: 25 March 2020) (Jenkin et al., 1997, 2015;
Saunders et al., 2003) and then converted to Fortran code
with kinetic preprocessor (KPP) (Damian et al., 2002). The
mixing ratios of chemical species included in the chem-
istry scheme, e.g., O3, NO, NO2, SO2, CO, HONO, HCHO,
isoprene and acetone, were read from the measured data
when available. Ten oxygenated VOCs (OVOCs) – acrolein
(ACR), C2H5CHO, methacrolein (MACR), C3H7CHO,
methylvinylketone (MVK), methylethylketone (MEK), 2-
pentanone (MPRK), C4H9CHO, diethylketone (DIEK) and
C5H11CHO – were excluded from the input list, despite
also being measured, because their simulated concentra-
tions were compared with the measurement data to validate
the model performance. Seven photolysis rates (JO1D, JH-
CHO_M, JNO2, JH2O2, JHONO, JNO3_M, JNO3_R) were
also read from the measurement data, and the related photo-
chemical reactions are shown below.

O3→ O2+O1D : JO1D (R1)
HCHO→ H2+CO : JHCHO_M (R2)

NO2→ NO+O3P : JNO2 (R3)
H2O2→ 2OH : JH2O2 (R4)
HONO→ OH+NO : JHONO (R5)
NO3→ NO+O2 : JNO3_M (R6)

NO3→ NO2+O3P : JNO3_R. (R7)

The other photolysis rates were calculated using the incom-
ing global radiation. The deposition velocities of all non-
input species were set to 0.01 ms−1, and the boundary layer
height was assumed to be 1 km (Lu et al., 2013; Zhu et al.,
2020). The simulated OVOCs were also assumed to condense
onto pre-existing aerosols. Their condensation sinks were set
to make their simulated concentrations approach the mea-
surement data. The model time step was set to 10 s, and the
data were output every 0.5 h. All the input data were interpo-
lated to the model time step.

2.4 Speciated oxidant reactivity

Atmospheric oxidant reactivity is a measure of the strength of
the reaction of trace gases with an oxidant (OH, O3 or NO3)
(Kovacs et al., 2003; Mogensen et al., 2015). High oxidant
reactivity values correspond to short lifetimes, and long-lived
species have low reactivities. The total OH, NO3 and O3 re-
activities can be calculated by Eqs. (1)–(3), respectively.

The total OH reactivity=
∑

kOH+NMVOCi [NMVOCi]

+ kOH+CH4 [CH4]+ kOH+CO [CO]
+ kOH+NO [NO]+ kOH+NO2 [NO2]
+ kOH+SO2 [SO2]+ kOH+O3 [O3]
+ . . .

(1)

The total NO3 reactivity=
∑

kNO3+NMVOCi [NMVOCi]

+ kNO3+CH4 [CH4]+ kNO3+NO [NO]
+ kNO3+NO2 [NO2]+ kNO3+SO2 [SO2]
+ . . .

(2)

The total O3 reactivity=
∑

kO3+NMVOCi [NMVOCi]

+ kO3+CH4 [CH4]+ kO3+NO [NO]
+ kO3+NO2 [NO2]+ . . .

(3)

In the above equations, the temperature-dependent reaction
rate coefficients (in cm3 molecule−1 s−1) for OH–NMVOCi
(kOH+NMVOCi ), OH–CO (kOH+CO), NO3–NMVOCi
(kNO3+NMVOCi ) and O3–NMVOCi (kO3+NMVOCi ) are from
Atkinson and Arey (2003), Atkinson et al. (2006, 1983),
Salgado et al. (2008) and MCM v3.3.1 via the website at
http://mcm.leeds.ac.uk/MCM (last access: 25 March 2020).
OH–NO (kOH+NO), OH–NO2 (kOH+NO2 ), OH–SO2
(kOH+SO2 ), OH–O3 (kOH+O3 ), NO3–NO (kNO3+NO), NO3–
NO2 (kNO3+NO2 ), NO3–SO2 (kNO3+SO2 ), O3–NO (kO3+NO)
and O3–NO2 (kO3+NO2 ) are from Atkinson et al. (2004). The
temperature-dependent reaction rate coefficients are listed
in Table S1 in the Supplement. [NMVOCi], [CH4], [CO],
[NO], [NO2], [SO2] and [O3] are the corresponding number
concentrations (in moleculescm−3).

2.5 Atmospheric oxidation capacity (AOC)

The term “oxidation capacity” of an oxidant X (NO3, OH
and O3) is defined as the sum of the respective oxidation rates
of the molecules Yi (NMVOCs, CH4 and CO) (Geyer et al.,
2001).

AOC=
∑
i=1
kYi−X[Yi] [X]=

∑
i=1
R
Yi
X [X] (4)

Here, [Yi] and [X] are number concentrations of molecule
Yi and oxidant X, respectively. kYi−X is the temperature-
dependent reaction rate coefficient of molecule Yi with ox-
idant X. RYiX is the oxidant X reactivity of molecule Yi .
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Figure 2. Time series of meteorology parameters, trace gases, photolysis rates and VOC concentrations during the field campaign at Xianghe
from 6 July to 6 August 2018.

3 Results and discussion

3.1 Overview of measurements

For the data evaluation, all measurements were averaged over
1 h time intervals. The measured concentrations of major pol-
lutants and meteorological parameters at Xianghe are de-
picted in Fig. 2, while the mean diurnal profiles are shown
in Fig. S1 in the Supplement. During the campaign, sunny
weather conditions prevailed with temperatures ranging from
25 to 31◦C during the daytime. Wind data suggested that the
prevailing wind was from the eastern sampling site with a
mean wind speed of 1.0 ms−1 ranging from 0.3 to 1.4 ms−1,

and the average relative humidity was 85 %, reaching up to
96 % during the night (Fig. 2). Campaign-averaged maxi-
mum and minimum SO2 mixing ratios of 3.6 ppb at approxi-
mately 14:00 h (local time, LT) and 2.3 ppb during the night-
time were obtained (Fig. S1a). For JO1D, JNO2 and JNO3,
a similar maximum at ∼ 14:00 h was observed, with maxi-
mum values of 2.1× 10−5, 5.3× 10−3 and 1.3× 10−1 s−1,
respectively (Fig. S1k–m). The maximum JO1D at this site
was comparable with those in Shanghai and Chongqing but
higher than that in Guangzhou and lower than that in Bei-
jing (Tan et al., 2019; Wang et al., 2019). The observed mean
daily maxima of JNO2 at this site were higher than those
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observed in the eastern Mediterranean (Gerasopoulos et al.,
2012) but lower than those in Beijing (Wang et al., 2019).

The diurnal maximum O3 concentration was 72 ppb at this
site (Fig. S1d), which was in line with that observed in Bei-
jing (72 ppb) but higher than those measured in Guangzhou
(65 ppb) and Chongqing (56 ppb) and lower than that ob-
served in Shanghai (80 ppb) (Tan et al., 2019). The O3 pre-
cursors, CO, NOx , CH4 and NMVOCs, are shown in Figs. 2
and S1. The trend of NMVOCs was inversely related to
that of O3. When the NMVOC concentrations in the at-
mosphere accumulates to a certain level, as photochemi-
cal reactions progress, the O3 concentration gradually in-
creases, and the NMVOC concentrations gradually decrease
(Kansal, 2009; Song et al., 2018). CO and NOx showed a
similar diurnal profile with a maximum during rush hour
and a minimum in the afternoon (Fig. S1b and c), sug-
gesting that both CO and NOx originated from the same
source (enhanced traffic emission) and/or were manipulated
by the same factor (e.g., poor dilution conditions). During
the campaign, the average mixing ratio of total NMVOC
was 32.4 ppb, with the highest contributions from alkanes
(13.2 ppb, 40.6 %), followed by OVOCs (12.0 ppb, 37.0 %),
aromatics (4.3 ppb, 13.2 %) and alkenes (3.0 ppb, 9.2 %).
The top 10 NMVOC species (Fig. 3a), in terms of emis-
sions, consisted of HCHO (7.0 ppb), propane (3.7 ppb), ace-
tone (3.2 ppb), ethane (3.2 ppb), n-butane (1.9 ppb), m/p-
xylene (1.6 ppb), iso-pentane (1.3 ppb), ethylene (1.3 ppb),
iso-butane (1.1 ppb) and isoprene (1.0 ppb), accounting for
78.4 % of the total NMVOC concentration. As typical trac-
ers of vehicle-related emissions, propane, ethane, ethene, bu-
tanes and pentanes were present in high concentrations, sug-
gesting that vehicle-related emissions were likely to be the
dominant source of NMVOCs at this site. In addition, the
shape of the diurnal variations in total NMVOCs backed
the presence of vehicle-related emissions, presenting higher
mixing ratios during the early morning and from evening to
midnight, which may be related to enhanced traffic emissions
during rush hours and poor dilution conditions (Yuan et al.,
2009; He et al., 2019; Tan et al., 2019). On the other hand, the
mixing ratios of total NMVOCs began to decrease at 10:00 h
and maintained a broad trough during daytime hours, prob-
ably due to increased photochemical removal processes fa-
voring the destruction of NMVOCs, the elevated planetary
boundary layer (PBL) promoting the dispersion of NMVOCs
and/or reduced NMVOC emissions reducing the levels of
NMVOCs (He et al., 2019; Zheng et al., 2018). In contrast,
the OVOC concentrations (Fig. S1i) increased from a min-
imum near sunrise and reached a maximum in the late af-
ternoon, reflecting the accumulation of OVOCs during the
photochemically active period of the day and illustrating the
time profile of the formation of secondary species (Yuan et
al., 2012).

3.2 Reactivities of OH, NO3 and O3

3.2.1 OH reactivity

The OH reactivity of trace gases was categorized into SO2,
CO, O3, NOx , CH4 and total NMVOCs, which were grouped
into alkanes, alkenes, aromatics and OVOCs (Table S1 lists
the NMVOCs included in each group), as shown in Fig. 4a
and b. The total OH reactivity was between 9.2 and 69.6 s−1,
with an average of 27.5±9.7 s−1 (± standard deviation). Sta-
tistically, the average total OH reactivity was much higher
than those determined in Beijing (16.4 s−1 and 20± 11 s−1)
(Tan et al., 2019; Yang et al., 2017), Shanghai (13.5 s−1)
(Tan et al., 2019), Chongqing (17.8 s−1) (Tan et al., 2019),
Jinan (19.4±2.1 s−1) (Lyu et al., 2019), Wangdu (10–20 s−1)
(Fuchs et al., 2017), Houston (9–22 s−1) (Mao et al., 2010),
London (18.1 s−1) (Whalley et al., 2016) and Nashville
(11.3± 4.8 s−1) (Kovacs et al., 2003) but was comparable
to or lower than those in Heshan (31± 20 s−1) (Yang et al.,
2017), Backgarden (mean maximum value of 50 s−1) (Lou
et al., 2010) and New York (25 s−1) (Ren et al., 2006b). The
OH reactivity towards SO2, CO and NOx was higher than
the values reported in various Chinese cities (Xu et al., 2011;
Zhu et al., 2020; Liu et al., 2009) (Table 1). It should be noted
that the OH reactivity in this study was calculated from the
sum of the products of measured species and their rate coef-
ficients for reactions with OH and does not involve species
that were not measured, such as monoterpenes and alcohols.
Previous studies have shown that there are some discrepan-
cies between the actual measured values and the calculated
values of OH reactivity, which may be attributed to miss-
ing OH reactivity that originates from VOC oxidation prod-
ucts of both biogenic and anthropogenic origin (Di Carlo et
al., 2004; Dolgorouky et al., 2012; Yoshino et al., 2006; Zhu
et al., 2020). Therefore, the OH reactivity calculated in this
study is somewhat underestimated.

The total OH reactivity was mainly contributed by NOx
(12.0± 7.1 s−1, 43.7 %), followed by NMVOCs (7.9±
4.8 s−1, 28.5 %), CO (7.2±2.6 s−1, 26.0 %) and CH4 (0.3±
0.1 s−1, 1.3 %) and to a lesser extent by SO2 and O3 (0.2±
0.1 s−1, 0.6 %), indicating the strong influence of anthro-
pogenic emissions in Xianghe. The majority of total OH re-
activity values were below 30 s−1, as seen in the frequency
distribution, which was dominated by the sum of low-OH-
reactivity contributions and less influenced by single com-
pounds with high OH reactivity (Fig. S2a–f). Specifically, the
cumulative frequency distribution (Fig. S3a) clearly showed
that the OH reactivity at values > 40 s−1 was dominated en-
tirely by OH reactivity towards NOx , and the OH reactivity at
values from 20–40 s−1 was nearly completely dominated by
OH reactivity towards NOx and total NMVOCs. In general,
the frequency distributions and cumulative frequency distri-
butions of OH reactivity highlighted the necessity of consid-
ering a large number of species to obtain a better understand-
ing of OH reactivity.
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Figure 3. The top 10 NMVOCs’ contribution to (a) total NMVOC concentration, (b) OH reactivity, (c) NO3 reactivity and (d) O3 reactivity
during the field campaign at Xianghe from 6 July to 6 August 2018.

Figure 4. The time series of (a, b) OH reactivity, (c, d) NO3 reactivity and (e, f) O3 reactivity during the field campaign at Xianghe from
6 July to 6 August 2018.
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The OH reactivity towards total NMVOCs was 7.9±
4.8 s−1, which was much lower than those in Beijing
(11.2 s−1) and Heshan (18.3 s−1) (Yang et al., 2017) due to
the higher content of reactive hydrocarbons (e.g., alkenes
and aromatics) in Beijing and Heshan and due to the un-
measured species (e.g., acetaldehyde) in this study. Alkenes
(3.4±3.7 s−1, 42.9 %) dominated over OVOCs (2.4±1.5 s−1,
30.2 %), aromatics (1.5±1.7 s−1, 18.6 %) and alkanes (0.7±
0.5 s−1, 8.3 %) in the OH reactivity towards total NMVOCs.
The majority of the values of OH reactivity towards total
NMVOCs were below 13 s−1 (Fig. S4a–d). The cumula-
tive frequency distribution showed that the OH reactivity to-
wards total NMVOCs at values of > 6 s−1 was dominated
by OH reactivity towards alkenes, aromatics and OVOCs
and that the OH reactivity towards total NMVOCs at values
of < 6 s−1 was dominated by OH reactivity towards alka-
nes (Fig. S5). Alkanes accounted for > 50 % of the mix-
ing ratio of NMVOCs but only 8.3 % of the OH reactiv-
ity towards total NMVOCs. In contrast, aromatics, alkenes
and OVOCs accounted for 44.6 % of the mixing ratio of
NMVOCs, providing 91.7 % of the OH reactivity towards to-
tal NMVOCs. Significantly, isoprene accounted for only 4 %
of the mixing ratio of NMVOCs but provided 31.2 % of the
OH reactivity towards total NMVOCs. This result was ex-
plained by (1) the relatively low concentration of aromat-
ics, alkenes, and OVOCs measured during the campaign;
(2) the relatively high concentration of isoprene; and (3) the
generally large isoprene reaction rate coefficient with OH
(101× 10−12 cm3 molecule−1 s−1) (Atkinson et al., 2006).
The top 10 species, in terms of OH reactivity towards total
NMVOCs, consisted of isoprene, HCHO, m/p-xylene, ethy-
lene, hexanal, o-xylene, propylene, styrene, MACR and cis-
2-butene (Fig. 3b). These species contributed only 39.1 % to
NMVOC emissions but accounted for 80.3 % of OH reactiv-
ity towards total NMVOCs. As shown in Table 1, the OH
reactivity towards the speciated NMVOCs in this study was
basically within the values reported in various Chinese cities
(Tan et al., 2019; Xu et al., 2011; Yang et al., 2017; Zhu et
al., 2020).

The mean diurnal profiles of the OH reactivity of trace
gases and NMVOCs are presented in Figs. 5a–f and 6a–d, re-
spectively. In general, the total OH reactivity was the lowest
in the afternoon and the highest during rush hours, reaching
a maximum of 33.0 s−1 during the morning rush hour and a
nighttime peak of 30.5 s−1 (Fig. 5a). Most campaigns have
also reported slightly higher OH reactivity in the morning
traffic rush hour, which can be explained by higher levels of
reactive gases such as NO and NMVOCs due to heavy traf-
fic, as well as slower reactions (Fuchs et al., 2017; Yang et al.,
2016). A similar diurnal profile was also observed for contri-
butions from NOx , CO, alkane and aromatic species, which
are typically connected to emissions from anthropogenic ac-
tivities. The shape of the total OH reactivity diurnal pattern
was slightly shifted in the direction of OH reactivity towards
NOx , strengthening the idea that the local pollution in Xi-

anghe was possibly impacted by traffic emissions. However,
a different diurnal behavior to that of the above species was
observed for alkenes (Fig. 6b) and OVOCs (Fig. 6d), which
are emitted by plants or produced photochemically. The OH
reactivity from OVOCs increased by a factor of approxi-
mately 2 from nighttime to daytime, suggesting that during
the daytime, dilution or chemical removal had a weaker influ-
ence on the observed OVOCs than fresh production by pho-
tochemistry. The opposite diurnal variation was reported in
Wangdu, which showed a weak diurnal variation with a de-
crease by a factor of approximately 2 from the morning to
the evening (Fuchs et al., 2017). The diurnal profile of OH
reactivity towards isoprene appears to be the major driver
for the diurnal profile of OH reactivity towards alkenes. Bio-
genic isoprene is dependent on temperature and light inten-
sity (Chang et al., 2014), and anthropogenic isoprene is pre-
dominantly emitted by road traffic (Ye et al., 1997); hence,
the OH reactivity from alkenes increased during the daytime,
with a morning peak of 4.1 s−1 at 09:00 h and a nighttime
peak of 7.4 s−1 at 18:00 h. Many rainforest campaigns have
also reported a significant diurnal pattern with higher OH re-
activity from alkenes and OVOCs at noontime or a maximum
at the beginning of the night (Yang et al., 2016). Notably, the
large amplitude of the standard deviation bars highlighted the
large diel variability.

3.2.2 NO3 reactivity

The NO3 reactivity of trace gases was categorized into SO2,
NOx , CH4 and NMVOCs, as shown in Fig. 4c and d. The
campaign-averaged values of total NO3 reactivity were 2.2±
2.6 s−1, ranging from 0.7 to 27.5 s−1. The average total NO3
reactivity was much higher than those determined during the
IBAIRN campaign (Liebmann et al., 2018a) and at a rural
mountain site (988 m a.s.l.) in southern Germany in 2017
(Liebmann et al., 2018b) due to higher contributions from
NOx . We noted that NOx was by far the main contributor to
the total NO3 reactivity, representing 99 % of the total NO3
reactivity on average. NO exhibited the most prominent con-
tribution to the total NO3 reactivity and represented an av-
erage of 78.0 % of the total NO3 reactivity. In contrast to
NO, NO2 had a maximum contribution during the nighttime
and represented, on average, 27 % of the total NO3 reactiv-
ity. The NO3 reactivity towards CH4, NMVOCs and SO2 was
very minor, accounting for no more than 1 % of the total NO3
reactivity over the whole campaign. The majority of the to-
tal NO3 reactivity values were below 3 s−1, but values below
5.5×10−5, 0.1, 3 and 1×10−8 s−1 were observed for NO3 re-
activity towards CH4, total NMVOCs, NOx and SO2, respec-
tively, as seen in the frequency distribution (Fig. S2g–k). The
cumulative frequency distribution clearly showed that the to-
tal NO3 reactivity at low and high values was entirely domi-
nated by NO3 reactivity towards SO2 and NOx , respectively
(Fig. S3b). In total, the frequency distributions and cumula-
tive frequency distributions of NO3 reactivity highlighted the
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Table 1. Comparison of speciated OH reactivity with former studies in China.

Species This study Beijinga Shangdianzia Heshanb Guangzhouc Chongqingc Beijingd Shanghaie

CH4 0.346 0.34
Ethane 0.019 0.01 0.01 0.023 0.24 0.59
Propane 0.100 0.32 0.10 0.081
iso-Butane 0.058 0.45 0.12 0.075
n-Butane 0.111 0.09 0.08 0.104
Cyclopentane 0.001 0.08 0.03 0.011
iso-Pentane 0.119 1.18 0.25 0.168
n-Pentane 0.067 0.60 0.16 0.136
2,2-Dimethylbutane 0.002 0.08 0.08 0.003
2,3-Dimethylbutane 0.017 0.23 0.11 0.013
2-Methylpentane 0.016 0.56 0.10 0.077
3-Methylpentane 0.018 0.44 0.10 0.047
n-Hexane 0.020 0.60 0.08 0.055
2,4-Dimethylpentane 0.001 0.069
Methylcyclopentane 0.019 0.49 0.07 0.024
2-Methylhexane 0.003 0.22 0.04 0.035
2,3-Dimethylpentane 0.001 0.00 0.007
Cyclohexane 0.048 0.26 0.05 0.015
3-Methylhexane 0.004 0.28 0.05 0.039
2,2,4-Trimethylpentane 0.002 0.04 0.01 0.036
n-Heptane 0.006 0.24 0.04 0.033
Methylcyclohexane 0.003 0.25 0.03 0.015
2,3,4-Trimethylpentane 0.001 0.03 0.01 0.031
2-Methylheptane 0.002 – 0.00 0.007
3-Methylheptane 0.001 0.11 0.03 0.007
n-Octane 0.004 0.38 0.11 0.014
Nonane 0.004 0.19 0.03 0.010
n-Decane 0.003 0.008
n-Undecane 0.002 0.006
Ethylene 0.273 0.35 0.18 0.617 0.29 0.73
Propylene 0.202 4.86 1.00 0.464 0.40 0.52
trans-2-Butene 0.067 1.98 0.31 0.063
1-Butene 0.100 1.65 0.73 0.077
cis-2-Butene 0.145 1.33 0.32 0.084
1,3-Butadiene 0.034 – – –
1-Pentene 0.023 0.50 0.22 1.136
trans-2-Pentene 0.006 0.64 0.13 0.066 0.31 0.26
cis-2-Pentene 0.034 1.20 0.29 0.080
Isoprene 2.463 5.59 2.81 0.862 0.31 0.92
1-Hexene 0.007 – – 0.018
HCHO 1.797 1.153
Acrolein 0.027 0.009
Propanal 0.067 0.139
Acetone 0.013 0.010
Methyl tert-butyl ether 0.009 –
Methacrolein 0.146 0.072
n-Butanal 0.024 0.059
Methylvinylketone 0.138 0.039
Methylethylketone 0.014 0.020
2-Pentanone 0.001 0.001
Pentanal 0.042 0.028
3-Pentanone 0.001 0.002
Hexanal 0.247 0.055
Benzene 0.017 0.34 0.13 0.030
Toluene 0.092 2.22 0.39 0.518 0.73 0.15
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Table 1. Continued.

Species This study Beijinga Shangdianzia Heshanb Guangzhouc Chongqingc Beijingd Shanghaie

Ethylbenzene 0.085 0.88 0.18 0.188
m/p-Xylene 0.749 3.05 0.43 0.754 0.74 0.31
o-Xylene 0.216 0.93 0.12 0.194 0.35 0.10
Styrene 0.193 0.34 014 0.900 0.26 0.16
Isopropylbenzene 0.002 0.04 0.01 0.004
n-Propylbenzene 0.002 0.25 0.16 0.004
m-Ethyltoluene 0.016 0.026
p-Ethyltoluene 0.013 0.027
1,3,5-Trimethylbenzene 0.031 2.90 1.08 0.042
o-Ethyltoluene 0.006 0.018
1,2,4-Trimethylbenzene 0.028 0.080 0.16 0.17
1,2,3-Trimethylbenzene 0.008 0.028
CO 7.196 6.90 5.37 9.13 3.15
NO 2.139 0.58 0.78
NO2 9.947 4.08 2.87
SO2 0.088 0.33
O3 0.076

a Xu et al. (2011). b Yang et al. (2017). c Tan et al. (2019). d Liu et al. (2009). e Zhu et al. (2020).

necessity of considering a large number of species to obtain
a complete picture of NO3 reactivity.

The NO3 reactivity towards total NMVOCs was 2.4±
3.0×10−2 s−1 on average, with a minimum of 1.1×10−3 s−1

and a maximum of 0.3 s−1. The largest fraction of at-
tributed NO3 reactivity towards total NMVOCs was pro-
vided by alkenes (77.8 %), followed by aromatics (20.7 %)
and OVOCs (1.3 %). The measured alkanes played virtu-
ally no role in NO3 reactivity towards total NMVOCs, al-
though they accounted for more than 50 % of the mixing ra-
tio of NMVOCs. This result can be largely explained by the
fact that the reaction rate coefficients of alkenes, aromatics
and OVOCs with NO3 are 1–5 orders of magnitude higher
than the alkane reaction rate coefficients with NO3 (Atkin-
son and Arey, 2003; Atkinson et al., 2006). The majority
of the NO3 reactivity values towards alkanes, alkenes, aro-
matics and OVOCs were below 5.0× 10−5, 0.1, 1.0× 10−2

and 1.0× 10−3 s−1, respectively (Fig. S4e–f). The cumula-
tive frequency distribution showed that the NO3 reactivity
towards total NMVOCs at values of > 0.1 s−1 was entirely
dominated by NO3 reactivity towards alkenes, the NO3 reac-
tivity towards total NMVOCs at values from 0.01 to 0.1 s−1

was dominated by NO3 reactivity towards alkenes and aro-
matics, and the NO3 reactivity towards total NMVOCs at
values of < 1.0× 10−5 s−1 was entirely dominated by NO3
reactivity towards alkanes (Fig. S6). The top 10 species
in terms of NO3 reactivity towards total NMVOCs con-
sisted of isoprene, styrene, cis-2-butene, trans-2-butene, cis-
2-pentene, hexanal, HCHO, propylene, 1,3-butadiene and
trans-2-pentene (Fig. 3c). These species contributed only
27.7 % to NMVOC emissions but accounted for 99.2 % of
the NO3 reactivity towards total NMVOCs.

Total NO3 reactivity displayed a weak diel variation,
with a campaign-averaged morning peak value of 4.0 s−1 at
06:00–07:00 h (Fig. 5g). The diurnal profile of NO3 reactiv-
ity towards NOx (Fig. 5i) appears to be the major driver for
the diurnal profile of total NO3 reactivity. The morning peak
value of total NO3 reactivity could be explained by the ac-
cumulation of NOx due to traffic emissions that are released
into the shallow nocturnal boundary layer during the morning
rush hours. In contrast, the average diurnal profile of NO3 re-
activity towards total NMVOCs (Fig. 5k) had a maximum at
18:00 h, which was slightly shifted in the direction of NO3 re-
activity towards alkenes (Fig. 6j). The evening peak value of
NO3 reactivity towards total NMVOCs could be accounted
for by the accumulation of alkenes due to vegetation emis-
sions and traffic emissions that are released into the shal-
low nocturnal boundary layer. NO3 reactivity towards alka-
nes (Fig. 6e), alkenes (Fig. 6f), aromatics (Fig. 6g), OVOCs
(Fig. 6h) and SO2 (Fig. 5h) played virtually no role in the
diurnal variations in total NO3 reactivity and NO3 reactivity
towards total NMVOCs but exhibited a more distinct diurnal
profile.

3.2.3 O3 reactivity

The O3 reactivity of trace gases was categorized into NOx ,
CH4 and total NMVOCs, as shown in Fig. 4e and f. The
total O3 reactivity at the site varied between a minimum
of 3.3× 10−4 s−1 and a maximum of 1.8× 10−2 s−1 and
was 1.2±1.7×10−3 s−1 on average. NO exhibited the most
prominent contribution to the total O3 reactivity and repre-
sented > 99 % of the total O3 reactivity on average, whereas
nearly all other contributions were < 1 %. This result can
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Figure 5. Mean diurnal variations in (a–f) OH reactivity, (g–k) NO3 reactivity and (l–o) O3 reactivity of trace gases during the field campaign
at Xianghe from 6 July to 6 August 2018.

be largely accounted for by the generally large NO reaction
rate coefficients with O3 (1.8× 10−14 cm3 molecule−1 s−1)
(Atkinson et al., 2006), which are several orders of magni-
tude higher than the reaction rate coefficients of NO2, alka-
nes, alkenes, aromatics and OVOCs with NO3 (Atkinson et
al., 2006; Atkinson and Arey, 2003; Yuan et al., 2013; Fer-
racci et al., 2018; Jenkin et al., 2015). The majority of the
total O3 reactivity values were below 2× 10−3 s−1, but val-
ues below 5.5× 10−10, 2× 10−6 and 2× 10−3 s−1 were ob-
served for the O3 reactivity towards CH4, total NMVOCs
and NOx , respectively, as seen in the frequency distribution
(Fig. S2l–o). The cumulative frequency distribution clearly
showed that the total O3 reactivity at low and high values
was entirely dominated by O3 reactivity towards CH4 and
NOx , respectively (Fig. S3c). Generally, the frequency dis-
tributions and cumulative frequency distributions of O3 reac-
tivity highlight the necessity of considering a large number
of species to obtain a complete picture of O3 reactivity.

The O3 reactivity towards total NMVOCs was 1.1±0.8×
10−6 s−1 on average, ranging from a minimum of 2.5×
10−7 s−1 to a maximum of 1.0× 10−5 s−1. Alkenes clearly
dominated the O3 reactivity towards total NMVOCs, with a
campaign-averaged contribution of 94.0 %. Aromatics were
the second largest contributor, comprising an average of
5.2 % of the O3 reactivity towards total NMVOCs. In com-
parison, OVOCs accounted for only 0.8 % of the O3 reactiv-
ity towards total NMVOCs. In contrast, the measured alka-
nes played nearly no role in the O3 reactivity towards to-
tal NMVOCs due to their small reaction rate coefficients
with O3 (< 1.0× 10−23 cm3 molecule−1 s−1) (Atkinson and
Arey, 2003; Atkinson et al., 2006). The majority of the O3
reactivity values towards alkanes, alkenes, aromatics and
OVOCs were below 5.0× 10−12, 3.0× 10−6, 2.0× 10−7

and 2.0× 10−8 s−1, respectively (Fig. S4i–l). The cumula-
tive frequency distribution (Fig. S7) clearly showed that the
O3 reactivity towards total NMVOCs at > 1.0× 10−7 s−1

was dominated by O3 reactivity towards alkenes and aro-
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Figure 6. Mean diurnal variations in OH reactivity (a–d), NO3 reactivity (e–h) and O3 reactivity (i–l) of NMVOC groups during the field
campaign at Xianghe from 6 July to 6 August 2018.

matics; the O3 reactivity towards total NMVOCs between
1.0× 10−9 and 1.0× 10−7 s−1 was dominated by O3 reac-
tivity towards alkenes, aromatics and OVOCs, and the O3
reactivity towards NMVOCs < 1.0× 10−11 s−1 was entirely
dominated by O3 reactivity towards alkanes. In terms of in-
dividual species, isoprene, cis-2-butene, trans-2-butene, cis-
2-pentene, propylene, styrene, ethylene, 1-butene, trans-2-
pentene and 1-pentene were the top 10 species (Fig. 3d),
accounting for 28 %, 25 %, 20 %, 8 %, 7 %, 5 %, 5 %, 3 %,
2 % and 1 %, respectively, of the O3 reactivity towards total
NMVOCs and 3.1 %, 0.3 %, 0.1 %, 0.1 %, 1 %, 0.4 %, 4.1 %,
0.4 %, 0.1 % and 0.1 %, respectively, of the total NMVOC
emissions.

Compared with the OH and NO3 reactivities, O3 reac-
tivity displayed a much weaker diel variation, especially
the O3 reactivity towards alkenes and aromatics, as shown
in Figs. 5 and 6. This weakness can be explained by the
following reasons. First, for a given species, the reaction
rate coefficients with O3 were much smaller than the cor-
responding reaction rate coefficients with OH and NO3.
For example, the ethylene reaction rate coefficients with

OH (8.52× 10−12 cm3 molecule−1 s−1) and NO3 (2.05×
10−16 cm3 molecule−1 s−1) are 6 and 2 orders of magnitude
higher, respectively, than the ethylene reaction rate coef-
ficient with O3 (1.59× 10−18 cm3 molecule−1 s−1) (Atkin-
son and Arey, 2003; Atkinson et al., 2006). Second, the
high-emission species reaction rate coefficients with O3
are smaller than the low-emission species reaction rate
coefficients with O3. For instance, the m/p-xylene (one
of the top five species in terms of emissions) reaction
rate coefficient with O3 (< 1.0×10−20 cm3 molecule−1 s−1)
are much smaller than the 1-hexene (one of the bot-
tom five emissions species) reaction rate coefficients with
O3 (1.13× 10−17 cm3 molecule−1 s−1) (Atkinson and Arey,
2003; Atkinson et al., 2006). The above two factors largely
weaken the diurnal variation in O3 reactivity.

3.3 Implications for OH, NO3 and O3 reactivity-based
NMVOC control strategies

Table 2 lists the top 10 NMVOC species (excluding iso-
prene) in terms of concentration and OH, NO3, and O3 re-
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Table 2. The top 10 NMVOC species in terms of concentration (ppb, first column), OH reactivity (s−1, second column), NO3 reactivity (s−1,
third column), and O3 reactivity (s−1, fourth column) and their corresponding contributions to concentration, OH, NO3, and O3 reactivity
towards NMVOCs (%). Bold values denote the top 10 NMVOC species in terms of concentration, OH reactivity, NO3 reactivity and O3
reactivity.

First column Second column

Species Concentration OH NO3 O3 Species Concentration OH NO3 O3
reactivity reactivity reactivity reactivity reactivity reactivity

HCHO 22.3 30.3 1.5 0.2 HCHO 22.3 30.3 1.5 0.2
Propane 11.8 1.9 0.1 0.0 m/p-Xylene 5.1 14.0 0.1 0.0
Acetone 10.2 0.3 0.0 0.1 Ethylene 4.2 5.0 0.1 6.1
Ethane 6.0 0.4 0.0 0.0 Hexanal 1.1 4.6 1.9 0.0
n-Butane 5.1 2.1 0.0 0.1 o-Xylene 2.1 4.0 0.1 0.0
m/p-Xylene 4.3 14.0 0.1 0.1 Propylene 1.0 3.7 1.0 9.0
iso-Pentane 4.2 2.2 0.1 0.1 Styrene 0.4 3.6 70.2 6.6
Ethylene 4.4 5.0 0.1 6.1 Methacrolein 0.7 2.7 0.2 0.7
iso-Butane 3.5 1.1 0.0 0.0 cis-2-Butene 0.3 2.7 11.2 33.0
n-Pentane 2.3 1.3 0.0 0.0 Methylvinylketone 0.9 2.6 0.1 0.0

Third column Fourth column

Species Concentration OH NO3 O3 Species Concentration OH NO3 O3
reactivity reactivity reactivity reactivity reactivity reactivity

Styrene 0.4 3.6 70.2 6.6 cis-2-Butene 0.3 2.7 11.2 33.0
cis-2-Butene 0.3 2.7 11.2 33.0 trans-2-Butene 0.2 1.3 6.6 26.5
trans-2-Butene 0.2 1.3 6.6 26.5 cis-2-Pentene 0.1 0.8 3.5 10.3
cis-2-Pentene 0.1 0.8 3.5 10.3 Propylene 1.0 3.7 1.0 9.0
Hexanal 1.1 4.6 1.9 0.0 Styrene 0.4 3.6 70.2 6.6
HCHO 22.3 30.3 1.5 0.2 Ethylene 4.2 5.0 0.1 6.1
Propylene 1.0 3.7 1.0 9.0 1-Butene 0.4 1.9 0.6 3.6
1,3-Butadiene 0.1 0.6 0.7 0.4 trans-2-Pentene 0.0 0.1 0.6 2.2
trans-2-Pentene 0.0 0.1 0.6 2.2 1-Pentene 0.1 0.4 0.2 0.9
1-Butene 0.4 1.9 0.6 3.6 Methacrolein 0.7 2.7 0.2 0.7

activities and their corresponding contributions to concentra-
tions and OH, NO3, and O3 reactivities. The order of the ma-
jor OH, NO3 and O3 reactivity-contributing species differed
significantly from that of concentration-contributing species.
Therefore, NMVOC control strategies based on OH, NO3
and O3 reactivities differ significantly from those based on
concentrations.

From the perspective of concentration, HCHO, propane,
acetone, ethane, n-butane, m/p-xylene, iso-pentane, ethylene,
iso-butane and n-pentane should be targeted. If these 10
species were fully controlled, it would lead to an NMVOC
concentration reduction of 79.9 % with OH, NO3 and O3 re-
activity reductions of only 58.4 %, 2.1 % and 6.4 %, respec-
tively. These species are mainly from fuel combustion and
vehicle exhaust (Song et al., 2018; Liu et al., 2017); hence,
from the perspective of the current emission-based limits,
we recommend that the priorities for the control of NMVOC
sources include fuel combustion and vehicle exhaust.

From the perspective of OH reactivity, HCHO, m/p-
xylene, ethylene, hexanal, o-xylene, propylene, styrene,
MACR, cis-butene and MVK were the key species. If the
releases of these compounds were reduced to zero without
any offset, OH reactivity would be reduced by 73.3 % with
an NMVOC concentration reduction of 38.1 %, a NO3 re-

activity reduction of 86.4 % and O3 reactivity reduction of
55.7 %. From the perspective of NO3 reactivity, the top 10
NMVOC species consisted of styrene, cis-2-butene, trans-
2-butene, cis-2-pentene, hexanal, HCHO, propylene, 1,3-
butadiene, trans-2-pentene and 1-butene. If the concentra-
tions of these species were completely eliminated, it would
reduce NO3 reactivity by 97.8 % with an NMVOC con-
centration reduction of 25.8 %, an OH reactivity reduction
of 49.7 % and an O3 reactivity reduction of 91.8 %. From
the perspective of O3 reactivity, cis-2-butene, trans-2-butene,
cis-2-pentene, propylene, styrene, ethylene, 1-butene, trans-
2-pentene, 1-pentene and MACR should be the key targets
for control. If the concentrations of these compounds were
reduced to zero without any offset, it would lead to an O3 re-
activity reduction of 98.9 % with an NMVOC concentration
reduction of 7.3 %, an OH reactivity reduction of 22.3 % and
a NO3 reactivity reduction of 94.2 %. The top 10 species as-
sociated with OH, NO3 and O3 reactivities are mainly from
traffic-related emissions, industry and solvent usage (Song
et al., 2018; Liu et al., 2017; Chen et al., 2014). Therefore,
in terms of reactivity-based limits, we recommend that the
priorities for the control of NMVOC sources include traffic-
related emissions, industry and solvent usage.
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Clearly, species with large concentrations do not neces-
sarily have high OH, NO3 and O3 reactivities, and a small
concentration reduction can result in a maximum reduction
in reactivity. The key NMVOC species in terms of OH, NO3
and O3 reactivities also differed from each other. However,
reducing the concentrations of propylene, styrene and cis-2-
butene may likely achieve a win-win-win situation. Although
the above comparisons were made under the assumption that
concentrations would be significantly reduced, it is obvious
that OH, NO3 and O3 reactivity-based control strategies are
more efficient than concentration-based policies in terms of
reducing NMVOC pollution. Overall, the combined integra-
tion and comparison of OH, NO3 and O3 reactivities towards
NMVOCs could provide useful suggestions for VOC pollu-
tion control in the North China Plain.

3.4 AOC

3.4.1 Modeling OVOCs, OH, HO2, RO2 and NO3 by
SOSAA

With the appropriate setup of the condensation sinks
for the 10 calculated OVOCs (ACR, C2H5CHO, MACR,
C3H7CHO, MVK, MEK, MPRK, C4H9CHO, DIEK and
C5H11CHO), the modeled diurnal mean pattern generally
followed the measured pattern within 1 standard deviation
of the measurement data, although the model underesti-
mated measurements, predicting values of less than 1 ppb
from 19:00 to 24:00 h (Fig. S8a). With the inclusion of in-
put MTBE (methyl tert-butyl ether) and CH3COCH3 (ace-
tone), which constituted more than 50 % of the total OVOCs,
the modeled total OVOC concentration agreed better with
the measurements than expected (Fig. S8b). The modeled di-
urnal median number concentrations of OH, HO2 and RO2
showed an apparent diurnal pattern with peaks during mid-
day and values approaching zero during night, which re-
sulted from the dependence of their chemical production
reactions on incoming solar radiation (Fig. S9a, b and c).
The midday time (12:00–16:00 h) median number concen-
trations of OH, HO2 and RO2 were 1.2× 107, 5.9× 108 and
3.7× 108 molecules cm−3, respectively, which were compa-
rable to previous studies (Tan et al., 2017). The diurnal vari-
ation of in the hourly median NO3 concentration showed
two peaks which were consistent with the high chemical
production from NO2+O3 (Fig. S9d). Figure S10 shows
the relationship between the modeled OH number concen-
tration and the measured JO1D. The coefficient of determi-
nation (R2) was 0.86, and the linear regression fit showed
that the slope was 6.1× 1011 cm−3 s−1 and the intercept was
0.9× 106 cm−3. These values were comparable to Tan et
al. (2017), except that the slope here was approximately 36 %
higher than the observed fit in Tan et al. (2017).

3.4.2 Overall characteristics of AOC

The loss rates of NMVOCs, CH4 and CO via reactions
with OH, O3 and NO3 were calculated. The calculated AOC
was up to 4.5× 108 moleculescm−3 s−1, with a campaign-
averaged value of 7.8×107 moleculescm−3 s−1, daytime av-
erage (06:00–18:00 h) of 1.4× 108 moleculescm−3 s−1 and
nighttime average of 6.7×106 moleculescm−3 s−1. As such,
the total number of NMVOC, CH4 and CO molecules de-
pleted during the daytime and nighttime were, respectively,
6.0× 1012 and 2.9× 1011 per cm−3 of air. These AOC lev-
els were higher than those determined at the Tung Chung air
quality monitoring station (Xue et al., 2016), a polluted area
in Santiago, Chile (Elshorbany et al., 2009), and Hong Kong
Polytechnic University’s air monitoring station at Hok Tsui
(Li et al., 2018).

Comparisons of the AOC values calculated from OH, O3,
and NO3 and the corresponding oxidation concentrations are
shown in Fig. 7. The OH and NO3 radical concentrations
were simulated by the SOSAA box model. The AOC cal-
culated from OH, O3 and NO3 correlated well with the cor-
responding oxidation concentrations, with correlation coef-
ficients (r) of 0.91, 0.83 and 0.57, respectively, suggesting
that the parameterized AOC here was consistent with that ob-
tained using radical concentration to indicate AOC. Specif-
ically, the average oxidation capacities of OH, O3 and NO3
radicals throughout the entire campaign were 7.7×107, 1.2×
106 and 1.8× 105 moleculescm−3 s−1, representing 98.2 %,
1.5 % and 0.3 % of the total oxidation capacity, respectively.
The total number of depleted molecules per day due to oxi-
dation by OH, O3 and NO3 was 6.6× 1012, 1.0× 1011 and
1.5× 1010 moleculescm−3, respectively; these values were
slightly higher than those assessed in a polluted area in San-
tiago, Chile (Elshorbany et al., 2009). Accordingly, OH radi-
cals are the driving force of AOC in Xianghe, especially dur-
ing the daytime. Figure 8 shows a comparison of the oxida-
tion capacities of OH, O3 and NO3. On average, the rela-
tive contribution of O3 and NO3 oxidation capacities when
integrated over 24 h was less than 4 % (Fig. 8a–c). OH is
the only oxidant of CO in the troposphere. As expected, OH
was responsible for 99 % of the oxidation capacity regarding
NMVOCs, CH4 and CO during the daytime (Fig. 8d). The
relative contribution of OH to oxidation capacity decreased
to 98 % when restricting the calculation to NMVOC fami-
lies alone (Fig. 8e). Focusing on the oxidation of unsaturated
NMVOCs, OH was the dominant oxidant with a relative pro-
portion of approximately 97 % (Fig. 8f). Note that the influ-
ence of NO3 and O3 on the oxidation of CO and VOCs can
be neglected during the daytime. However, elevated relative
contributions of O3 and NO3 to oxidation capacity can be
observed during the nighttime. As expected, O3 and NO3 ac-
counted for 10 % and 2 %, respectively, of the oxidation ca-
pacity with respect to NMVOCs, CH4 and CO (Fig. 9g), but
19 % and 3 % of NMVOC families alone (Fig. 8h) occurred
at night. Focusing on the oxidation of unsaturated NMVOCs,
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Figure 7. Comparisons of calculated AOC by (a) modeled OH, (b) measured O3 and (c) modeled NO3 along with corresponding oxi-
dation concentrations. Panels (a)–(c) show the time series, and (d)–(f) show scatterplots of calculated AOC and corresponding oxidation
concentrations. Note: r and p are the correlation coefficient and the significance level, respectively.

O3 and NO3 accounted for 20 % and 4 %, respectively, of the
oxidation capacity (Fig. 8i). This quantitative intercompari-
son of the oxidation capacities of OH, O3 and NO3 confirms
the important role of OH in the degradation of NMVOCs,
CH4 and CO. Compared with OH and O3, NO3 had a lower
contribution during both the daytime and nighttime, which
was mainly caused by high NO concentrations (Liebmann et
al., 2018b).

4 Summary and conclusions

In the summer of 2018, a comprehensive field campaign was
conducted at a suburban site in the North China Plain. Based
on simultaneous measurements of O3, CO, SO2, NO, NO2,
JO1D, JNO2, JNO3, HONO, HCHO, CH4 and 65 NMVOCs,
the reactivities (OH, NO3 and O3 reactivities) towards trace
gases and AOC were comprehensively analyzed. The main
findings are summarized as follows.

The total OH reactivity was between 9.2 and 69.6 s−1

with an average of 27.5± 9.7 s−1, which was mainly con-
tributed by NOx (43.7 %), followed by NMVOCs (28.5 %),

CO (26.0 %), CH4 (1.3 %), and SO2 and O3 (0.5 %). OH re-
activity towards total NMVOCs was 7.9± 4.8 s−1 and dom-
inated by alkenes (42.9 %). The campaign-averaged value of
total NO3 reactivity was 2.2± 2.6 s−1, ranging from 0.7 to
27.5 s−1. NOx was the main contributor to the total NO3
reactivity, representing 99 % of the total NO3 reactivity on
average. NO3 reactivity towards total NMVOCs was 2.4±
3.0×10−2 s−1, on average, and it was dominated by alkenes
(77.8 %). The total O3 reactivity varied between a minimum
of 3.3× 10−4 s−1 and a maximum of 1.8× 10−2 s−1, with
an average of 1.2± 1.7× 10−3 s−1. NO exhibited the most
prominent contribution to the total O3 reactivity and repre-
sented an average of> 99 % of the total O3 reactivity. The O3
reactivity towards total NMVOCs was 1.1± 0.8× 10−6 s−1

on average, ranging from 2.5× 10−7 to 1.0× 10−5 s−1 and
dominated by alkenes (94.0 %). The total OH, NO3 and O3
reactivities displayed a similar diel variation with the low-
est value in the afternoon and the highest value during rush
hours, and the diurnal profile of NOx appears to be the ma-
jor driver for the diurnal profiles of total OH, NO3 and O3
reactivities. Compared with the OH and NO3 reactivities, O3
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Figure 8. Comparison of the relative contributions of OH, NO3 and O3 to the 24 h, daytime and nighttime-averaged loss rates. Data are
calculated for the loss rates of (a, d, g) NMVOCs, CH4 and CO; (b, e, h) NMVOCs only; and (c, f, i) unsaturated NMVOCs only.

reactivity displayed a much weaker diel variation, especially
the O3 reactivity towards alkenes and aromatics due to (1) the
rate coefficients with O3 being much smaller than the cor-
responding reaction rate coefficients with OH and NO3 for
the same species and (2) the high-emission species reaction
rate coefficients with O3 being smaller than the low-emission
species reaction rate coefficients with O3.

OH, NO3 and O3 reactivity-based control strategies are
more efficient than concentration-based policies in terms of
reducing NMVOC pollution. We suggest that policy mak-
ers shift the current concentration-based limits to reactivity-
based policies.

The loss rates of NMVOCs, CH4 and CO via reactions
with OH, O3 and NO3 were calculated; these loss rates
were up to 4.5× 108 moleculescm−3 s−1, with a campaign-
averaged value of 7.8×107 moleculescm−3 s−1, daytime av-
erage (06:00–18:00 h) of 1.4× 108 moleculescm−3 s−1 and
nighttime average of 6.7×106 moleculescm−3 s−1. AOC was
dominated by OH radicals (7.7× 107 moleculescm−3 s−1,
98.2 %), O3 (1.2× 106 moleculescm−3 s−1, 1.5 %) and NO3

radicals (1.8× 105 moleculescm−3 s−1, 0.3 %), suggesting
that the OH radical is the driving force of the oxidation ca-
pacity in the atmosphere in Xianghe, especially during the
daytime.

Our study provides useful insights for VOC pollution con-
trol in a typical suburban site in the North China Plain. Fur-
ther studies, especially direct observations of OH and NO3
radicals, OH and NO3 reactivity measurements and speci-
ated measurements, are required to further explore trace gas
reactivity and AOC.
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