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Analyzing ozone formation sensitivity in a typical industrial city in China: 
Implications for effective source control in the chemical transition regime 
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• OBM model coupled with the receptor 
model was used to analyze the source of 
O3. 

• Vehicle, industry and coal combustion 
were the main sources of VOCs and 
NOx. 

• The industrial city of Changzhi was in a 
transition regime of O3 formation. 

• Industrial process was main source of O3 
in industrial cities. 

• Ignoring NOX sensitive might underes-
timate the anthropogenic source 
contribution.  
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A B S T R A C T   

Volatile organic compounds (VOCs) play a major role in O3 formation in urban environments. However, the 
complexity in the emissions of VOCs and nitrogen oxides (NOx) in industrial cities has made it challenging to 
identify the key factors influencing O3 formation. This study used observation-based-model (OBM) to analyze O3 
sensitivities to VOCs and NOx during summer in a typical industrial city in China. The OBM model results were 
coupled with a receptor model to analyze the sources of O3. Higher concentrations of O3 precursors were 
observed during polluted periods indicating that precursor accumulation contributed to the higher maxima of the 
net ozone formation rate and HOx concentrations. Analyses of ROx⋅ budgets and relative incremental reactivity 
(RIR) indicated that O3 production is in a chemical transition regime and was sensitive to both VOCs and NOx. 
Results from Positive Matrix Factorization (PMF) analysis indicated that gasoline vehicle emissions, industrial 
processes, and coal combustion were major sources of O3 precursors. The sensitivities of O3 production to these 
sources depend on if both VOC and NOx sensitivities are considered. If only VOCs sensitivity is considered, in 
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contrast, the contribution of anthropogenic sources to O3 production was significantly underestimated. This 
study highlights the importance of accounting for both VOCs and NOx sensitivities when O3 chemistry is in a 
transition regime in O3 production attribution studies.   

1. Introduction 

In recent years, tropospheric ozone (O3) has become an important 
atmospheric pollutant that is harmful to human health (Cohen et al., 
2017). In 168 cities at or above the prefecture level in China, the average 
concentration of O3 was 150 μg•m− 3 in 2021, and the number of days 
when O3 is the primary pollutant exceeding the standard accounts for 
41.6 % of the total (MEP, 2022). According to the spatial distribution 
characteristics of O3 concentrations, Beijing-Tianjin-Hebei and its sur-
rounding areas (“2 + 26” cities) had higher O3 concentrations (171 
μg•m− 3) than the Fen-Wei Plain (164 μg•m− 3), Yangtze River Delta 
(151 μg•m− 3), Pearl River Delta (153 μg•m− 3) and other key areas 
(MEP, 2022). “2 + 26” cities had developed industries, with coking, 
steel, cement and other heavy industries, and research on O3 pollution 
has been carried out continuously in this region (Duan et al., 2021; Li 
et al., 2019; Niu et al., 2022; Tan et al., 2022; Ding et al., 2023). 
However, the phenomenon of elevated O3 is still widespread, and rele-
vant research should be further promoted according to the industrial 
characteristics of this region. 

O3 is a typical secondary pollutant that is produced by a series of 
chemical reactions of precursors such as nitrogen oxides (NOx) and 
volatile organic compounds (VOCs) under light conditions (Lu et al., 
2010; Xu et al., 2017; Zheng et al., 2023). The previous results showed 
that most urban areas are affected by VOCs, and VOCs play a major role 
in the production of O3 (Fan et al., 2021; Mozaffar et al., 2021; Wang 
et al., 2023; Zhang et al., 2022). However, the emission of precursors in 
industrial cities is large and complex, and the relationship between O3 
and its precursors is not clear, leading to uncertainty in the main 
influencing factors of O3 pollution. The results of a study estimating the 
VOC emission inventory of China’s industrial sources showed that the 
total industrial VOC emissions peaked in 2016 (16.4 Tg) (Simayi et al., 
2022). Although it declined in 2019, it was still 7.7 % higher than that in 
2013, and the industries that contributed more to VOCs were the 
chemical industry, petrochemical industry, coking and other heavy in-
dustries (Simayi et al., 2022). For NOx, due to the implementation of 
ultralow emission transformation measures in recent years in China, 
NO2 concentrations decreased in some key industrial areas, but the 
decrease in NO2 concentrations also led to the rise in O3 in some cities 
due to the complex nonlinear relationship between O3 and different 
precursors (Guo et al., 2022; Li et al., 2021; Wang et al., 2022; Wang 
et al., 2022a). In addition to vehicles and coal combustion emissions, 
heavy industry, represented by coking, steel, cement and other in-
dustries, also emits large amounts of NOx (Cao et al., 2022; Liu et al., 
2018). Therefore, it is of great significance to clarify the relationship 
between O3 and its precursors in industrial cities for O3 control in other 
areas with large and complex precursor emissions. 

Hydroxyl radicals (OH⋅), hydroperoxyl radicals (HO2⋅), organic 
peroxyl radicals (RO2⋅) and alkoxyl radicals (RO⋅), collectively known as 
ROx⋅, dominate the oxidative capacity of the atmosphere and influence 
the formation of O3 (Zhang et al., 2021). The observation-based 0-D 
photochemical box model (OBM) is a common model to simulate the 
photochemical process of O3 formation and radical recycling, which 
uses the observation data as constraints, thus avoiding the potential 
uncertainties in the emission inventory (Ma et al., 2022; Ninneman and 
Jaffe, 2021; Xuan et al., 2023; Zheng et al., 2023; Sommariva et al., 
2020). In addition, the OBM model was also used to assess the sensitivity 
of O3 to precursor or source changes through the relative incremental 
reactivity (RIR) method (Jia et al., 2023; Li et al., 2021; Tan et al., 2019; 
Zhu et al., 2020). Based on the RIR method, some researchers combined 
the OBM model and positive matrix factorization (PMF) model to 

analyze the source of O3, and the results were more practical than those 
of the traditional Maximum Incremental Reactivity (MIR) method (Li 
et al., 2021; Wu and Xie, 2017). Due to the different industrial and 
economic structures, there are certain differences in the sensitivity of O3 
formation to precursors in different regions. Overall, O3 formation is 
more sensitive to VOCs in megacities. For example, the study in Beijing 
showed that O3 formation was sensitive to VOCs, while the sensitivity to 
NOx was negative (Han et al., 2023). And the sensitivity of O3 formation 
has shown the same results in megacities such as Shanghai and the Pearl 
River Delta (Lu et al., 2023a, 2023b; Zhao et al., 2022). Industrial cities 
have large and complex O3 precursor emissions, resulting in serious O3 
pollution. There is a lack of research on the sensitivity of high emission 
precursors to O3 formation in industrial cities, and there also has a few 
study on the sources analyze of O3 based on sensitive precursors in in-
dustrial cities during summer. 

The above analysis results indicated that it is necessary to focus on 
industrial cities to study the O3 source and the influence of precursors on 
O3 generation from the perspective of the mechanism, which will pro-
vide a basis for clarifying the causes of O3 pollution in other cities with 
large and complex precursor emissions. In this study, Changzhi was 
selected as a typical industrial city to analyze the causes of O3 pollution 
and the characteristics of atmospheric photochemical reactions in in-
dustrial cities. Changzhi has developed heavy industries such as the 
chemical industry (coal chemical, petrochemical, etc.), steel industry, 
coking industry and cement industry, and the production of steel and 
coke in Changzhi was 6.1 million tons and 15.9 million tons in 2021, 
respectively, which is higher than other cities in Shanxi Province (SBS, 
2022). In this study, an OBM model was used to analyze the charac-
teristics of free radicals, evaluate the process of O3 generation and the 
reaction process of atmospheric free radicals, and analyze the sensitive 
components of O3 generation in industrial cities. Considering the 
sensitivity of O3 to both VOCs and NOx, the OBM model coupled with 
the PMF model was used to analyze the source of O3. The aim of this 
study was to provide guidance for the local government of similarly 
traditional industrial cities to make strategic decisions on O3 and its 
precursors in summertime. 

2. Method 

2.1. Study sites and measurements 

Persistent field measurements were conducted in the typical indus-
trial city - Changzhi from June 2 to June 30, 2021 (Fig. S1). The sam-
pling site was located on the rooftop of the Environmental Monitoring 
Station of Changzhi, representing an urban environment without nearby 
large industrial pollution sources, adjacent to the main traffic lanes and 
surrounded by residential areas. Hourly data of trace gases (O3, NO, NO2 
and CO) and meteorological parameters (temperature, relative humid-
ity, atmospheric pressure and so on) were obtained from the Environ-
mental Monitoring Station of Changzhi. 

An online gas chromatograph–mass selective detector/flame ioni-
zation detector (GC–MSD/FID, EXPEC 2000, Puyu Technology Devel-
opment Co., LTD., Hangzhou) with dual capture and dual separation was 
used to measure 57 VOCs species with 1-h time resolution, including 29 
alkanes, 11 alkenes, 16 aromatics and acetylene. The ambient air was 
collected in the sampling system into two channels. The samples of both 
channels were dehydrated and enriched by the cryogenic pretreatment 
system and then sent to the chromatographic column for separation by 
direct heat high-temperature thermal desorption. The separated VOCs 
components were detected by MS and FID detectors, and the qualitative 
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and quantitative analysis results were obtained through data processing. 
The detection limit of C2-C5 low carbon alkane is 0.02–0.09 ppbv, 
propane ≤0.01 ppbv, butene ≤0.05 ppbv, other ≤0.1 ppbv, and the 
VOCs of C6-C12 detection limit is 0.003–0.019 ppbv. Detailed infor-
mation on quality assurance and control (QA/QC) can be found in Wang 
et al. (2021). 

2.2. Calculation of the initial concentration of VOCs 

As one of the important precursors of O3 generation, most VOCs have 
relatively enhanced chemical reactivity. VOCs in ambient air are usually 
collected and have the characteristics of fresh emission and mixing after 
oxidation reactions (Li et al., 2021). The research results of VOC 
observation data directly used for component characteristics and source 
analysis will differ from the actual situation. Therefore, calculating the 
initial concentration of VOCs can improve the accuracy of research 
work, which includes O3 source apportionment, sensitivity analysis of 
O3 formation, simulation of formation mechanism of O3 and free radical, 
etc. The dominant chemical reactions of VOCs in the troposphere are OH 
radical reactions during the daytime, and other removal paths, including 
deposition and reaction with NO3 radicals, are assumed to be negligible 
(Atkinson and Arey, 2003). The InVOCs were calculated using the 
following equation (Yuan et al., 2013): 

[VOCi]In = [VOCi]M × exp(ki[OH]Δt ) (1)  

where [VOCi]In denotes the initial concentrations of VOCs (InVOCs) 
species i (ppbv); [VOCi]M is the concentrations of measured VOCs 
(MVOCs) species i (ppbv); ki represents the rate constant of the reaction 
between species i and OH radicals (cm3⋅molecule− 1⋅s− 1) and is esti-
mated based on Eqs. (2)–(3); [OH] is the concentration of OH radicals 
(molecule⋅cm− 3); and Δt is the photochemical consumption time of VOC 
species i reacting with OH radicals from sources to the receptor (s). The 
estimation methods of [OH] and Δt are shown in Text S1. 

kOH = ATne− B/T (2)  

kOH = Ae− B/T (3)  

where A is the Arrhenius constant (cm3⋅molecule− 1⋅s− 1); B is the ratio of 
the apparent activation energy (Ea) to the molar gas constant (R) (K); 
and n is a coefficient, generally n = 210. For alkanes, the recommended 
temperature-dependent expression is a three-parameter expression (Eq. 
(2)), while for alkenes, alkynes, and aromatics, Eq. (3) is used (Atkinson, 
2003). The values of A, B, n, and kOH refer to the study Wang et al., 
2022b. 

2.3. Model description 

2.3.1. Photochemistry model description 
Framework for 0-D Atmospheric Modeling (F0AM), an open source 

zero-dimensional (0-D) atmospheric chemical box model specifically, 
was designed for use with Master Chemical Mechanism (MCM) (http:// 
mcm.york.ac.uk/MCM/) (Wolfe et al., 2016), and the method has been 
widely utilized in many studies (Li et al., 2021; Wang et al., 2022b; 
Zhang et al., 2022; Zheng et al., 2023). More than 5800 chemical species 
and 17,000 reactions are included in the MCM mechanism. Photolysis 
frequencies (JO1D (J1), JNO2 (J4)) were derived from the NCAR’s 
Tropospheric Ultraviolet and Visible radiation model (TUV v5.3, avail-
able at http://cprm.acom.ucar.edu/Models/TUV/Interactive_TUV/), 
and the other parameters relevant to this study (O3 column, surface al-
bedo, cloud optical depth, aerosol optical depth, and single scattering 
albedo) were obtained from https://worldview.earthdata.nasa.gov/ (Li 
et al., 2021; Wolfe et al., 2016). Dilution mixing was considered, but 
vertical or horizontal transport of air masses was not involved in this 
study. The observed meteorological parameters (T, RH, P) and trace 
gases (NO, NO2, CO and VOCs) with a time resolution of 1 h were used to 

constrain the model. The model was run with 00:00 local time (LT) as 
the initial time. Before simulation, the model was run two days in 
advance to stabilize the unmeasured species (e.g., radicals). 

2.3.2. Source apportionment of VOCs 
PMF has been identified as an important receptor model based on the 

observation data of pollutants, which has been identified as an impor-
tant method for extracting VOCs sources (Hui et al., 2018; Gao et al., 
2020). More details of the model can be found in the user guide (Norris 
et al., 2014). In this study, PMF was applied to quantitatively analyze the 
sources of VOCs in Changzhi. The calculation theory of PMF is shown in 
Eq. (4). The uncertainty of the sample data was calculated using Eq. (5). 

Cik =
∑p

j=1
AijBjk + εik(i = 1, 2,⋯, n) (4)  

where Cik represents the concentration of species i in sample k; j and p 
represent the pollution source j and the number of pollution sources; Aij 

and Bjk represent the source profile and source contribution, respec-
tively; and εik represents the residue factor. 

U =

⎧
⎪⎪⎨

⎪⎪⎩

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(E • c)2
+M2

√

(c > M)

5
6
M (c ≤ M)

(5)  

where c was the concentration of species. E was the error ratio (0.2). M 
was the detection limit of the species. 

In this model, the objective function Q is solved with an iterative 
minimization algorithm, and the Q value must be as small as possible. 
The objective function was defined in Eq. (6). 

Q =
∑m

i

∑n

k

(
εik
σik

)2

(6)  

where σik represents the uncertainty bias of the sample. m and n 
represent the number of species and the number of samples, respec-
tively. 

2.3.3. O3 production simulation 
The ozone production rate (P (O3)) can be quantified by the oxida-

tion rate of NO to NO2 by peroxyl radicals (Ma et al., 2022), as expressed 
in Eq. (7). 

P(O3) = kHO2+NO[HO2][NO] + kRO2+NO[RO2][NO] (7)  

where [HO2] and [RO2] are the concentrations of HO2 and RO2 radicals, 
respectively. kHO2+NO is the reaction rate between HO2 radicals and NO. 
kRO2+NO is the reaction rate between RO2 radicals and NO. 

Once ozone forms, it will be consumed by OH, HO2 and alkenes. 
Additionally, some NO2 can react with OH, resulting in the formation of 
nitrate before photolysis (Ma et al., 2022). Additionally, O3 through 
photolysis is also considered an important loss path of O3 (Wang et al., 
2022a). The chemical loss is shown in Eq. (8). 

L(O3) = kO3+OH [O3][OH] + kO3+HO2 [O3][HO2] + kO3+alkenes[O3][alkenes]
+ kNO2+OH [NO2][OH] + kO(1D)+H2O

[
O1D

][
H2O

] (8)  

where L(O3) is the O3 chemical loss rate; [OH] is the number concen-
tration of OH radicals; and kO3+OH, kO3+HO2 , kO3+alkenes, kNO2+OH and 
kO(1D)+H2O are the reaction rates. 

Net(O3) = P(O3) − L(O3) (9) 

Finally, Net(O3)is the net ozone formation rate calculated by the 
difference between P(O3) and L(O3), as expressed in Eq. (9). 

The F0AM-MCM model can calculate the RIR, which is defined as the 
ratio of the decrease in P(O3) to the decrease in precursor concentra-
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tions, to assess the sensitivity of O3 photochemical production in an area 
(Cardelino and Chameides, 1995). The calculation equations of RIR and 
average RIR are shown in Eq. (10) and Eq. (11), respectively (Zeng et al., 
2018). 

RIR =
Net(X) − Net(X − ΔX)/Net(X)

ΔS(X)/S(X)
(10)  

RIR =

∑n
1[RIR(X) × Net(O3) ]

∑n
1Net(O3)

(11)  

where Net(X) represents the net production rate of a specific species X, 
Group X, or source X. Net(X − ΔX) refers to the net production rate of X 
caused by the hypothetical emission change ΔX. S(X) is the total 
observed mixing ratio of precursor X. ΔS(X) is the total mixing ratio 
change of precursor X caused by the hypothetical emission change 
(assumed to be 20 % in this study). 

The contribution of the VOCs to O3 formation is calculated by Eq. 
(12). 

Contribution(X) =
RIR(X) × con(X)

∑m
1 [RIR(X) × con(X) ]

(12)  

where con(X) is the average concentration of source X derived from 
PMF. m is the number of VOCs groups or sources resolved by PMF. 

3. Results and discussion 

3.1. Overview characteristics 

3.1.1. Initial VOCs concentrations 
During the study period, the MVOCs concentrations ranged from 3.6 

ppbv to 34.7 ppbv, with a mean value of 12.6 ± 4.8 ppbv. The InVOCs 
concentrations ranged from 4.5 ppbv to 35.5 ppbv, with a mean value of 
14.9 ± 5.3 ppbv. However, the diurnal variation in InVOCs showed a 
different diurnal curve compared with the MVOCs concentrations, 
especially during the periods of high light (13 o’clock − 16 o’clock) 
(Fig. 1). During the daytime (7 o’clock-19 o’clock), the average InVOCs 
concentration was 16.0 ± 5.8 ppbv, which was 31.1 % higher than the 
average MVOCs concentration (12.2 ± 4.7 ppbv). VOCs tend to be 
consumed by photochemical reactions under daytime light, resulting in 
an underestimate of the actual observed VOCs concentrations, especially 
in the afternoon (Ma et al., 2022; Wang et al., 2022b). For VOC species, 
the initial concentrations of alkane, A-alkene (anthropogenic alkene), 
isoprene, aromatic and alkyne in daytime were 7.2 ppbv, 2.9 ppbv, 2.5 
ppbv, 1.5 ppbv and 2.0 ppbv, which were 3.5 %, 76.2 %, 428.7 %, 19.0 
% and 1.7 % higher than the measured concentrations, respectively. 
Alkenes were largely underestimated among the observed VOC species, 

which play an important role in photochemical reaction processes. 
Therefore, InVOCs were chosen to study the atmospheric photochemical 
reaction process in this study. 

3.1.2. Diurnal variation characteristics of pollutants 
The average concentrations and diurnal variation characteristics of 

atmospheric pollutants (O3, InVOCs, CO and NO2) from June 2 to June 
30, 2021, were analyzed in this study (Fig. 2). The whole observation 
period can be classified into two comparable periods: a polluted period 
(with daily O3–8H concentrations ≥160 μg•m− 3) and a clean period 
(with daily O3–8H concentrations <160 μg•m− 3). There were 17 
polluted days and 12 clean days during the whole observation period. 
The average hourly concentrations of O3 were 134 ± 44 μg•m− 3 during 
the polluted period, approximately 40.9 % higher than that during the 
clean period (95 ± 37 μg•m− 3). As important precursors of O3, the 
average concentrations of InVOCs, CO and NO2 were 15.5 ± 6.6 ppbv, 
1.0 ± 0.4 mg•m− 3 and 16 ± 11 μg•m− 3 during the polluted period, 
which were 23.5 %, 7.1 % and 33.1 % higher than those during the clean 
period, respectively. 

As shown in Fig. 2, O3 showed a single peak diurnal variation, and 
the maximum hourly concentrations of O3 during the polluted period 
(179 μg•m− 3) were 49.2 % higher than those during the clean period 
(120 μg•m− 3). The diurnal variation trends of the three O3 precursors 
(InVOCs, NOx and CO) were generally consistent, showing bimodal 
variation characteristics and reaching their first peak at 8 am. The first 
peak concentrations of InVOCs, NOx and CO in the morning reached 
20.2 ppbv, 34 μg•m− 3 and 1.4 mg•m− 3 during the pollution period, 
respectively. Additionally, the concentrations of InVOCs, NOx and CO in 
the morning (8:00–13:00) were 35.1 %, 47.3 % and 18.7 % higher 
during the polluted period than during the clean period, respectively. 
This phenomenon reflected that the accumulation of precursors in the 
morning may undergo strong photochemical reactions and be consumed 
especially in afternoon (13:00–16:00), resulting in O3 pollution. As 
showed in Fig. 1, the difference value between InVOCs and MVOCs was 
higher during 13 o’clock − 16 o’clock, and also indicated the strong 
photochemical reactions in afternoon. Especially, isoprene had the 
largest different value between InVOCs and MVOCs, which reached the 
peak value at 13 o’clock due to the active photochemical reactions. As a 
secondary pollutant, O3 is mainly formed by atmospheric photochemical 
reactions (Lu et al., 2010), and the precursors participate in atmospheric 
photochemical reactions through reactions with atmospheric oxidants 
such as OH⋅, nitrate radicals (NO3), chlorine atoms, and O3 (Wang et al., 
2017; Xu et al., 2017). 

Some research showed that the sources of CO were mainly from coal 
combustion and industrial process sources, which can be used to reflect 
the industrial emission level of the city (Cao et al., 2022; Liu et al., 
2018). The average concentrations of CO in Changzhi (1.1 mg•m− 3) 
were 37.5 % higher than the average level in China (0.8 mg•m− 3) in 
June 2021, which reflected the higher emission level of precursors in 
industrial cities (CNEMC, 2023). Thus, to mitigate O3 pollution in in-
dustrial cities, the emission of its precursors should be controlled, and 
the control of periods at night and morning should not be ignored. 

3.2. Mechanism of atmospheric photochemical reaction 

3.2.1. O3 and free radical budget analysis 
To demonstrate the accuracy of the model simulation, Fig. S2 

analyzed the relationship between the observed O3 concentration and 
the simulation O3 concentration. And there was a significant correlation 
between observed and simulated O3 concentration with a squared cor-
relation coefficient of 0.916. To study the atmospheric photochemical 
reaction mechanism during different periods, the production and loss 
pathways of O3 were analyzed in this study (Fig. 3). The maximum net 
(O3) during the polluted period was 19.6 ppbv/h, which was 38.2 % 
higher than that during the clean period (12.1 ppbv/h). InVOCs can 
react with OH and produce peroxyl radicals (HO2⋅and RO2⋅), consuming Fig. 1. Diurnal variations in concentrations of InVOCs and MVOCs.  
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NO and finally causing net O3 formation (Wang et al., 2023). The O3 
production path was dominated by NO+HO2⋅, and the maximum O3 
production rates through NO+HO2⋅ reached 13.9 ppbv•h− 1 and 9.2 
ppbv•h− 1 during the polluted period and clean period, respectively. 
NO+RO2⋅ was another important O3 production pathway, and CH3O2⋅ 

+ NO was the main reaction pathway. The O3 loss path mainly included 
O1D + hv, O3 + OH, O3 + HO2⋅, NO2 + OH and O3 + alkene. O3 + alkene 
was the dominant loss path, accounting for 42.2 % of the total loss path 
during the polluted period. Compared with other cities, the maximum 
net (O3) in Changzhi (16.6 ppbv•h− 1) was higher than most cities,such 

Fig. 2. Diurnal variations in concentrations of atmospheric pollutants during polluted period and clean period ((a), (b), (c) and (d) were O3, InVOCs, CO and NO2, 
respectively). 

Fig. 3. Diurnal patterns of O3 production and loss rates simulated by F0AM.  
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as Beijing (approximately 13 ppbv•h− 1) (Jia et al., 2023), Chengdu 
(approximately 9 ppbv•h− 1) (Liu et al., 2021), Wuhan (approximately 
14 ppbv•h− 1) (Liu et al., 2021), Hong Kong (approximately 8 ppbv•h− 1) 
(Liu et al., 2019) and the background site in China (approximately 7 
ppbv•h− 1) (Li et al., 2021a). The higher net (O3) may be related to the 
large emission of NO and the higher concentration of HO2⋅ (as shown in 
3.2.2), which indicated that the control of NO is the focus of O3 reduc-
tion in industrial cities. 

3.2.2. Diurnal variation and budget analysis of free radical 
The free radical concentrations (OH⋅, HO2⋅ and H2O2) were simu-

lated by the F0AM model in this study (Fig. 4). During the polluted 
period, the average concentrations of OH⋅, HO2⋅ and H2O2 were 2.4 ×
106 molecules•cm− 3, 4.0 × 108 molecules•cm− 3 and 0.2 ppbv, respec-
tively, which were 2.1 %, 36.6 % and 36.6 % higher than of those during 
the clean period, respectively. The concentrations of free radical pre-
sented single peak diurnal variation characteristics, and the peak con-
centrations of OH⋅, HO2⋅ and H2O2 were 7.4 × 106 molecules•cm− 3 and 
9.2 × 108 molecules•cm− 3 and 0.5 ppbv during the whole period, 
respectively. The peak concentrations of OH⋅ in this study were much 
higher than Wuhan (6.4 × 106 molecules•cm− 3), Lanzhou (4.5 × 106 

molecules•cm− 3) and Beijing (2.7 × 106 molecules•cm− 3) but much 
lower than the Yangtze River Delta (~9 × 106 molecules•cm− 3) (Guo, 
2022; Slater et al., 2020; Zhang et al., 2021; Zhu et al., 2020). The HO2⋅ 
concentrations in this study were higher than those in most regions in 
China, such as Wuhan (4.7 × 108 molecules•cm− 3), Beijing (7.3 × 108) 
and the Yangtze River Delta (6.2 × 108) (Guo, 2022; Zhu et al., 2020; Jia 
et al., 2023). OH⋅ are the core of atmospheric chemistry and are an 
important atmospheric oxidant that can promote the degradation of 
natural and man-made trace gases (Xue et al., 2016). Thus, the higher 
OH⋅ concentrations in this study indicated higher atmospheric oxida-
tion. HO2⋅ is an important free radical reacting with NO and producing 
O3, and higher HO2 concentrations may be the cause of O3 pollution. 

3.2.3. Free radical cycle 
The budget of OH-HO2-RO-RO2 radicals in the daytime (7 o’clock-19 

o’clock) was analyzed to compare the atmospheric photochemical re-
action process between the polluted period and clean period (Fig. 5). 
Evidently, the production of OH⋅ was dominated by the reaction of 
NO+HO2⋅ in ROX⋅ recycling, and the reaction rate during the polluted 
period (6.9 ppbv•h− 1) was 29.0 % higher than that during the clean 
period (4.9 ppbv•h− 1), which was also the main path of O3 production. 
The terminated processing of OH was dominated by reactions with NO2 
and NO forming HNO3 and HONO. The production of HO2⋅ was domi-
nated by RO⋅ + O2 (4.9 ppbv•h− 1 during polluted period) and OH⋅ + CO 
(1.8 ppbv•h− 1 during polluted period). The terminated processing of 
HO2⋅ was dominated by reactions with HO2⋅ and RO2⋅, forming H2O2 
and ROOH, respectively. In ROX⋅ recycling, OH⋅ + VOCs were the main 
production path of RO2⋅ (6.1 ppbv•h− 1 and 3.5 ppbv•h− 1 during 
polluted and clean period, respectively) and RO2⋅ was consumed to form 

RO⋅ mainly by reacting with NO. RO2⋅ + NO is also another important 
path for O3 generation, and its reaction rate in the polluted period is 
43.9 % higher than that in the clean period. HO2⋅ + NO, RO2⋅ + NO2, 
OH⋅ + VOCs and NO+RO2⋅ were important reactions of atmospheric 
photochemical in ROx⋅ recycling, which were significantly higher than 
those in Shanghai, Chengdu, Hong Kong and were close to the free 
radical reaction in Zhengzhou and Beijing (Lu et al., 2023a, 2023b; 
Wang et al., 2022a; Ma et al., 2022; Liu et al., 2019). These reactions are 
mainly dominated by the O3 precursors of NO, NO2 and VOCs (alkene), 
which are mainly discharged from coal combustion and industrial pro-
cesses caused by developed industries. The results demonstrated the 
important role of O3 precursors in increasing the free radical cycle re-
action, which is the basic cause of O3 pollution and strong atmospheric 
oxidation. 

3.3. O3 source apportionment 

3.3.1. Sensitivity analysis of O3 formation 
The daytime (7 o’clock-19 o’clock) RIR values of O3 precursors 

during the polluted period and clean period were analyzed in this study. 
In total, the decrease in O3 precursors all led to positive RIR values 
during the study period, and NOx had the largest sensitivity to the for-
mation of O3 (RIR = 0.56), followed by InVOCs (RIR = 0.39) and CO 
(RIR = 0.09). The most sensitive precursor to O3 varied with different 
pollution periods. During the polluted period, NOx had the largest RIR 
value (0.64), followed by InVOCs (0.35) and CO (0.08). During the clean 
period, InVOCs had the largest RIR value (0.47), followed by NOx (0.41) 
and CO (0.12). For VOC species, alkenes had the largest RIR value 
compared to other species, with values of 0.32 and 0.41 during the 
polluted period and clean period, respectively. Therefore, the results 
suggested that O3 precursor control should target alkenes and NOx for a 
more effective reduction in O3 pollution. Different from other studies, 
the sensitivity of NOx in this study was higher than that in Shanghai 
(approximately − 0.1) (Meng et al., 2023), Zibo (approximately 
− 0.4–0.4) (Zheng et al., 2023), and Nanjing (− 0.1–0.4) (Wang et al., 
2020), suggesting the important role of NOx in O3 generation in 
Changzhi. 

As shown in Fig. 6, the RIR values of InVOCs (including alkane, 
alkene, aromatics and alkyne) and NOx exhibited obvious diurnal 
variation characteristics. During 7 o’clock-9 o’clock, the formation of O3 
was sensitive to InVOCs, but the RIR value of NOx was negative, which 
was caused by the titration of NOx to O3 (Liu et al., 2022). Starting from 
10 o’clock, the formation of O3 was controlled by both VOC and NOx. 
Over time, the RIR of NOx gradually increased and was significantly 
higher than that of InVOCs, which was more pronounced during 
polluted periods. At 19 o’clock, the RIR of NOx increased to 1.74 and 
1.00 during polluted and clean period, respectively. This RIR analysis 
result indicated the importance of phased control of O3 precursors, 
particularly emphasizing the crucial role of NOx in the O3 formation 
process in industrial cities. However, the source of NOx in industrial 

Fig. 4. Diurnal variations of free radical during the polluted period and clean period.  
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cities is complex. In addition to vehicles and coal combustion emissions, 
heavy industry, represented by coking, steel, cement and other in-
dustries, emits large amounts of NOx (Cao et al., 2022; Liu et al., 2018). 
Therefore, the prevention and control of NOx pollution in industrial 
cities is particularly important. Industrial cities are typical city transi-
tion areas (areas where O3 is sensitive to VOCs and NOx simulta-
neously), and the importance of VOCs and NOx should be considered 
simultaneously in the control process of O3 pollution in transition areas. 

3.3.2. VOCs source apportionment 
In this study, the PMF 5.0 model was used to analyze the O3 pre-

cursor sources and their contributions. Forty-one InVOC species and 
NOx were selected for the PMF model. The six factors were identified as 
industrial process, biogenic source, coal combustion, solvent utilization, 
diesel vehicle emission and gasoline vehicle emission. The details of the 
identified sources are shown in Text S2 and Fig. S3. 

Fig. 7 shows the source contributions of the six identified factors for 
InVOCs and NOx. Throughout the study period, gasoline vehicle emis-
sions were the major contributor to InVOCs (27.0 %), followed by coal 
combustion (20.3 %), diesel vehicle emissions (15.9 %), industrial 
processes (15.1 %), solvent utilization (14.0 %) and biogenic sources 
(7.6 %). The contributions of gasoline vehicle emissions, industrial 
processes, diesel vehicle emissions and biogenic sources to InVOCs 
during the polluted period (28.4 %, 16.3 %, 16.2 % and 9.9 %) were 

much higher than those during the clean period (25.0 %, 13.2 %, 15.1 % 
and 4.6 %). For NOx, coal combustion (44.0 %) and diesel vehicle 
emissions (35.2 %) had the largest contribution, followed by industrial 
processes (12.5 %) and gasoline vehicle emissions (8.3 %). Except for 
coal combustion, other sources all had higher contributions to NOx 
during the polluted period. In summary, coal combustion and diesel 
vehicle emissions contribute more to O3 precursors, which may be 
attributed to the increase in energy consumption and product trans-
portation caused by developed industries. As a typical industrial city, the 
production of steel and coke in Changzhi was 6.1 million tons and 15.9 
million tons in 2021, respectively, and the production is at a higher level 
in Shanxi Province (SBS, 2022). One study showed that the steel and 
coking industries are energy-consuming industries in China and have a 
significant influence on environmental precursors and O3 pollution 
(Wang et al., 2022c). Thus, to control O3 precursors, industrial cities 
should pay attention to industrial emission control, especially heavy 
industry (steel, coking, cement, chemical and so on). 

3.3.3. O3 source apportionment 
Considering the sensitivity of O3 to both VOCs and NOx, industrial 

processes were the main contributor to O3 (36.7 %), followed by 
biogenic sources (24.6 %) and coal combustion (18.4 %) throughout the 
whole study period (Fig. 8). The contributions of industrial processes, 
biogenic sources, and coal combustion during the polluted period (38.9 

Fig. 5. Summary of daytime average budgets of ROx⋅ (ppbv•h− 1). Primary ROx⋅ sources and sinks are in red and blue, respectively. The black lines represent the 
processes in ROx⋅ recycle. The yellow and green fonts represent the reaction rates during polluted and clean days, respectively. 

Fig. 6. The daytime RIR values of O3 precursors (NOx, CO, InVOCs, alkane, alkene, aromatics and alkyne).  
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%, 30.6 % and 20.7 %, respectively) were higher than those during the 
clean period (35.3 %, 12.9 % and 7.8 %, respectively). Industrial process 
sources had a significant impact on O3 (although their contribution to 
InVOCs is relatively smaller), which was related to their inclusion of 
highly active VOC species, such as isoprene, 1-hexene, propylene, trans- 
2-butene, 1-butene, gis-2-butene, trans-2-pentene, 1-pentene, and gis-2- 
pentene (Wu and Xie, 2017). These highly active VOC species are more 
likely to promote photochemical reactions and have a greater effect on 
the generation of O3 under the action of high temperature during 
polluted periods (Jia et al., 2023). In addition, coal combustion and 
biogenic source also contributed greatly to O3 generation in Changzhi, 
which may be related to the higher contribution of NOx and VOCs. The 
concentrations of active VOC species (such as ethene and propylene) in 
combustion were much higher than those of other sources. Therefore, 
emission sources containing more highly active VOC species and high 
concentrations of NOx have a relatively important influence on the 

generation of O3. For industrial cities, industrial processes and coal 
combustion are the focus of control of O3 and its precursors. 

As shown in Fig. 8, considering only the sensitivity of VOCs to O3, 
biogenic sources were the main contributor to O3 (28.4 %), followed by 
industrial process (23.3 %) and coal combustion (20.7 %). Compared 
with the results considering the sensitivity of both VOCs and NOX, this 
scenario underestimated the contribution of industrial processes and 
overestimated the contribution of biogenic sources. In addition, the 
differences between the contributions simulated from the two scenarios 
were more obvious during the polluted period. Therefore, considering 
only VOCs and ignoring NOx in the process of source analysis will lead to 
inaccurate analysis of O3 sources, which may lead to the incorrect 
formulation of prevention and control policies. The results emphasize 
the importance of NOx in the O3 formation and source analysis. 

Fig. 7. Source contribution of InVOCs (a, b and c) and NOx (d, e and f) from the PMF model.  

Fig. 8. Source contribution of O3 simulated by PMF and F0AM.  
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3.4. Implication 

China has developed heavy industry. In 2021, the production of raw 
coal, coke, cement and pig iron was 4.1 billion tons, 464.5 million tons, 
237.7 million tons and 868.6 million tons, respectively (NBS, 2022). In 
addition, power generation is still dominated by thermal power, ac-
counting for 68.0 % of the total power generation, which had larger coal 
consumption. Like Changzhi, there are many industrial cities in China, 
which result in large and complex emissions of VOCs and NOx. In in-
dustrial cities, the steel and coking industries are energy-consuming 
industries in China and have a significant influence on environmental 
VOCs and NOx (Wang et al., 2022c). The precursors can increase at-
mospheric oxidation and speed up the free radical cycle reaction rate, 
resulting in serious O3 pollution in industrial cities. Industrial processes 
and coal combustion are the focus of O3 control in industrial cities. 
These sources contain more highly active VOC species (butene, pentene, 
etc.) and high concentrations of NOx, which have significant importance 
for O3 control. 

Due to the complex linear relationship between O3 and precursors, 
the source analysis of O3 is complicated, especially for cities with large 
and complex precursor emissions. Previous studies only considered the 
influence of VOCs on O3 generation when analyzing the source of O3, but 
this study indicated that the influence of NOx in industrial cities on O3 
generation should not be ignored. Meanwhile, considering only VOCs 
but not NOx in the analysis of O3 sources will underestimate the emis-
sion proportion of anthropogenic sources (such as coal combustion and 
industrial processes) and overestimate the proportion of biogenic sour-
ces, resulting in inaccurate results. Industrial cities are typical cities in 
transition areas, and the sensitivity of O3 to both VOCs and NOx should 
also be taken into account when analyzing the source of O3 in transition 
areas, which can ensure the accuracy of source analysis results. In 
addition, emission reduction of VOCs and NOx simultaneously should be 
considered in the control of O3 in transition areas. This study provides an 
improved direction for the source analysis of O3 in industrial cities and 
even cities in transition areas. 

4. Conclusion 

This study used F0AM with MCM v3.3.1 to analyze O3 sensitivities to 
VOCs and NOx in a typical industrial city in China. The F0AM model 
results were coupled with a receptor model to analyze the sources of O3. 

Higher concentrations of O3 precursors were observed during 
polluted periods indicating that precursor accumulation contributed to 
the higher max net (O3) (16.6 ppbv•h− 1) and HOx⋅ concentrations. The 
important reactions in ROx⋅ recycling were mainly dominated by the 
precursors of NO, NO2 and alkene, which were mainly discharged from 
sources caused by the developed industry. This RIR analysis result 
indicated the importance of phased control of O3 precursors, particu-
larly emphasizing the crucial role of NOx in the O3 formation process in 
industrial cities. Results from PMF analysis indicated that gasoline 
vehicle emissions, industrial processes, and coal combustion were major 
sources of O3 precursors. While industrial process (36.7 %) and biogenic 
source (24.6 %) were the major sources of O3. This study highlights the 
importance of accounting for both VOC and NOx sensitivities when O3 
chemistry is in a transition regime in O3 production attribution studies. 
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