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a b s t r a c t 

The pollution of atmospheric ozone in China shows an obvious upward trend in the past 

decade. However, the studies on the atmospheric oxidation capacity and O 3 formation in 

four seasons in the southeastern coastal region of China with the rapid urbanization re- 

main limited. Here, a four-season field observation was carried out in a coastal city of south- 

east China, using an observation-based model combining with the Master Chemical Mech- 

anism, to explore the atmospheric oxidation capacity (AOC), radical chemistry, O 3 forma- 

tion pathways and sensitivity. The results showed that the average net O 3 production rate 

(14.55 ppb/hr) in summer was the strongest, but the average O 3 concentrations in autumn 

was higher. The AOC and RO x levels presented an obvious seasonal pattern with the max- 

imum value in summer, while the OH reactivity in winter was the highest with an average 

value of 22.75 sec −1 . The OH reactivity was dominated by oxygenated VOCs (OVOCs) (30.6%- 

42.8%), CO (23.2%-26.8%), NO 2 (13.6%-22.0%), and alkenes (8.4%-12.5%) in different seasons. 

HONO photolysis dominated OH primary source on daytime in winter, while in other sea- 

sons, HONO photolysis in the morning and ozone photolysis in the afternoon contributed 

mostly. Sensitivity analysis indicated that O 3 production was controlled by VOCs in spring, 

∗ Corresponding authors. 
E-mails: jschen@iue.ac.cn (J. Chen), linglingxu@iue.ac.cn (L. Xu). 

https://doi.org/10.1016/j.jes.2022.11.015 
1001-0742/© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V. 

https://doi.org/10.1016/j.jes.2022.11.015
http://www.sciencedirect.com/science/journal/99999994
http://www.elsevier.com/locate/jes
mailto:jschen@iue.ac.cn
mailto:linglingxu@iue.ac.cn
https://doi.org/10.1016/j.jes.2022.11.015


journal of environmental sciences 136 (2024) 68–80 69 

autumn and winter, but a VOC-limited and NO x -limited regime in summer, and alkene and 

aromatic species were the major controlling factors to O 3 formation. Overall, the study char- 

acterized the atmospheric oxidation capacity and elucidated the controlling factors for O 3 

production in the coastal area with the rapid urbanization in China. 

© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Tropospheric ozone (O 3 ) pollution in urban areas has attracted
increasing attention in recent years since it has adverse ef-
fect on air quality, agriculture production, and human health
( Cohen et al., 2017 ; Zeng et al., 2019 ). It is mainly generated
through the reaction of volatile organic compounds (VOCs)
and nitrogen oxides (NO x = NO 2 + NO) under the sunlight con-
dition ( Song et al., 2018 ; Song et al., 2021 ). However, it’s not easy
to alleviate O 3 pollution because of the nonlinear relationship
of O 3 with its precursors ( Wang et al., 2017 ). Therefore, it’s criti-
cal to identify the key atmospheric oxidation process and con-
trolling factors of O 3 pollution. 

Atmospheric oxidation capacity (AOC), OH reactivity, and
radical chemistry are the main driving force affecting atmo-
spheric O 3 photochemistry ( Yang et al., 2020 ; Yang et al., 2021 ).
The AOC plays an important role in transforming primary
gaseous pollutants into secondary ones, reflected as the ca-
pacity of removing pollutants through oxidation in the tropo-
spheric atmosphere ( Xue et al., 2016 ; Tan et al., 2019c ). As the
most active oxidants in the daytime, hydroxyl (OH), hydroper-
oxy (HO 2 ), and organic peroxy (RO 2 ) radicals dominate the day-
time oxidation capacity of the atmosphere, initiating and par-
ticipating in a series of photochemical oxidation processes.
Generally, photolysis of nitrous acid (HONO), O 3 , formalde-
hyde (HCHO) and other oxygenated VOCs (OVOCs), as well as
ozonolysis of unsaturated VOCs were considered as the pri-
mary sources of RO x radicals ( Xue et al., 2016 ; Zhu et al., 2020 ;
Liu et al., 2022b ), accelerating the radical recycling to produce
O 3 . However, primary radical sources changed in different ob-
servational campaigns/seasons, related to the intensity of pol-
lutant emissions, pollutant types, and photolysis rates of RO x

precursors locally. For instance, in urban regions in Hongkong,
HONO photolysis is the most important source of OH through-
out the daytime, and the strength of O 3 photolysis can be not
neglected at noon, but photolysis of OVOCs was the predomi-
nant sources of HO 2 and RO 2 radicals during the O 3 pollution
episode in summer ( Xue et al., 2016 ). In Shanghai, HO x primary
sources in the daytime were HONO photolysis in the morning,
and O 3 photolysis in the afternoon in summer and autumn
( Zhu et al., 2020 ). RO x radicals in Tokyo were dominated by
photolysis of HONO in the morning, OVOCs photolysis at mid-
day in summer ( Kanaya et al., 2007 ), but in New York, HONO
photolysis was dominant in the daytime in winter ( Ren et al.,
2006 ). For the radical sinks, the reactions of RO x and NO x (e.g.,
OH + NO 2 , RO 2 + NO and RO 2 + NO 2 ) were the most important
under higher concentrations of NO x ; in contrast, the reactions
of RO x and RO x (e.g., HO 2 + HO 2 , RO 2 + HO 2 and RO 2 + RO 2 )
are the major sinks of radicals under lower concentrations of
NO x ( Zhu et al., 2020 ; Yang et al., 2021 ). 
 

For O 3 production, it is important to assess O 3 responses to
its precursor changes. In urban regions, O 3 production tended
to be controlled by VOCs, but a NO x -limited regime in ru-
ral areas ( Tan et al., 2019a ; Wang et al., 2020 ; Li et al., 2022 ).
However, O 3 production sensitivity varied temporally and spa-
tially due to it was mainly affected by VOC and NO x emissions
( Wang et al., 2020 ). Hence, determining O 3 production sensi-
tivity regimes should be examined case by case. As for VOC
groups, aromatics and alkenes were the major VOC groups to
O 3 formation ( Li et al., 2019 ), and the necessary control mea-
sures on the related VOC emissions should be taken. 

Currently, the studies of O 3 photochemistry have been ex-
tensively conducted in the North China Plain (NCP), Sichuan
Basin (SCB), the Yangtze River Delta (YRD), the Pearl River
Delta (PRD) ( Tan et al., 2019c ; Zhu et al., 2020 ; Liu et al., 2021 ;
Qu et al., 2021 ; Wang et al., 2022b ). For instance, a study with
three cases for different O 3 levels in summer and autumn in
YRD, analyzed the AOC, radical budget ( Zhu et al., 2020 ). Dur-
ing a photochemical smog episode in autumn in PRD, Xue
et al. explored the oxidative capacity and radical chemistry
( Xue et al., 2016 ; Li et al., 2018b ). Besides, during a photochem-
ical polluted episode in late summer and early autumn in four
Chinese megacities, Tan et al. studied the influence of oxida-
tive capacity on secondary pollution ( Tan et al., 2019c ). How-
ever, the time span of these studies concentrated in a certain
pollution episode or special season, lack of the longer time
of field observation, such as four seasons in a year. Moreover,
few studies focused on oxidative capacity and O 3 production
in coastal regions of southeast China with lower O 3 precursor
levels ( Liu et al., 2022b ). 

In recent years, O 3 concentrations have kept increasing in
coastal cities of southeast China, and O 3 has become the ma-
jor pollutants to affect air quality. Ningde is a coastal city in
the northeast of Fujian Province of southeast China, located
in the middle of the YRD and PRD. The prosperity of sea-port
in Ningde promotes the rapid development of economy and
industry, making pollutant emissions increased. The weather
in Ningde belongs to subtropical monsoon climate with sig-
nificant seasonal changes, affecting the seasonal pattern of
pollutants. Given the differences in pollutant emissions and
meteorological conditions in four seasons, it is vital to inves-
tigate the variation characteristics of the atmospheric oxida-
tion capacity and the controlling factors of O 3 pollution in four
seasons in this coastal city of southeast China. 

In this study, a four-season field observation was con-
ducted from 1 January to 28 December in 2019 at an urban
site of Ningde, using the observation-based model to analyze
the atmospheric oxidation capacity and O 3 production path-
ways and sensitivity. This study aims to (1) compare seasonal
variation characteristics of O 3 and its precursors; (2) character-
ize the photochemical reactivity; (3) dissect key pathways and
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pecies of O 3 production in four seasons. This study might en- 
ance the understanding of the photochemical pollution and 

 3 production in different seasons, as well as the measures to 
educe O 3 pollution in coastal area with the rapid urbaniza- 
ion. 

. Materials and methods 

.1. Observation site 

he observation was conducted from 1 January to 28 Decem- 
er in 2019 in the Meteorological Bureau (119.53 °N, 26.66 °E) in 

ingde, a coastal city in the northeast of Fujian Province of 
outheast China ( Fig. 1 ). The observation site is set on the roof
f a four-story building about 2 km from the main traffic road,
urrounded by mixed commercial and residential areas with- 
ut direct pollutant emissions. Therefore, it is a typical urban 

ite used for intensive observations of air quality in Ningde.
n this study, the time span of spring, summer, autumn, and 

inter was from 1 March to 31 May, from 1 June to 31 August,
rom 1 September to 30 November, from 1 January to 28 Febru- 
ry and from 1 December to 28 December, respectively. 

.2. Instruments 

 gas chromatography system equipped with a mass spec- 
rometer and flame ionization detector (GC-MS/FID) with one- 
our time resolution was used to measure VOC species. VOC 

amples were captured through an ultralow temperature sys- 
em after H 2 O and CO 2 were removed. After thermal des- 
rption, the GC analysis system was utilized. The tempera- 
ure program duration was 24.5 min, with an initial temper- 
ture of 40 °C and a final temperature of 180 °C. The FID con- 
ig. 1 – The observation site in Ningde in the northeast of Fujian
arth.) 
ected to an Al 2 O 3 /Na 2 SO 4 PLOT (50 m × 0.32 mm × 8 μm)
olumn was used to quantify the low-carbon (C2-C5) VOC 

pecies and the high-carbon (C5-C12) VOC species (includ- 
ng oxygenated volatile organic compounds (OVOCs) and hy- 
rocarbons) were quantified using MS connected to a DB-1 

30 m × 0.25 mm × 1.0 μm) column. Daily calibration was 
erformed every day at 23:00 using 4 ppb standard mix- 
ures to ensure quantitative accuracy. Internal standard gases 
chlorobenzene, bromochloromethane, 1,4-dichlorobenzene,
nd fluorobromobenzene) were also daily calibrated to en- 
ure the stability of the instrument. The method detection 

imit (MDL) and relative standard deviation (RSD) of measured 

OC species (including alkanes, alkenes, alkynes, aromatics,
VOCs, halocarbons) are listed in Table S1. Additionally, CO,
O 2 , O 3 , and NO x (NO/NO 2 ) were monitored by commercial 
as analysis instruments (Thermo Fisher Scientific 48 i , 43 i , 49 i ,
nd 42 i , respectively, USA). Meanwhile, O 3 was detected us- 
ng the UV absorption method; a pulsed fluorescence SO 2 an- 
lyzer was used to measure SO 2 ; CO was analyzed with the 
nfrared absorption spectroscopy method; a chemilumines- 
ence NO x analyzer was used to detect NO x . The meteorologi- 
al parameters, including atmospheric pressure (P), air tem- 
erature (T), relative humidity (RH), wind speed (WS), wind 

irection (WD), and ultraviolet (UV) radiation were obtained.
he detailed performances of different instruments are sum- 
arized in Table S2. All data were used after applying strict 

ata quality control. 

.3. Observation-based model 

he observation-based model incorporating Master Chemi- 
al Mechanism version 3.3.1 (OBM-MCM) was used to sim- 
late the atmospheric oxidation process and O 3 production 

ensitivity. Detailed description and parameter settings about 
 Province. (The topographic image was provided by Google 
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the OBM were illustrated in previous study ( Liu et al., 2022a ;
Liu et al., 2022b ). Briefly, the MCM involved methane (CH 4 ) and
142 non-methane VOC species, and described about 20,000 el-
ementary reactions ( Saunders et al., 2003 ). In order to avoid
the continuous accumulation of pollutants in the model, the
physical process including dry deposition and the effect of di-
lution conditions within the boundary layer height was con-
sidered. Specially, the effect of dilution mixing in this study
was considered for all species by introducing a dilution factor,
defined as a function of the change in the planetary bound-
ary layer (PBL) height. The PBL height was assumed to vary
from 300 m at night to 1500 m at noon. Before the beginning
of the simulation, we ran the model for 5 days to initialize
the unconstrained compounds and radicals. The model was
constrained by trace gases (e.g., NO, NO 2 , SO 2 , O 3 , CO, VOCs),
meteorological parameters, and photolysis rates. In this study,
photolysis rates were calculated using the Tropospheric Ultra-
violet and Visible Radiation (TUV) model ( http://cprm.acom.
ucar.edu/Models/TUV/ ), according to the reported approach
( Wang et al., 2018b ; Lyu et al., 2019 ; Liu et al., 2021 ). The infor-
mation of the geographical location and study time periods,
along with default aerosol optical depth (AOD), cloud optical
depth (COD), surface albedo and other parameters, were used
to initialize the calculated UV radiation. Then, the COD value
was adjusted until the difference between the calculated and
observed UV radiation value was less than 1%. The model per-
formance was analyzed in supporting information, compar-
ing observed O 3 concentrations with stimulated O 3 concentra-
tions (Fig. S1). The IOA values of 0.92, 0.85, 0.82, 0.96 in spring,
summer, autumn, and winter, respectively, indicated that the
result of the OBM-MCM model performance was acceptable.
During some study periods, simulated O 3 concentrations were
higher than observed O 3 concentrations, likely because the
model does not consider the horizontal and vertical transport
processes ( Lyu et al., 2016 ). 

Generally, the HO 2 + NO and RO 2 + NO reactions are con-
sidered as the major O 3 production pathways ( Eq. (1) ), and the
O 3 loss pathways ( Eq. (2) ) include NO 2 + OH/RO 2 , O 3 photoly-
sis, O 3 + OH, O 3 + HO 2 , O 3 /NO 3 + VOCs. The net O 3 production
rate is equivalent to the O 3 production rate minus the O 3 loss
rate ( Eq. (3) ). 

P ( O 3 ) = k 1 [ HO 2 ] [ NO ] + 

∑ 

( k 2 [ RO 2 ] [ NO ] ) (1)

L ( O 3 ) = k 3 [ O 1 D ] [ H 2 O ] + k 4 [ O 3 ] [ OH ] + k 5 [ O 3 ] [ HO 2 ] 

+ k 6 [ NO 2 ] [ OH ] + 

∑ 

( k 7 [ O 3 ] [ VOCs ] ) 

+ 2 
∑ 

( k 8 [ NO 3 ] [ VOCs ] ) (2)

P net ( O 3 ) = P ( O 3 ) − L ( O 3 ) (3)

where, k i stands for the rate constant. 
The relative incremental reactivity (RIR) was usually used

to evaluate O 3 production sensitivity, calculated using Eq. (4) . 

RIR = 

�P ( O 3 ) /P ( O 3 ) 
�X/X 

(4)

where, �P( O 3 )/P( O 3 ) represents the relative changes of O 3 pro-
duction rates; �X/X represents the reduction proportion of O 3
precursors (anthropogenic VOCs (AHC), biogenic VOCs (BHC),
NO x , and CO), adopted as 20%. 

1.4. Evaluation of AOC and OH reactivity 

The AOC is evaluated by the sum of simulated oxidation rates
of CO, CH 4 , and VOCs via reactions with OH, NO 3 and O 3

( Yang et al., 2020 ), calculated by Eq. (5) . 

AOC = 

∑ 

i 

k Y i [ Y i ] [ X] (5)

where, [ Y i ] is the concentrations of reduced substances (VOCs,
CO, and CH 4 ), [ X ] is the concentrations of oxidants (OH, NO 3 ,
and O 3 ), and k Y i is the reaction rate constant of Y i and X . No-
tably, the definition of AOC does not include NOx because itis
the major OH sinks ( Yang et al., 2021 ). 

In addition, the OH reactivity is used to assess loss rates
of different reactants (such as VOCs, HONO, SO 2 , CO, NO x and
HNO 3 ) with OH radical, equivalent to the inverse of the OH
radical lifetime ( Yang et al., 2020 ; Yang et al., 2021 ), calculated
by Eq. (6) 

k OH 

= 

∑ 

i 

k OH + X i [ X i ] (6)

where, [ X i ] is the concentrations of reactants (VOCs, NO 2 , CO
etc.), and k OH 

+ Xi represents the corresponding reaction rate
constant. 

2. Results and discussion 

2.1. Overview of observations 

The observed time series of meteorological parameters and
major pollutant levels in four seasons in 2019 are shown in
Fig. 2 , and average values with standard deviation of these
measured parameters are summarized in Table S3. The aver-
age UV radiation (22.56 ± 30.21 W/m 

2 ) and temperature (27.58
± 3.44 °C) in summer were the highest, followed by autumn
(20.02 ± 28.83 W/m 

2 , 22.45 ± 5.72 °C, respectively) and spring
(19.29 ± 27.86 W/m 

2 , 18.34 ± 5.01 °C, respectively), and the low-
est in winter ((10.75 ± 18.27) W/m 

2 , (12.54 ± 3.57) °C, respec-
tively). The highest value of RH was in summer (84.65% ±
11.38%), followed by spring (79.47% ± 15.14%), winter (78.19%
± 15.06%), autumn (72.05% ± 17.36%). The moderate wind
speed was in spring ((1.35 ± 0.87) m/sec), summer ((1.39 ±
0.82) m/sec), and autumn ((1.43 ± 0.73) m/sec), but lower wind
speed ((1.14 ± 0.71) m/sec) was in winter. Meteorological con-
ditions would directly affect the variation of pollutant concen-
trations. In summer, higher wind speed, higher temperature
and stronger UV accelerated the diffusion and removal of pri-
mary pollutants, resulting in the minimum pollutant levels. In
contrast, in winter, adverse meteorological conditions, such as
static wind speed, lower boundary layer height, lower air tem-
perature and UV, limited the ability of pollutants to spread and
remove, caused higher concentrations of primary pollutants.
Indeed, NO x , SO 2 , CO concentrations in winter was the high-
est, followed by spring, autumn, and summer. 

Total VOCs showed significant seasonal characteristics
with higher concentrations in winter (36.45 ± 23.96 ppb),

http://cprm.acom.ucar.edu/Models/TUV/
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Fig. 2 – Time series of major meteorological parameters and gaseous pollutant levels (Units: ppbv) at this observation site 
from 1 January to 28 December in 2019. 

m
t
(
o
n
i
V
l  

t
o  

C
m
t
o

f
s
c  

2
o  

I
f
t
t
fl
p
f
w
e
c

t  

S
p
c
c
s
a
d  

t
c
t
l
e
t

2

2
T  

s
±
m
9
i
4
s
m
l
p

edium concentrations in spring (24.99 ± 16.63 ppb) and au- 
umn (22.40 ± 13.36 ppb), lower concentrations in summer 
19.96 ± 9.82 ppb), in coincidence with seasonal variations of 
ther primary gaseous pollutants. As for VOC groups, alka- 
es accounted for 59.9% in spring, 47.8% in summer, 54.3% 

n autumn, and 61.1% in winter of the concentrations of total 
OCs, attributing to their widespread emission sources and 

ife span ( Song et al., 2018 ; Zhao et al., 2020 ). The contribu-
ions of alkene to the total VOC concentrations were the sec- 
nd important at the urban site in four seasons (11.2%-13.1%).
ompared to other seasons, the levels of OVOCs in sum- 
er were the largest, likely due to higher atmospheric oxida- 

ion capacity in summer, promoting the secondary formation 

f OVOCs. 
However, the seasonal pattern of O 3 was obviously dif- 

erent from primary pollutants, with higher in autumn and 

pring, lower in summer and winter in 2019, similar with other 
ities in Fujian Province in the southeast of China ( Liu et al.,
022b ), where the influence of the Asian monsoon system 

n O 3 was significant ( Zhang et al., 2013 ; Wang et al., 2018a ).
n summer, the collective effect of clean oceanic inflow and 

requent precipitation caused lower O 3 concentrations than 

hose in spring. In autumn, when the summer monsoon re- 
reated and the winter monsoon began, the continental out- 
ow enriched with O 3 precursors from the mainland and cou- 
led with strong solar radiation, provided favorable conditions 
or O 3 generation and accumulation ( Zhang et al., 2013 ). In 

inter, lower concentrations of O 3 were due to the titration 

ffect of higher NO levels and adverse photochemical reaction 

onditions (e.g., lower UV). 
The average diurnal profiles of O 3 and its precursor concen- 
rations, and meteorological parameters are displayed in Fig.
2. Surprisingly, the concentrations of NO x and VOC groups 
resented typical diurnal variations in four seasons, higher 
oncentrations in the morning and evening rush hours, indi- 
ating that the study site were greatly affected by traffic emis- 
ions. The concentrations of NO x and VOCs were the lowest 
t noon when stronger WS, higher UV might accelerate the 
ilution and transformation of primary pollutants. However,
he diurnal pattern of O 3 is characterized by the highest con- 
entrations in the afternoon due to stronger UV and a lower 
itration effect. Except for the influence of the intensity of pol- 
utant emissions and meteorological factors, seasonal differ- 
nces of the concentrations of measured species were related 

o the atmospheric oxidation capacity. 

.2. Characteristics of atmospheric oxidation capacity 

.2.1. Seasonal variations of AOC 

he average AOC in the daytime (06:00-18:00 LT) in spring,
ummer, autumn, and winter was (4.85 ± 3.01) × 10 7 , (9.99 

4.73) × 10 7 , (5.75 ± 3.63) × 10 7 , and (2.30 ± 1.60) × 10 7 

ol/(cm 

3 ·sec), respectively. The maximum AOC was up to 
.00 × 10 7 mol/(cm 

3 ·sec) in spring, 15.93 × 10 7 mol/(cm 

3 �sec) 
n summer, 10.74 × 10 7 mol/(cm 

3 ·sec) in autumn, and 

.52 × 10 7 mol/(cm 

3 ·sec) in winter, respectively. The result 
howed the AOC levels were the highest in summer, the 
oderate levels in autumn and spring compared to the 

owest levels in winter, indicating higher removal rates of 
rimary pollutants in summer. In contrast, in winter, lower 
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Fig. 3 – Simulated atmospheric oxidation capacity at this observation site in different seasons. (a) Spring, (b) Summer, (c) 
Autumn, (d) Winter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AOC levels were not favorable to deplete primary pollutants.
The maximum AOC at the urban site was compared to that
in Xiamen (1.3 × 10 8 mol/(cm 

3 ·sec)), in Shanghai (8.8 × 10 7

mol/(cm 

3 ·sec)), but lower than that in Santiago (3.2 × 10 8

mol/(cm 

3 ·sec)) and Tung Chung in Hong Kong (2.04 × 10 8

mol/(cm 

3 �sec)), and higher than that in Berlin (1.4 × 10 7

mol/(cm 

3 �sec)) ( Geyer et al., 2001 ; Elshorbany et al., 2008 ;
Xue et al., 2016 ; Li et al., 2018b ; Zhu et al., 2020 ; Liu et al.,
2022b ). The spatial and temporal variations of the AOC were
mainly affected by the levels of atmospheric oxidants (e.g.,
OH, O 3 and NO 3 ), photochemical reaction conditions (such as
solar radiation), pollutant concentrations ( Liu et al., 2022b ). 

The average diurnal variations of the AOC in four seasons
are shown in Fig. 3 . The AOC exhibited obvious diurnal vari-
ation characteristics in different seasons, with the highest
levels at midday and lower intensity at night, similar with
the diurnal variation of stimulated RO x levels. The daytime
AOC was dominated by OH (96.5% in spring, 99.0% in summer,
97.3% in autumn, and 92.3% in winter). However, NO 3 (56.4%,
65.1%, 61.1%, and 43.2%, in spring, summer, autumn, and
winter, respectively) played the leading role in the nighttime
AOC, followed by O 3 (28.8%, 21.7%, 23.0%, and 39.9%, respec-
tively), and OH (14.8%, 13.2%, 15.9%, and 16.9%, respectively).
Compared to other time of the day, the contribution of NO 3

to the AOC was the most significant at 19:00 LT in summer
likely due to the higher abundance of NO 2 promoted the
formation of NO 3 under the condition of lower solar radiation
at this time. Similar results were found at 18:00 LT in spring,
at 18:00 LT in autumn, at 17:00 LT in winter, respectively.
Different from previous studies ( Xue et al., 2016 ; Liu et al.,
2022b ), the contribution of O 3 to the nighttime AOC can be not
negligible at the study site because the influence of O 3 on the
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OC is mainly through the ozonolysis of alkenes, the levels 
f which were abundant at the site, only lower than alkane 

evels. Overall, OH dominated the AOC in the daytime and 

O 3 was the most predominant oxidant at night, indicating 
he importance of atmospheric oxidants for the AOC, in 

ccordance with reported studies ( Xue et al., 2016 ; Li et al.,
018a ; Zhu et al., 2020 ; Liu et al., 2022b ). Notably, previous 
tudies showed that the reactive chlorine radical produced 

y photolysis of halogen species, such as nitryl chloride and 

l 2 , might also play an important role for the AOC in the 
aytime ( Liu et al., 2017 ; Peng et al., 2022 ), but these species
ere not detected in the present study. Therefore, the AOC 

n this study may be underestimated. Given the importance 
f OH radical on the daytime AOC, the further analysis of the 

oss rates of OH radical with different recants needed to be 
lucidated. 

.2.2. Characteristics of OH reactivity 
he mean OH reactivity was (18.53 ± 1.67), (15.30 ± 1.98), (15.15 
2.00), and (22.75 ± 2.87) sec −1 , with a range of 15.92-21.02,

1.88-18.75, 11.86-19.10 and 18.93-28.67 sec −1 in spring, sum- 
er, autumn and winter, respectively. Obviously, the OH re- 

ctivity in winter was the largest, followed by spring, sum- 
er and autumn. The OH reactivity in four seasons was lower 

han that in summer in Xianghe (28 sec −1 ) in BTH ( Yang et al.,
021 ), in autumn in Heshan (31 sec −1 ) and in summer in 

ackgarden (50 sec −1 ) in PRD ( Lou et al., 2010 ; Yang et al.,
017 ), mainly due to lower pollutant emissions in our study 
rea. The average diurnal profiles of the OH reactivity (Fig.
3) showed that the OH reactivity was the lowest in the af- 
ernoon and the highest in the morning and evening peak 
ours in four seasons, related to increased primary pollutant 
missions from transportation activities ( Tan et al., 2019c ).In 
ig. 4 – The average contributions of different reactants to the tot
a) Spring, (b) Summer, (c) Autumn, (d) Winter. 
articular, the average OH reactivity in the afternoon rush 

our (18:00 LT) in winter presented the highest value, re- 
ecting the highest CO, VOCs, and NO x concentrations at 
his time. 

The contributions of different reactants to the total OH 

eactivity are compared in Fig. 4 . VOCs (including alkanes,
lkenes, aromatics, and OVOCs) contributed more than 50% to 
he total OH reactivity. Meanwhile, OVOCs was the most abun- 
ant OH reactant, contributing 33.0% in spring, 42.8% in sum- 
er, 38.1% in autumn, 30.6% in winter to the total OH reactiv- 

ty, implying the importance of OVOCs in the process of radical 
hemistry and O 3 formation. The related studies indicated 

hat OVOCs can be a large contributor to RO x radical and O 3 

roduction ( Qu et al., 2021 ; Wang et al., 2022a ). The largest con-
ribution of OVOCs to the total OH reactivity was in summer,
elated with the strongest AOC and the highest concentrations 
f OVOCs in summer. Besides, the contribution of alkenes to 
he OH reactivity could be not ignored at the urban site, 9.4% 

n spring, 8.6% in summer, 8.4% in autumn, and 12.5% in win- 
er. CO (23.2%-26.8%) and NO 2 (13.6%-22.0%) were the major 
ontributors of inorganic compounds to the OH reactivity. For 
OC species, their OH reactivity was comparable to those in 

ther Chinese cities (Table S4) ( Xu et al., 2011 ; Yang et al., 2017 ;
an et al., 2018b ; Yang et al., 2020 ; Yang et al., 2021 ), and HCHO,
crolein, ethylene was the predominant contributors to the 
H reactivity in different seasons in Ningde. The contributions 
f NO 2 in winter and spring were higher due to higher levels 
f NO 2 at the two seasons compared to other seasons. Overall,
t the urban site, OVOCs, CO, NO 2 were the most important 
ontributors to the OH reactivity in four seasons. However, in 

hinese megacities, such as Beijing, Shanghai, Guangzhou,
nd Chongqing, NO x (28.0%-35.0%) were considered as the 
ost important OH recants, followed by CO (17.0%-25.0%) and 
al OH reactivity at this observation site in different seasons. 
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OVOCs (20.0%-23.0%), due to the developed transportation
system and more traffic vehicles ( Tan et al., 2019c ). Differently,
the contribution of CO was only 11.0%-14.0% in Houston, New
York City, Mexico City, significantly lower than that in our
study, attributing to higher abundance of CO at the urban site
mainly form vehicle emissions ( Mao et al., 2010 ). The research
reported that the difference of measured and estimated OH
reactivity was attributed to the missing OH reactivity associ-
ated with unmeasured and unknown primary and secondary
species ( Yang et al., 2017 ; Zhu et al., 2020 ; Yang et al., 2022 ).
Moreover, related study showed that primary biogenic VOCs
and secondary oxidation products may play crucial roles in
the missing OH reactivity ( Yang et al., 2022 ). However, unmea-
sured and unknown primary and secondary species were not
considered when calculating the OH reactivity, so the OH re-
activity in this study is somewhat underestimated. Except for
OH radical, HO 2 and RO 2 radicals might initiate the oxidation
of O 3 precursors, promoting photochemical O 3 formation.
Thus, it’s necessary to discuss RO x (OH, HO 2 , RO 2 ) chem-
istry in detail, including the radical initiation, recycling and
termination. 

2.3. Radical chemistry 

2.3.1. Stimulated radical concentrations 
RO x (OH-HO 2 -RO 2 ) dominated in O 3 photochemistry, and their
concentrations in the atmosphere reflect the AOC levels. The
mean diurnal profiles of simulated RO x levels in the daytime
(06:00-18:00 LT) in four seasons are presented in Fig. S4, show-
ing that RO x levels reached the largest at noon in four sea-
sons, in accordance with previous studies in BTH and PRD,
where the highest RO x concentrations were observed at mid-
day ( Tan et al., 2018b ; Tan et al., 2019b ). The average (max-
imum) daytime concentrations in spring, summer, autumn,
winter were (3.51 ± 2.52) (7.07) × 10 6 , (8.36 ± 4.74) (14.52) × 10 6 ,
(4.98 ± 3.83) (10.59) × 10 6 , (1.35 ± 1.15) (2.95) × 10 6 molec/cm 

3

for OH, and (1.05 ± 0.60) (1.94) × 10 8 , (4.93 ± 3.21) (9.50) × 10 8 ,
(2.49 ± 1.88) (5.87) × 10 8 , (0.42 ± 0.19) (0.78) × 10 8 molec/cm 

3

for HO 2 , along with (0.53 ± 0.25) (0.88) × 10 8 , (2.46 ± 1.37)
(4.30) × 10 8 , (1.42 ± 0.94) (3.06) × 10 8 , (0.22 ± 0.09) (0.33) × 10 8

molec/cm 

3 for RO 2 , respectively. RO x levels exhibited obvious
Fig. 5 – The average diurnal profiles of OH production and loss pa
Spring, (b) Summer, (c) Autumn, and (d) Winter. 
seasonal variation characteristics, with a trend of higher level
in summer, lower level in winter, medium level in autumn and
spring, in consistent with the seasonal variation pattern of
the AOC. Due to the lack of observed values in the study area,
stimulated RO x levels were compared with observed RO x lev-
els in other areas in China. In BTH, daily maximum levels were
17 × 10 6 mol/cm 

3 for OH radical, 15 × 10 8 mol/cm 

3 for HO 2

radical, and 23 × 10 8 mol/cm 

3 for RO 2 radical ( Lu et al., 2013 ;
Tan et al., 2017 ; Tan et al., 2018b ). In YRD, daily maximum OH
and HO 2 radical levels were 25 × 10 6 and 25 × 10 8 mol/cm 

3 ,
respectively ( Ma et al., 2022 ). In PRD, average maximum OH,
HO 2 , and RO 2 radical concentrations were 16 × 10 6 , 15 × 10 8 ,
and 2 × 10 8 mol/cm 

3 , respectively ( Hofzumahaus et al., 2009 ;
Tan et al., 2019a ). Totally, stimulated RO x radical concentra-
tions at the study site were in the range of observed results in
other areas in China. 

2.3.2. Radical budget 
In this study, the average diurnal profiles of OH radical pro-
duction and loss pathways are displayed in Fig. 5 . Among
the formation pathways of OH, the HO 2 + NO reaction was
the most important sources of OH in spring (87.7%), sum-
mer (88.0%), autumn (89.3%) and winter (88.1%). The contribu-
tions of HONO and O 3 photolysis to OH radical in four seasons
are compared (Fig. S5). Photolysis of HONO in winter (7.4%)
was more important than O 3 photolysis (2.2%), while O 3 pho-
tolysis contributed larger to the production of OH in spring
(5.7%), summer (8.9%) and autumn (6.7%). Previous studies
showed that O 3 photolysis dominated the OH production un-
der high concentrations of O 3 conditions, whereas HONO pho-
tolysis was more important when O 3 concentrations were
lower ( Ren et al., 2006 ; Zhu et al., 2020 ). It should be noted
that HONO photolysis dominated OH production in the early
morning in spring (before 10:00), summer (before 08:00), au-
tumn (before 09:00) attributed to the accumulation of HONO
at night, while photolysis of O 3 were more important in the af-
ternoon due to increased O 3 levels and photolysis rates with
the enhancement of photochemical activities, consistent with
previous studies in Shanghai ( Chan et al., 2017 ; Zhu et al.,
2020 ). For the OH loss pathways, OH was mainly consumed
through OH + VOCs (47.7%-55.2%), followed by OH + CO
thways at this observation site in different seasons. (a) 
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Fig. 6 – Comparison of daytime RO x budget (06:00-18:00 LT) at this observation site in different seasons (units: ppbv/hr). 
Note: The primary radical sources, radical sinks, radical propagation, and equilibrium between radicals and reservoirs are 
denoted by red, black, blue, and green lines and boxes, respectively. The numbers from left to right are in the order of 
spring, summer, autumn, and winter, respectively. The percentages signify the contributions of different reaction pathways 
to RO x (OH, HO 2 , RO 2 ) budget, and the number values represent for the reaction rates of radical production, loss, 
propagation, and equilibrium between radicals and reservoirs. (Note: Decomposition (De), Thermal decomposition (Tde)) 
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24.6%-31.8%), OH + NO 2 (10.0%-17.5%), OH + NO (2.1%-6.6%),
nd OH + O 3 (0.3%-1.0%), similar with previous studies in five 
hinese cities (Beijing, Wuhan, Lanzhou, Chengdu, Shanghai) 
 Liu et al., 2021 ). 

As the primary sources of HO 2 radical (Fig. S6), photoly- 
is of HCHO is the predominant pathways of HO 2 produc- 
ion in four seasons (10.3%-12.7%), followed by OVOCs pho- 
olysis (except for HCHO) (4.3%-7.9%), the reaction of O 3 and 

OCs (0.1%-0.9%), similar to that in Xiamen in the southeast of 
hina ( Liu et al., 2022b ). Besides, the contributions of OH + CO

32.2%-36.8%), RO 2 + NO (31.2%-35.9%), and OH + VOCs (10.6%- 
9.4%) to the production of HO 2 were very important in four 
easons. For the sinks of HO 2 , HO 2 + NO was the major loss
athways of HO 2 (93.8%-98.7%) in four seasons, while the con- 
ributions of HO 2 + O 3 , HO 2 + RO 2 , HO 2 + HO 2 , HO 2 + NO 2 

ere limited. 
RO 2 production and loss pathways were also analyzed, as 

hown in Fig. S7. As expected, RO 2 production is dominated by 
H + VOCs in four seasons (81.7%-89.5%). OVOCs photolysis 
as the most important primary formation pathways of RO 2 

9.4%-10.6%). In addition, the reaction of O 3 /NO 3 with VOCs 
ontributed moderately to the production of RO 2 (1.0%-4.0%).
O 2 + NO x were the most important sinks of RO 2 (96.8%- 
8.7%), and the reactions of RO 2 + HO 2 /RO 2 for the RO 2 loss is
ot important, explained by the high abundance of NO x in the 

ypical urban site affected by transportation emissions. How- 
ver, in some lower NO x emission areas, the RO x sinks were 
ominated by the radical-radical reactions ( Mao et al., 2010 ; 
ing et al., 2014 ). 
In summary, the intensity of the total production and loss 
ates of RO x was different in four seasons, with the strongest 
alue in summer, the lowest in winter, the moderate and com- 
ared in autumn and spring, reflecting more efficient radical 
ecycling in summer ( Fig. 6 ). The major pathways of RO x pro-
uction and loss in different seasons were similar. The pri- 
ary radical sources in the daytime are dominated by photol- 

sis reactions, including photolysis of HCHO, HONO, O 3 , and 

ther OVOCs (except for HCHO), and the radical sinks are the 
eactions of RO x + NO x . Besides, for the radical recycling, the 
eaction of VOCs, CO with OH promoted the production of HO 2 

nd RO 2 radical. As a result, HO 2 and RO 2 radical furtherly re- 
cted with NO, producing OH or RO radicals and accelerated 

he formation of O 3 . 

.4. In-situ O 3 production photochemistry 

.4.1. O 3 production and loss pathways 
n this study, the average diurnal profiles of the net O 3 produc- 
ion rate determined by the OBM simulation in four seasons 
re shown in Fig. 7 . The peak of the net O 3 production rate
n summer (19.13 ppbv/hr, with an average daytime value of 
4.55 ppbv/hr) was the highest, followed by autumn (13.57 
pbv/hr, with an average value of 8.99 ppbv/hr), spring (11.24 
pbv/hr, with an average value of 7.41 ppbv/hr), winter (6.02 
pbv/hr, with an average value of 3.44 ppbv/hr). However, ob- 
erved O 3 concentrations in autumn and spring were higher 
han those in summer and winter at the urban site, signif- 
cantly differed from that in the North China Plain, where 
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Fig. 7 – The average diurnal profiles of situ O 3 production and loss pathways and net O 3 production rate at this observation 

site in different seasons. (a) Spring, (b) Summer, (c) Autumn, (d) Winter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 – The average RIRs of O 3 precursors and major VOC 

species at this observation site in different seasons (AHC: 
anthropogenic VOCs; BHC: biogenic VOCs). (a) The RIRs of 
AHC (including alkanes, alkenes, aromatics), NO x , BHC, CO. 
(b) The top 10 RIRs of VOC species. 

 

 

 

 

 

higher O 3 concentrations frequently occurred in summer
( Tan et al., 2019c ; Wang et al., 2022b ). Generally, observed O 3

concentrations depended on the physical process (including
horizontal transportation, vertical transportation, and depo-
sition) and the local photochemical production. Therefore, in
summer, the favorable photochemical conditions (e.g., strong
UV and photolysis rates) were conductive to local O 3 produc-
tion, but the comprehensive effect of clean oceanic air mass
and frequent precipitation at the study area might dilute O 3

concentrations ( Zhang et al., 2013 ). The O 3 production rate in
different regions were compared to estimate the ability of lo-
cal O 3 generate. The daily maximum O 3 production rates were
40 ppbv/hr in Guangzhou, 70 ppbv/hr in Beijing, 28 ppbv/hr in
Chengdu ( Lu et al., 2012 ; Lu et al., 2013 ; Tan et al., 2018a ). Even
during the serious ozone pollution episode, local O 3 produc-
tion rate in Guangzhou, Shanghai, Lanzhou was up to 90, 50,
40 ppbv/hr, respectively ( Xue et al., 2014 ). Obviously, the local
photochemical O 3 production rate at the study site were lower
than those in Chinese megacities, but was compared to the
Los Angeles and London (10-20 ppbv/hr) ( Griffith et al., 2016 ;
Whalley et al., 2018 ). 

In addition, situ O 3 production and loss pathways were fur-
therly analyzed ( Fig 7 ). O 3 formation ( > 70% for four seasons)
was dominated by the reaction of HO 2 + NO, which was the
most important formation pathways of OH and thereby ini-
tiated the oxidation of VOCs. The second important pathway
of O 3 production was the reaction of other RO 2 + NO (13.9%-
17.7%), followed by CH 3 O 2 + NO (10.6%-12.3%), in agreement
with previous work ( Ling et al., 2014 ; Wang et al., 2022b ). On the
other hand, the dominant loss pathway of O 3 was OH + NO 2

in spring (61.9%), summer (47.8%), autumn (53.8%), and win-
ter (54.1%), and the second prominent pathway of O 3 loss dif-
fered in four seasons, RO 2 + NO 2 in spring (14.7%), autumn
(15.4%), winter (21.5%), but photolysis of O 3 in summer (21.0%)
due to the stronger photolysis rate in summer. O 3 photolysis in
spring (10.1%), autumn (13.1%), RO 2 + NO 2 in summer (14.6%),
O 3 /NO 3 + VOCs in winter (19.1%) were the third important loss
pathway of O 3 . 
2.4.2. O 3 -NO x -VOCs sensitivities 
In this study, the relative incremental reactivity (RIR) was used
to diagnose the sensitivity of O 3 formation to its precursors.
Fig. 8 a illustrates the average RIR values (RIRs) of O 3 precursors
in four seasons. The negative RIRs of NO x and the positive RIRs
of AHC showed that O 3 formation tended to be a VOC-limited
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egime in spring, autumn and winter, while the positive RIRs 
f NO x and AHC in summer indicated that O 3 formation was 
ontrolled by VOCs and NO x . The RIRs of AHC and NO x showed 

 significant seasonal pattern of winter > spring > autumn > 

ummer, but the RIRs of BHC in autumn and summer were 
igher because BHC emissions were stronger under higher 
emperature conditions. Therefore, in summer and autumn,
t is necessary to strengthen the control of BHC emissions,
hereas reducing AHC and NO x emissions was more predom- 

nant in winter and spring. Among O 3 precursors, the RIRs of 
HC were the largest, suggesting that the controlling of AHC is 
fficient to cut down O 3 concentrations in four seasons. As for 
OC groups, higher RIRs of alkenes and aromatics indicated 

hat the control of alkenes and aromatics was more impor- 
ant to decrease O 3 concentrations in four seasons. Because 
 3 production was more sensitive to VOCs, it is necessary 

o further determine the influence of individual VOC species 
n O 3 production ( Fig. 8 b). The results indicated that c/t-2- 
utene, ethene, c/t-pentene, propene, toluene, m/p-xylene,
nd trimethylbenzene contributed the largest to O 3 formation,
specially in winter and spring. These VOC species tend to be 
onsidered as traffic emissions, introduction production, sol- 
ent usage ( Shao et al., 2016 ; Song et al., 2018 ; Song et al., 2021 ).
hus, for O 3 pollution control in Ningde, some strict measures 
hould be taken to control traffic emissions, introduction pro- 
uction, solvent usage. Notably, the RIRs of BHC was compared 

o the RIRs of individual VOC species, such as ethene, even the 
IRs of BHC was the largest in summer and autumn. Hence,
he importance of the BHC emission control on O 3 production 

hould be valued in summer and autumn. 

.Conclusions 

n this study, we analyzed the atmospheric oxidation process,
 3 production pathways and sensitivity using the OBM at an 

rban site of southeast China in four seasons in 2019. The abil- 
ty of O 3 production in summer was the strongest, while the 
verage O 3 concentrations in autumn was the highest, due to 
etter effects of dilution and diffusion in summer. The AOC 

nd RO x production and loss rates presented obvious seasonal 
atterns, with the maximum value in summer and the min- 

mum value in winter. The OH reactivity in winter was the 
ighest, the lowest in summer, among which OVOCs, CO, NO 2 ,
lkenes were the predominant contributors to the OH radi- 
al loss in four seasons. Photolysis of HONO, O 3 , HCHO, and 

ther OVOCs were the most important primary RO x sources,
hile the main sinks of RO x were the reaction of RO x and 

O x in different seasons. O 3 formation was dominated by 
he reaction of HO 2 + NO, whereas O 3 was mainly consumed 

y the OH + NO 2 reaction. O 3 production was a VOC-limited 

egime in spring, autumn, and winter, but was co-controlled 

y VOCs and NO x in summer. Controlling alkene and aro- 
atic species (e.g., isoprene, c/t-2-butene, ethene, c/t-pentene,

ropene, toluene, m/p-xylene, trimethylbenzene) emissions 
ere more effective to prevent and control O 3 pollution. Over- 
ll, this work provided significant variation characteristics of 
he atmospheric oxidation processes and O 3 formation in dif- 
erent seasons in the coastal city of southeast China with the 
apid urbanization. 
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