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Abstract 11 

Oxygenated volatile organic compounds (OVOCs), an important subgroup of volatile organic 12 

compounds (VOCs), are emitted directly or formed secondarily through photochemical processes. 13 

They play a crucial role in tropospheric chemistry as ozone (O3) precursors. However, due to 14 

measurement limitations, the influence of OVOCs on O3 formation has often been underestimated. 15 

In this study, 74 VOCs (including 18 OVOCs) were measured at five representative stations (urban, 16 

suburban, industrial, upwind, and downwind stations) in Zibo, an industrial city in the North China 17 

Plain. The VOCs level in Zibo (44.6±20.9 × 10-9) is in the upper-middle range (> 32 × 10-9) 18 

compared to previous studies conducted in most Chines cities, with OVOCs contributing for 19 

30.0%~37.8%. The average O3 formation potential in Zibo is 410.4±197.2 µg m-3, with OVOCs 20 

being the dominant contributor (31.5%~55.9%). An observation-based model (OBM) was used to 21 

access the contributions of chemical production (RNetProd) and emissions/transport (REmis&Trans) to 22 

individual OVOC. Daytime (8:00-18:00 LT) RNetProd is the highest at the urban site (5.9 × 10-9 h-1), 23 

while nighttime REmis&Trans is most negative at the industrial site (0.76×10-9 h-1). Simulations without 24 
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OVOCs constraint overestimate OVOCs (42.1~126.5%) and key free radicals (e.g., hydroperoxy 25 

radicals (HO2, 5.3%~20.4% and organic peroxy radicals (RO2, 6.6%~35.1%)), leading to a 26 

1.8%~11.9% O3 overestimation. This overestimation causes an underestimation of hydroxyl radicals 27 

(OH) (1.8%~20.9%) and atmospheric oxidizing capacity (3.5%~12.5%). These findings emphasize 28 

the importance of comprehensive OVOCs measurements to constrain numerical models, especially 29 

in regions with dense anthropogenic emissions, to better reproduce atmospheric photochemistry, 30 

and to formulate more effective air pollution control strategies. 31 

1. Introduction 32 

Oxygenated volatile organic compounds (OVOCs), contributing 20.1%~73.5% of total volatile 33 

organic compounds (VOCs) (Han et al., 2019; Huang et al., 2020; Li et al., 2022a; Liu et al., 2024; 34 

Song et al., 2024), are critical components of tropospheric photochemistry (Yang et al., 2014). 35 

Photolysis of OVOCs has been proved to be the most significant primary source of ROx (OH + HO2 36 

+ RO2) in Guangzhou, Beijing, and Xi’an in China (Wang et al., 2022c; Yang et al., 2018; Zhang et 37 

al., 2021b), and thereby accelerating the recycling of radicals to promote ozone (O3) formation (Qu 38 

et al., 2021; Wang et al., 2022c). In addition, previous studies have shown that sufficient free radicals 39 

produced by photolysis of OVOCs are the dominated contributors to O3 pollution during winter 40 

(Edwards et al., 2014; Emmerson et al., 2005). The study of Li et al. (2021b) indicates that the fast 41 

generation of O3 during winter haze in the North China Plain is mainly driven by the photolysis of 42 

formaldehyde (HCHO), which leads to a large production of HOx radical and offsets the radical 43 

titration induced by NOx emissions. In addition, HCHO and other OVOCs dominated the OH loss 44 

with VOCs (Goldan et al., 2004), resulting in predominant role in OH reactivity (Ling et al., 2014; 45 

Yang et al., 2018). Therefore, OVOCs play a significant role in the atmospheric chemistry. 46 
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OVOCs have complex and diverse sources, including primary emissions from anthropogenic, 47 

e.g., vehicle exhausts (Gentner et al., 2013; Legreid et al., 2007; Wang et al., 2022b), volatile 48 

chemical product use (Ou et al., 2015), industries (Wang et al., 2023), biomass combustion (Gilman 49 

et al., 2015; Karl et al., 2007; Li et al., 2014a; Yokelson et al., 2007), and biogenic sources (Ou et 50 

al., 2015; Rieksta et al., 2023). They are also formed secondarily through photochemical reactions 51 

(Huang et al., 2020; Song et al., 2024; Xia et al., 2021). Mo et al. (2016) estimated that OVOCs 52 

from heavy-duty diesel vehicle emissions accounted for 53.8% of total VOCs in China, and OVOCs 53 

account for 12.4%~46.3% of VOCs emission from biomass and residential coal combustion, which 54 

demonstrates the importance of combustion-related sources of OVOCs. In addition, measurement 55 

of VOCs fluxes based on the airborne eddy covariance technique showed that urban emission 56 

sources comprise a surprisingly large proportion of OVOCs (29%~56%) (Karl et al., 2018; 57 

Pfannerstill et al., 2023). Due to the high share of OVOCs in VOCs, previous studies have reported 58 

that OVOCs could contributed 38%~60% of ozone formation potential (OFP) (Liu et al., 2024; Mo 59 

et al., 2022; Wang et al., 2022a, 2024). The loss of OVOCs occurs through photolysis, reactions 60 

with oxidants (e.g., OH, NO3, and O3), dilution mixing and deposition (Atkinson, 2000; Atkinson 61 

and Arey, 2003). Moreover, air mass transport also can significantly affect the mixing ratio of 62 

OVOCs. 63 

Chemical transport models (CTMs) have been widely used for the study of formation 64 

mechanism of OVOCs and their influence on air quality (Chen et al., 2022; de Gouw et al., 2018; 65 

Luecken et al., 2012; Steiner et al., 2008; Yang et al., 2023). However, due to the deviation of the 66 

meteorological field, uncertainty of the emission inventory (Li et al., 2019; McDonald et al., 2018; 67 

Shen et al., 2019), defects of lumped chemical mechanism (Li et al., 2014b; Sarwar et al., 2008; 68 
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Stockwell et al., 1997a; Venecek et al., 2018), there is a large uncertainty in the OVOCs simulated 69 

by CTMs, which in turn leads to large deviations in the simulated atmospheric photochemistry. The 70 

observation-based model (OBM) can avoid these biases to a certain extent by constraining 71 

meteorological parameters and chemical species, and leveraging detailed chemical mechanism (e.g., 72 

Master chemical mechanism, MCM). Nevertheless, due to the limited observations of OVOCs (e.g., 73 

Pfannerstill et al., 2023), many existing studies use OBM without the observed OVOCs data, or 74 

only with limited inputs for certain OVOCs species (formaldehyde, acetaldehyde, acetone), which 75 

can greatly bias the assessment of O3 generation mechanism, free radical chemistry, and atmospheric 76 

oxidation. Wang et al. (2022a) showed that the box model without the constraint of OVOCs 77 

underestimates the OVOCs concentrations, which in turn lead to the underestimation of ROx and O3 78 

formation. Thus, it is meaningful to couple OVOCs observation with OBM to investigate how 79 

OVOCs affect radical chemistry, atmospheric oxidization capability, and O3 formation mechanism. 80 

Zibo, a typical industrial cluster city in China, has been suffering from O3 pollution for years 81 

(Li et al., 2021a; Qin et al., 2023). However, comprehensive studies involving the observation of 82 

VOCs, particularly OVOCs such as HCHO, are rare. Qin et al. (2023) used observations of 98 VOCs 83 

(without HCHO) in Zibo to constrain OBM, but the absence of HCHO in their simulation could 84 

result in underestimation ROx, thus disturbing the investigation of OH budget (Fuchs et al., 2017; 85 

Guo et al., 2021; Ling et al., 2014; Qu et al., 2021; Tan et al., 2017). This study hypothesizes that 86 

incorporating observational constraints on OVOCs significantly influences the OBM simulations. 87 

To evaluate this, a 5-day field campaign was conducted across five representative sites in Zibo. 88 

Concentrations of 74 VOC species, including 29 alkanes, 16 aromatics, 9 alkenes, 18 OVOCs, 89 

acetylene and isoprene, are obtained. The contributions of secondary formation, emissions/transport 90 
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to OVOCs level are analyzed by the OBM. Additionally, the impact of OVOCs on radical chemistry, 91 

atmospheric oxidation capability, and consequently O3 production are quantified. 92 

2. Methodology 93 

2.1 Sampling sites and measurements 94 

To capture a typical ozone pollution case, the field campaign was conducted from August 8 to 95 

August 12, 2021, at five monitoring sites (Zhonglou (ZL), Chengdong (CD), Chengqu (CQ), 96 

Tianzhen (TZ), and Xindian (XD)) in Zibo (Figure 1, Table S1). Among the five sites, ZL site 97 

(117°54'E, 36°39'N) is an urban site, which is located in the central area of Zibo, and is mainly 98 

surrounded by residential areas and factory buildings. According to the prevailing wind direction 99 

(northeast, Figure S1 (a)), CQ (118°60'E, 36°57'N) site is an upwind site, while CD (117°53'E, 100 

36°31'N) is a downwind site. CD is located on a hillside in the southern part of Zibo, with a small 101 

number of ceramic and refractory enterprises factories nearby. TZ (117°48'E, 37°10'N) is close to 102 

Shengli Oil field on the west, and is surrounded by farmland. This site is regarded as a suburban site 103 

and is affected by residential emissions in the north of Zibo, as well as nearby oil production 104 

operations. XD (118°19'E, 36°48'N) is close to a chemical industrial park and serves as an industrial 105 

site. More detailed information about these sites can be found in Table S1. 106 

Site-scale wind patterns can affect the levels and spatial distribution of OVOCs and PAMS 107 

(target VOC species from the Photochemical Assessment Monitoring Stations, including include 29 108 

alkanes, 16 aromatics, 9 alkenes, isoprene, and acetylene) across sites. Urban (ZL) and downwind 109 

(CD) sites are impacted by OVOC pollution from northeasterly (NNE, NE, ENE) winds, while the 110 

upwind (CQ) site experiences higher OVOC and VOCs pollution under both northeasterly and 111 

northwesterly (WNW, NW, NNW) winds (Figure S2 (a, b)). Suburban (TZ) and industrial (XD) 112 
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sites exhibited higher OVOC and VOCs levels under southeasterly (SE) and southwesterly (WSW) 113 

winds, respectively, likely due to upwind emissions from nearby industrial sources. WS between 1 114 

and 2 m s-1 were most common (40.4%) during the observation period. At suburban (TZ) and 115 

industrial (XD) sites, OVOC and VOCs levels were lower at low wind speeds (WS < 2 m s-1) than 116 

that at higher wind speeds, reflecting the influence of local emissions (Figure S2(c, d)). In contrast, 117 

at downwind (CD) site, higher OVOC and VOCs levels were observed at WS > 2 m s-1, indicating 118 

the impact of regional transport. At the urban (ZL) site, higher WS are associated with lower VOCs 119 

levels and higher OVOC levels, indicating the influence of aging air masses transported from 120 

upwind regions. 121 

 122 

Figure 1. (a) Map of the North China Plain and (b) map of Zibo with locations of VOCs monitoring stations 123 

(red triangles), and Shengli Oil field (yellow star), and prevailing wind direction (orange arrow). 124 

During the campaign, two online gas chromatography-flame ionization detector (GC-FID, 125 

Thermo Scientific GC5900) systems were deployed at suburban (TZ) and upwind (CQ) stations, 126 

and three online gas chromatography-flame ionization detector (GC-FID, Syntech Spectras GC 127 

955–615/815) systems were deployed at downwind (CD), industrial (XD) and urban (ZL) stations, 128 

respectively. A mixture of 56 PAMS target species (Spectra Gases Inc., USA, Table S2) was used 129 
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for the calibration of the GC-FID system. Each VOC analyzer provided measurements with a 1-130 

hour temporal resolution. More detailed descriptions of these instruments can be found in previous 131 

studies (Li et al., 2023; Wang et al., 2014; Yang et al., 2022; Zheng et al., 2023). Overall, the 132 

detection limits for most VOC species are below 0.1 × 10-9. Additionally, 18 oxygenated VOCs 133 

species were collected by 2,4-dinitrophenylhydrazine (DNPH) sorbent tubes in conjunction with an 134 

automated sampler for a period of 1 or 3 hour per sample. A 47 mm quartz filter membrane is 135 

attached to the front of the sampling tube to filter particulate matter. An ozone scrubber (silica gel 136 

column tubing coated with potassium iodide) was placed at the front of the air inlet to avoid ozone 137 

interference. OVOCs were derivatized in cartridges to hydrazones during sampling. The cartridges 138 

were eluted with 3 mL of acetonitrile and stored at 0-4 °C immediately. Then the eluants were 139 

analyzed using an Agilent HPLC, equipped with ultraviolet absorption detector (UVD), quadruple 140 

pump, and Agilent TM C18 reversed column (250 mm×4.6 mm, 5.0 µm). A gradient elution was 141 

used, and the mobile phase was mixing of acetonitrile, tetrahydrofuran and water. The analysis was 142 

carried out using a ternary gradient elution program at a flow rate of 1.2 mL/min, with detection 143 

wavelength of 360 nm, and sample volume of 10 µL at a column temperature of 45 °C. More details 144 

about OVOC samplings and analysis can be found in Peng et al. (2023). The lower limit of detection 145 

for OVOCs were <0.1 × 10-9 (Peng et al., 2023). A total of 271 valid OVOCs samples were collected 146 

during the campaign. At the industrial (XD) and suburban (TZ) stations, 8 samples were collected 147 

per day at 3-hour intervals. At the urban (ZL), upwind (CQ) and downwind (CD) stations, 10 148 

samples were collected per day, with 7 samples collected at 1-hour intervals during 7:00-21:00 LT, 149 

and 3 samples collected at 3-hour intervals during the night (1:00-6:00 and 22:00-1:00+1 LT), and 150 

totaling 59 valid samples per station. Finally, a total of 74 VOCs (56 PAMS and 18 OVOCs) were 151 
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combined to conduct data analysis in this study (Table S2). Conventional gas phase pollutants (e.g., 152 

O3, CO, and NOx (NO and NO2)) were measured using commercial online analyzers (Thermo 153 

Scientific 49i, 48i, and 42i, USA) at each site. NOx was measured by NO chemiluminescence and 154 

chemical conversion with a molybdenum convertor, which is known to be interfered by NOz species 155 

(Tan et al., 2017, 2019a). Meteorological parameters, including temperature (T), relative humidity 156 

(RH), wind speed (WS), wind direction (WD), and ambient pressure (P) were obtained 157 

synchronously by Chinese ground-based meteorological stations (Boshan, Huantai, Gaoqing, Linzi, 158 

and Zichuan sites) (http://data.cma.cn/, last access: March 26, 2024). 159 

2.2 Observation-based model 160 

A box model (F0AM) coupled with the Master Chemical Mechanism (MCM) v3.3.1 was 161 

utilized to simulate the in situ atmospheric chemical process at these 5 sites (Jenkin et al., 2015; 162 

Wolfe et al., 2016). The MCMv3.3.1, as a nearly explicit mechanism with more than 5800 species 163 

and 17000 reactions, provides a more detailed gas chemistry than other lumped mechanisms, such 164 

as the Carbon Bond Mechanism (CB) (Yarwood et al., 2005, 2010), Regional Atmospheric 165 

Chemistry Mechanism (RACM) (Goliff et al., 2013; Stockwell et al., 1997b), and SAPRC (Carter, 166 

1990, 2010b; Carter and Heo, 2013). The box model calculations were constrained by 167 

comprehensive measurements of trace gases (NO, NO2, CO, and SO2) and 45 speciated VOCs, 168 

encompassing 20 alkanes, 9 alkenes, 14 aromatics, 15 OVOCs, isoprene and acetylene, as well as 169 

meteorological parameters (T, RH and P). To address potential NO2 measurement artifacts, several 170 

adjustments were implemented. Considering that PKU-Mo as a catalytic converter for NO2 171 

measurement can cause interferences from other nitrogen–oxygen compounds (e.g., PAN, HNO3), 172 

potentially overestimating NO2 by 30%~50% (Kim et al., 2015; Tan et al., 2017, 2019a; Xu et al., 173 
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2013). In this study, the observed NO2 concentrations at the 5 sites were reduced by 30%~40% (40% 174 

for ZL and CQ, 30% for CD, TZ and XD) to compensate for catalytic converter interferences (Xu 175 

et al., 2013). Additionally, strong anthropogenic emissions (e.g., vehicle emissions) near the sites 176 

may prevent the model from reaching steady state, leading to positive deviations (Li et al., 2014c). 177 

Therefore, NO steady-state approximations (NOss), calculated according to the equations proposed 178 

by Del Negro et al. (1999) (Equation S1), was used to constrain the simulated NO. The uncertainties 179 

derived from the NOx settings are shown in Table S3 and analyzed in Section 3.4. HONO was fixed 180 

to 2% of the corrected NO2 mixing ratio (Elshorbany et al., 2012; Tan et al., 2019a), and the 181 

corresponding uncertainty is summarized in Section 3.4. In addition, boundary layer height (BLH), 182 

and surface net solar radiation (SSR) were obtained from the fifth generation of the European Centre 183 

for Medium-Range Weather Forecasts (ECMWF) reanalysis for the global climate and weather 184 

(https://cds.climate.copernicus.eu, last access: March 1, 2024). The photolysis frequency correction 185 

factor (Jcorr) of the model input was adjusted by SSR. BLH was also included in the model to 186 

control the deposition process (Xuan et al., 2023; Zhu et al., 2020). 187 

The model ran with continuous time series profile for the campaign period (August 8-12) with 188 

1-hour time-step. A sensitivity analysis was performed for the time-step and the results are 189 

summarized in Section 3.4. Each simulation started with 10-days spin up to reach steady state 190 

condition. Missing observation data were filled with linear interpolation, and the mixing ratios of 191 

OVOCs were also linearly interpolated to 1-hour resolution for modeling. An artificial loss process 192 

corresponding to an atmospheric lifetime of 24 h or a first-order dilution rate (kdil) of 1/86400 s-1 193 

was introduced for all simulated species, including secondary species and radicals, to approximately 194 

simulate dry deposition and other losses (Lou et al., 2010; Tan et al., 2018b; Wang et al., 2022c). 195 
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The model cases that run with the above settings with 15 constrained OVOCs species are called the 196 

Base scenario. To investigate the impacts of constrains of OVOCs on atmospheric chemistry, the 197 

Free scenario was conducted, with all the setting of the Base scenario except for the OVOCs 198 

constraint. 199 

2.3 Budgets of OVOCs and O3 200 

At a given site, variations in OVOCs mixing ratios are mainly influenced by in-situ 201 

photochemical production and chemical loss, emissions, regional transport, and deposition (Tan et 202 

al., 2018a; Xue et al., 2014a; Zhang et al., 2021). The change rate of observed OVOCs (RMeas) is 203 

calculated by Equation (1). The in-situ photochemical production of OVOC (RChemProd) is mainly 204 

caused by the oxidation of VOCs, while their in-situ chemical loss (RChemLoss) includes photolysis 205 

and reactions with oxidants (OH, NO3, and O3) (https://mcm.york.ac.uk/MCM/, last access: 13 Jan 206 

2025) (Atkinson, 2000; Atkinson and Arey, 2003; Jenkin et al., 2015; Saunders et al., 2003). The in-207 

situ net OVOCs chemical production (RNetProd) (Equation (2)) and their removal by deposition (RDeps) 208 

are calculated hourly according to the OBM simulation. The OBM primarily accounts for 209 

atmospheric photochemical reactions, and deposition within the boundary layer. However, previous 210 

studies have reported that the OBM lacks an explicit representation of transport processes and 211 

emissions (Wolfe et al., 2016; Zhang et al., 2021), making it challenging to disentangle their 212 

respective contributions. Therefore, emissions and transport are combined to a single term 213 

(REmis&Trans) to represent their contributions collectively. If the REmis&Trans is positive, it is considered 214 

a net import of emissions/transport, whereas a negative suggests a net export. The emissions and 215 

regional transport of OVOCs (REmis&Trans) are computed as Equation (3). 216 

 𝑅𝑀𝑒𝑎𝑠 = ∑
𝑑([𝑂𝑉𝑂𝐶]𝑖)

𝑑𝑡
𝑖

 (1) 

https://mcm.york.ac.uk/MCM/
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 𝑅𝑁𝑒𝑡𝑃𝑟𝑜𝑑 = ∑(𝑅𝐶ℎ𝑒𝑚𝑃𝑟𝑜𝑑,𝑖 − 𝑅𝐶ℎ𝑒𝑚𝐿𝑜𝑠𝑠,𝑖)

𝑖

 (2) 

 𝑅𝐸𝑚𝑖𝑠&𝑇𝑟𝑎𝑛𝑠 = (𝑅𝑀𝑒𝑎𝑠 − 𝑅𝑁𝑒𝑡𝑃𝑟𝑜𝑑 − ∑ 𝑅𝐷𝑒𝑝𝑠,𝑖

𝑖

) (3) 

where [OVOC]i is the mixing ratios of OVOC species i constrained in OBM, 15 in total (Table S2). 217 

dt is the time-step of modeling, d[OVOC]i refer to the change in mixing ratio of OVOC species i. 218 

Considering the oxidation of NO to NO2 by peroxyl radicals, the total oxidant (Ox =O3 + NO2) 219 

is generally used to characterize the chemical budget of O3 (Kanaya et al., 2009; Xue et al., 2014b). 220 

The total chemical production of Ox through oxidations of NO by HO2 and RO2 radicals (Tan et al., 221 

2018b), is defined as the production of O3 (P(O3)), which is calculated according to Equation (4): 222 

 𝑃(𝑂3) = 𝑘𝐻𝑂2+𝑁𝑂[𝐻𝑂2][𝑁𝑂] + ∑ 𝑘𝑅𝑂2,𝑗+𝑁𝑂[𝑅𝑂2]𝑗[𝑁𝑂] (4) 

The chemical loss rate (L(O3)) of O3 is equal to the sum of loss rates of O3 and NO2, including 223 

O3 photolysis, reactions of O3 with OH, HO2 and alkenes, as well as reactions of NO2 with OH and 224 

RO2, as well as the reaction of NO3 with unsaturated VOCs (Chen et al., 2020; Liu et al., 2022; Xue 225 

et al., 2016, 2014b). 226 

 𝐿(𝑂3) = 𝑘𝑂1𝐷+𝐻2𝑂[𝑂1𝐷][𝐻2𝑂] + 𝑘𝑂3+𝑂𝐻[𝑂3][𝑂𝐻]

+ 𝑘𝑂3+𝐻𝑂2[𝑂3][𝐻𝑂2] + 𝑘𝑂3+𝑎𝑙𝑘𝑒𝑛𝑒𝑠[𝑂3][𝑎𝑙𝑘𝑒𝑛𝑒𝑠]

+ 𝑘𝑁𝑂2+𝑂𝐻[𝑁𝑂2][𝑂𝐻]

+ ∑ 𝑘𝑁𝑂2+𝑅𝑂2,𝑗[𝑁𝑂2][𝑅𝑂2]𝑗

+ ∑ 𝑘𝑁𝑂3+𝑉𝑂𝐶,𝑖[𝑁𝑂3][𝑉𝑂𝐶]𝑖 

(5) 

The concentrations of radicals and intermediates are derived from the outputs of the OBM. The 227 

k values in Equations (4) and (5) rate constants of the corresponding reactions, which can be found 228 

from https://mcm.york.ac.uk/MCM/ (last access: 13 Jan 2025) or the study by Liu et al. (2022). The 229 

subscript ‘j’ in Equation (4) and (5) denotes individual RO2 species. The subscript ‘i’ in Equation 230 

https://mcm.york.ac.uk/MCM/
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(5) represents individual VOC species. The net O3 production rate can be obtained from the 231 

difference between P (O3) and L(O3). 232 

2.4 Evaluation of ozone formation potential and atmospheric oxidation capacity  233 

Different VOC species vary in their capability to form ozone, and their potential to produce O3 234 

can be evaluated by the maximum incremental reactivity (MIR) (Carter, 2010a). The ozone 235 

formation potential (OFP) calculated for each VOC species represents its maximum contribution to 236 

ozone production (Bufalini and Dodge, 1983). The OFP of VOCs is calculated as follows: 237 

 𝑂𝐹𝑃𝑖 = [𝑉𝑂𝐶]𝑖 × 𝑀𝐼𝑅𝑖 (6) 

where OFPi is the OFP of VOC species i (μg m-3), [VOC]i is the atmospheric concentration of VOC 238 

species i (μg m-3), MIRi is the maximum incremental reactivity coefficient of the VOC species i (g 239 

O3/g VOCs) (Table S2) from Carter, 2010a. 240 

Atmospheric oxidation capacity (AOC) is the core driving force of complex air pollution, 241 

influencing the removal rate of trace gases and the production rates of secondary pollutants (Liu et 242 

al., 2021). AOC is calculated based on the sum of oxidation rates of oxidants (OH, O3, and NO3) 243 

with primary pollutants (VOCs, CO, and CH4) (Elshorbany et al., 2009; Geyer et al., 2001; Yang et 244 

al., 2022b). The formula is as follows: 245 

 𝐴𝑂𝐶 =  ∑ 𝑘𝑌𝑖[𝑌𝑖][𝑋]

𝑖

 (7) 

where Yi represents primary VOCs (excluding OVOCs), CO and CH4, X represents oxidants (OH, 246 

O3 and NO3) and kYi is the bimolecular rate constant for the reaction of Yi with X. Atmospheric 247 

oxidation capacity determines the rate of Yi removal. 248 

3. Results and discussion 249 

3.1 Meteorological and chemical conditions 250 
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The field campaign is characterized by consistent hot and sunny conditions, with the average 251 

daily maximum temperature and SSR of 32.2±1.4 ℃ (peak at 34.1 °C) and 2.1±0.4× 106 J m-2 252 

(Figure 2, Figure S2 (a)), respectively, which favors the photochemical formation of O3. A typical 253 

O3 episode was observed, with an average maximum daily 8-hour average O3 (MDA8-O3) of 89.8 254 

× 10-9 in Zibo city. According to the Chinese National Ambient Air Quality Standard Grade II (about 255 

93.3 × 10-9 for 1-hour average, or 74.7 × 10-9 for MDA8-O3), there are four O3 pollution days 256 

(August 8 to 11) during the campaign. The average mixing ratios of SO2, NO2, NO, and CO in Zibo 257 

are 2.8±1.6, 12.0±6.9, 2.8±4.8, and 897±670 × 10-9, respectively (Figure 2, Figure S3 (b)). The mean 258 

VOCs mixing ratio in this study is 44.6±20.9 × 10-9, which is overall higher than that in Beijing 259 

(18.3±8.9 × 10-9) from July 23 to August 31 in 2016 (Wu et al., 2023), Rizhao (9.83 × 10-9) in 260 

summer in 2022 (Zhang et al., 2023), and Xi’an (29.1± 8.4 × 10-9) from June 20 to July 2019 (Song 261 

et al., 2021). Compared with the median VOC levels (~32 × 10-9) in other cities in China (Figure 3, 262 

Table S4), VOC levels in Zibo is in the upper-middle range. Previous studies have demonstrated 263 

that industrial processes account for approximately 49% of total VOC emissions in Shandong 264 

Province (Jiang et al., 2020; Li et al., 2017; Ren, 2011; Zheng et al., 2021). This indicates strong 265 

anthropogenic VOCs emission in Zibo. Notably, VOC emission intensity in Zibo was among the 266 

highest in Shandong Province, with values > 90 t km-2 y-1, even >108 t km-2 y-1in some areas in 267 

2016 (Jiang et al., 2020; Zhou et al., 2021). In terms of the VOCs groups (Figure 5 (c), Figure S4 268 

(a)), alkanes and OVOCs were the two predominant groups at each site, accounting for 33.3~51.5% 269 

and 30.0~37.8% to the total VOCs, respectively, followed by aromatics (3.8~16.5%) and alkenes 270 

(5.0~13.8%). In addition, the difference between peak and valley NO2 mixing ratios was 14.4±3.2 271 

× 10-9, indicating that substantial NOx was converted to O3. 272 
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 273 

Figure 2. Time profiles of pollutant mixing ratios and meteorological parameters in Zibo from August 8 to 274 

12, 2021. The meteorological data were from ZL, the central site of Zibo, and the pollutants data were the 275 

average of the five sites. The hourly PAMS (including alkanes, alkenes, aromatics, acetylene, and isoprene) 276 

data were aligned with the 1/3-hour sampling intervals of the OVOCs data to ensure comparability between 277 

the two datasets. 278 
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 279 

Figure 3. Comparison of VOCs mixing ratios and compositions in this study with former studies based 280 

on Table S4. The red dash line represents the median levels (~32 × 10-9) of VOCs。 281 

 282 

Figure 4. Distribution of O3 and its precursors (OVOCs, PAMS, NO2, and NO) and meteorological 283 

parameters (WS, T, and RH) at five sites, with the green triangle being the mean value and the horizontal 284 

line in the box being the median. 285 

Across the five sites, the O3 mixing ratios are comparable across all the sites (Table S6, Table 286 
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S11) (p > 0.05). However, TVOCs at suburban site (TZ, 58.5±35.0 × 10-9) is the highest (Figure 5 287 

(c), Figure S4 (b)), which is attributed to oil refineries near this site. The downwind site (CD) has 288 

slightly lower NO2 level (10.8±5.1 × 10-9) and lower TVOCs mixing ratios (35.7±12.5 × 10-9) than 289 

urban site (ZL, 14.8±6.5 and 40.6±10.3 × 10-9, respectively) and upwind site (CQ, 12.7±8.1 and 290 

42.3±15.4 × 10-9, respectively), and has higher O3 mixing ratio (58.6±30.0 × 10-9) than CQ and ZL 291 

station. This may be attributed to the sequential transport of O3 and its precursors from the upwind 292 

station (CQ) to urban station (ZL), and subsequently to the downwind station (CQ), driven by the 293 

dominant northeasterly winds (Figure 1 (b), Figure S1). 294 

According to the time series of individual pollutant (Figure S3 (b)), CQ showed obvious peak 295 

mixing ratios of O3, NO2, NO and CO than the other sites during August 8-9, with stagnant 296 

conditions (WS < 2 m s-1), indicating stronger emissions from combustion sources and possibly fast 297 

photochemical process near CQ. In addition, XD showed high mixing ratios of CO during August 298 

8-9, and high daytime TVOCs levels on August 9 (9:00-14:00 LT, 90~110 × 10-9). Given CO’s 299 

relatively inert nature and the absence of similar CO peaks at the other four sites, the abnormal CO 300 

peak at XD is related to strong emissions from nearby factories in the industrial park. TZ showed 301 

distinct morning and evening peaks of TVOCs at 6:00 LT (163.0 × 10-9) and 21:00 LT (120.0 × 10-302 

9) on August 8, and a night peak at 1:00 LT on August 10 (130.3 × 10-9), which were attributed to 303 

emissions from the neighboring oil field operations. From August 10 to 12, as wind speeds increased, 304 

pollutants levels at all sites decreased to similar levels. Overall, local anthropogenic emissions in 305 

Zibo were more prominent under weak wind conditions. 306 

To compare the secondary O3 formation in each site, the ozone formation potential (OFP) of 307 

each VOCs is calculated (Equation (6)). The mean OFP in Zibo during the observation is 308 
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410.4±197.2 µg m-3, with OVOCs accounting for the largest proportion (31.5%~55.9%), followed 309 

by aromatics (10.2%~41.2%). Alkanes (10.3%–24.6%) and alkenes (11.4%~23.1%) make 310 

comparable proportions, while BVOCs accounted for only 2.1%~7.6% of the total OFP (Figure 5 311 

(b)). The one-way analysis of variance (ANOVA) results (p < 0.05) indicate significant differences 312 

(Armstrong et al., 2000) in VOC subclass contribution to OFP across the 5 sites. Alkanes and 313 

aromatics show larger F-values (Table S11), reflecting greater variations in the contributions to OFP 314 

across the 5 sites, whereas OVOC and BVOC (isoprene) exhibited lower variability. Post-hoc Tukey 315 

honestly significant difference (HSD) tests were performed followed ANOVA to further identify 316 

specific significant differences in VOC subcategories between sites (Figure S14). The OFP of 317 

TVOCs is generally similar across stations, except for the downwind station (CD). The upwind 318 

station (CQ, 464.2±162.3 µg m-3) has the highest OFP, followed by the suburban site (TZ, 319 

456.3±295.3 µg m-3), the urban site (ZL, 441.1±174.5 µg m-3), the industrial site (XD, 422.9±166.9 320 

µg m-3), and the downwind site (CD, 279.4±101.2 µg m-3) (Table S5). Differences in OFP levels of 321 

aromatics and alkanes at downwind station (CD), suburban station (TZ) and industrial station (XD) 322 

are minimal (Figure S14 (b, c)). However, significant differences in OFP contributed by OVOC at 323 

downwind station (CD) compared to suburban station (TZ) and industrial station (XD) are attributed 324 

to OVOC emission sources, regional transport and secondary formation (Figure S14 (a)). Apart from 325 

CQ, OVOCs are the dominant contributors to OFP at each site, especially TZ and XD, with mean 326 

OFP of 254.9±276.1 µg m-3 (55.9%) and 194.7±101.0 µg m-3 (46.0%) from OVOCs, respectively. 327 

This indicates the key role of OVOCs in the formation of O3 at our observational sites. Among 328 

OVOC species, HCHO is the dominant contributor to OFP across the five sites (56.6~202.0 µg m-329 

3). This is consistent with previous studies (Duan et al., 2008; Huang et al., 2020; Zhou et al., 2024). 330 
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The top four OVOC species are formaldehyde, acetaldehyde, propionaldehyde, and butyraldehyde, 331 

which cumulatively contributed 91%~95% of the OFP from OVOCs (Table S5). Additionally, the 332 

variety of VOCs sources, meteorological condition, and photochemical condition in each site lead 333 

to differences in key species of OFP at each site. At the suburban site (TZ), isoprene (34.9 µg m-3) 334 

ranks 2nd in terms of OFP after formaldehyde (202.0 µg m-3), indicating a high impact of biogenic 335 

emissions (Mo et al., 2018; Sindelarova et al., 2014). At the industrial site (XD), the contribution of 336 

isopentane, marker of oil and gas emissions, to OFP is more prominent (as high as 66.2 µg m-3) than 337 

other sites. OFP of highly reactive aromatic hydrocarbon species, such as m/p- xylene (53.8 µg m-338 

3) and o-xylene (23.6 µg m-3) are predominant at upwind site (CQ), indicating outstanding 339 

contribution of solvent-using sources. OFP contributed by alkenes is the highest at urban site 340 

(101.8±56.8 µg m-3) (Figure 5 (a)), with ethylene and propylene being the most key species, which 341 

is consistent with the dense vehicle emission near this site. 342 

 343 

Figure 5. (a) Ozone formation potential (OFP) and (b) proportions of OFP contributed by VOCs subgroups, 344 

along with (c) mixing ratios of VOCs subgroups at five sites. 345 
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3.2 Contribution of chemical generation, emissions/transport to OVOCs 346 

OBM simulation results were used to analyze the contributions of chemical processes, and 347 

emissions/transport to OVOCs. Overall, the modeled O3 in the Base scenario exhibited good model 348 

performance at the five sites, with R values exceeding 0.85 and IOA values greater than 0.80 (Table 349 

S7). These metrics indicate a high level of agreement between observed and modeled data, 350 

comparable to results reported in previous studies (Qin et al., 2023; Zheng et al., 2023). The 351 

contributions of RNetProd predominantly occur during the daytime (Figure 6). The maximum average 352 

daytime RNetProd of OVOCs was observed at ZL (5.9±3.5 × 10-9 h-1), followed by CQ (4.11±11.9 × 353 

10-9 h-1), XD (3.6±2.4 × 10-9 h-1), CD (3.5±2.0 × 10-9 h-1) and TZ (1.9±3.6 × 10-9 h-1) sites. This 354 

suggests that abundant reactive VOCs emissions at urban areas as well as in the industrial areas 355 

could lead to faster generation of OVOCs. Generally, the RNetProd varied with a single peak due to 356 

photochemical formation and export transport, with the maximum value at 12:00-14:00 LT. The 357 

mean peak of RNetProd at ZL was 8.8 × 10-9 h-1, followed by XD (5.6 × 10-9 h-1), CQ (5.5 × 10-9 h-1), 358 

CD (5.1 × 10-9 h-1) and TZ (3.0 × 10-9 h-1). Generally, in the early morning hours (4:00-10:00 LT), 359 

positive RMeas at CD, CQ, and XD sites are driven by REmis&Tran import. During this period, OVOCs 360 

mixing ratios show a significant upward trend, peaking between 8:00 and 10:00 LT. 361 

Overall, OVOCs mixing ratios at CD, CQ, and ZL sites were typically lower at night but higher 362 

during the daytime (Figure 6), attributing to strong daytime photochemical generation, especially at 363 

around 7:00-10:00 LT. In contrast, TZ and XD showed higher nighttime OVOCs than that at daytime, 364 

which is due to stronger emission import during night. In addition, though RNetProd at ZL was the 365 

fastest during the daytime, the airmass transport can efficiently export OVOCs to downwind areas, 366 

leading to relatively lower OVOCs mixing ratios. While at TZ, RNetProd was the lowest, but the 367 
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daytime OVOCs was the highest due to the predominant daytime import, especially the 368 

southwestward import on August 8 (Figure S5 (f)). 369 

 370 
Figure 6. Diurnal profiles of OVOCs contributions from local photochemical production (RNetProd), 371 

deposition (RDeps), emission/transport (REmis&Trans), and measured OVOCs formation rate (RMeas) of the five 372 

sites. 373 

3.3 Importance of OVOCs observationally constraint in OBM 374 

To investigate the effect of the constrain setting of OVOCs on OBM performance, the 375 

simulated OVOC, O3, radicals in the Free and Base scenarios are compared (Figure 7). It has been 376 

shown that the box model, which did not take into account transport (including horizontal and 377 

vertical diffusion) and emissions, will result in overestimations of OVOCs, peroxyl radical and PAN 378 

(Qu et al., 2021). In this study, OVOCs are overestimated by 42.1%~126.5% in the Free scenario 379 

compared with the Base scenario (Figure 7 (a), Figure S6 (c)), especially HCHO (76.3%) and 380 

benzaldehyde (737.5%). The daytime ROx was overestimated by 6.5%~23.3%, with RO2 and HO2 381 

being overestimated by 6.6%~35.1% and 5.3%~20.4%, respectively, while OH was underestimated 382 

by 1.8%~20.9% (Figure 7 (d-f), Figure S7 (b)). As shown in Figure 8 (a), photolysis of OVOCs 383 

(include HCHO) is the predominant source of ROx radicals (P(ROx)) in the daytime, which is 384 
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consistent with the findings in Beijing (Liu et al., 2012), Shanghai (Zhang et al., 2021a), Hong Kong 385 

(Xue et al., 2016), and Mexico (Volkamer et al., 2010). To assess the impact of OVOCs on the 386 

simulation of ROx species (RO2, HO2, and OH), the chemical budgets of these species, as influenced 387 

by OVOCs, are quantified according to Liu et al. (2012) and Xue et al. (2016) (Figure 8 (b), Figure 388 

S8 (a)). 389 

In the Free scenario, the daytime net production of ROx (P(ROx)) was estimated to range from 390 

0.03 to 0.14 × 10-9 h-1 compared to the Base scenario across four sites (excluding TZ), indicating an 391 

overestimation of ROx. Notably, the TZ site exhibited negative P(ROx) values, suggesting the 392 

potential existence of unaccounted ROx sources in this region. The mean daytime P(ROx) in the Free 393 

scenario was calculated as 4.8±2.7 × 10-9 h-1, 18.8% higher than that in the Base scenario (4.0±2.3 394 

× 10-9 h-1). As illustrated in Figure 8 and Figure S8(a), the photolysis of OVOCs (including HCHO) 395 

dominants P(ROx), with a mean rate of 2.9±1.9 × 10-9 h-1 in the Free scenario, 27.4% higher than 396 

that in Base scenario (2.3±1.5 × 10-9 h-1). This substantial increase in OVOCs photolysis 397 

consequently amplified the formation of peroxyl radicals (RO2 and HO2). Among the production 398 

pathways, the photolysis of HCHO demonstrated the most pronounced impact on HO2 production 399 

in the Free scenario (0.1~1.9 × 10-9 h-1), with an increase of 7.8%~151.2% (0.1~1.2 × 10-9 h-1) than 400 

in the Base scenario (0.5~1.1 × 10-9 h-1) (Figure 8 (b)). 401 

The interference of OVOCs on OH is comprehensive. On the one hand, increased OVOCs 402 

tends to elevate the generation of HO2, which can directly or indirectly boost OH generation via the 403 

reaction of NO (Figure S9). On the other hand, the higher OVOCs levels can decrease OH via the 404 

reaction of OH+OVOCs (Qu et al., 2021; Tan et al., 2019b). In the Free scenario, total OH sources 405 

(including H2O2+hv, HONO+hv, O3+hv, and HO2+NO) is 7.5~12.1 × 10-9 h-1, which is 0.3~1.1 × 406 
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10-9 h-1 higher than that in the Base scenario (10.2~11.0 × 10-9 h-1) (Figure S9). Conversely, OH 407 

destruction to peroxyl radicals in the Free scenario (7.1~11.8 × 10-9 h-1) is 0.3~2.1 × 10-9 h-1 higher 408 

than that in Base scenario (6.1~9.7 × 10-9 h-1), leading to a net OH loss of 0.1~0.9 × 10-9 h-1. This 409 

underestimation of OH without OVOCs constraint biases atmospheric oxidation capacity (AOC) by 410 

0.1%~10.0% (excluding XD) (Figure S10), affecting the evaluation of VOCs decay via OH 411 

oxidation (Li et al., 2022). 412 

 413 

Figure 7. Comparison of average (a) OVOC, (b) daytime O3, (c) daytime |ΔO3| (the gap between simulated 414 

and observed daytime (8:00-18:00 LT) O3 mixing ratios), and ROx ((d) RO2, (e) HO2, and (f) OH) between 415 

the Base and Free scenario simulations. 416 
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 417 

Figure 8. (a) Average daytime (8:00-18:00 LT) sources and sinks of ROx in Base case and (b) the impact of 418 

OVOCs observationally constraints on ROx budget, calculated by the difference between the Free and Base 419 

scenarios. 420 

 421 

Figure 9. (a) Average daytime (8:00-18:00 LT) O3 production and loss rates (× 10-9 h-1) in Base scenario and 422 

(b) the impact of OVOCs observationally constraints on O3 budget, calculated by the difference between the 423 

Free and Base scenarios. 424 

Overall, the gap between simulated and observed daytime O3 mixing ratios (|ΔO3|) in the Free 425 

case increased by 7.5% compared to that in the Base scenario. To better understand the influence of 426 
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OVOCs on O3 formation, the rates of the main production and sink pathways of O3 in the Base and 427 

Free scenarios are summarized (Figure 9, Figure S8 (b)). Compared to the Base scenario, the diurnal 428 

P(O3) in the Free scenario increases by 3.7%~13.9%, with the reaction rates of RO2+NO and 429 

HO2+NO increases by 1.6%~25.9% (0.1~1.6 × 10-9 h-1) and 2.5%~10.0% (0.2~1.0 × 10-9 h-1), 430 

respectively. This is attributed to the elevated RO2 and HO2 radical concentrations simulated without 431 

constraints of OVOCs observations (Figure 7 (d-e)). In contrast, the lower simulated concentration 432 

of OH radicals in the Free scenario results in a 0.5%~14.8% (0~0.1 × 10-9 h-1) decrease in the 433 

OH+O3/NO2 reaction rate. Although the L(O3) in the Free scenario is 0.4~1.7 × 10-9 h-1 higher than 434 

that in the Base scenario, it cannot offset the increase of P(O3), leading to higher net product of O3. 435 

Thus, no constraints of OVOCs could lead to overestimate peroxyl radicals in the OBM, which in 436 

turn significantly overestimates the deviation of O3 due to the formation pathway of RO2/HO2+NO. 437 

Of course, the impact of OVOCs varies considerably in different emission and functional regions. 438 

The simulated mean daytime O3 in the Free scenario is 106.3, 86.7, 84.1, 68.8, and 68.2 × 10-9 h-1 439 

at ZL, XD, CQ, TZ, and CD, respectively, which is 9.8%, 1.8%, 2.0%, 3.9%, and 11.9% higher than 440 

that in the Base scenario (Figure 7 (b), Table S8). The mean diurnal |ΔO3| at ZL site (29.1 × 10-9, 441 

38.2%) in the Free scenario was significantly higher compared to that of the Base scenario, followed 442 

by XD (19.8 × 10-9, 6.4%), TZ (13.1 × 10-9, 6.2%) and CQ (18.1 × 10-9, 0.6%) (Figure 7 (c), Table 443 

S8), suggesting that the absence of OVOCs constraint in OBM can significantly bias the O3 444 

formation analysis in urban and industrial areas with complex emissions. 445 

3.4 Uncertainty analysis 446 

The uncertainty of the model mainly comes from the setting of NOx (Text S1). Sensitive model 447 

runs are performed with different NOx settings to show the corresponding uncertainty. Firstly, NOss, 448 
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VOCs, OVOCs, T, RH, and BLH are constrained by the observed data, and sensitivity simulations 449 

were carried out for gradient NO2 mixing ratios (50%, 60%, 70%, and 100% of observed NO2 450 

mixing ratios). At the four sites (except TZ), different NO2 settings produce uncertainties of -451 

12%~25% for daytime O3 and -17%~36% for the daytime RNetProd of OVOCs. In addition, different 452 

NO2 settings produce uncertainties of -27%~51% for the REmis&Trans of OVOCs. This indicates that 453 

reducing the uncertainty of NO2 observations is important for further atmospheric chemistry 454 

modelling. Secondly, the NOss and observed NO mixing ratio was respectively used in the model to 455 

investigate the influence of nearby NO emissions on the OBM result (Table S3). Sensitivity tests 456 

show that directly using the observed NO data may resulted in an uncertainty of 3% ~20%, 10% 457 

~27% and 7.1%~38% for O3, RNetProd and REmis&Trans, respectively, with significantly higher 458 

uncertainties at TZ than at other stations, which may be related to the strong transient emissions of 459 

NOx. 460 

The OH radicals are the main oxidant in the atmospheric troposphere. Most trace gases (CO, 461 

CH4 and VOCs) react with OH to produce peroxyl radicals, including HO2, and RO2. Peroxyl 462 

radicals then react with NO to promote O3. Photolysis of HONO is one of the important sources of 463 

OH radicals. However, direct measurement of HONO was not conducted in this study. The input of 464 

HONO in this study used the value of linear relationship with NO2 mixing ratios, which may cause 465 

some uncertainty. Sensitivity analyses were conducted based on the typical urban site (ZL) to 466 

quantify the effect of different HONO/NO2 ratios on free radicals and O3. As shown in Figure S12, 467 

as the ratio of HONO/NO2 increased, the mixing ratio of HONO increased, and the concentration 468 

of OH produced by photolysis of HONO increased. At the same time, the peroxyl radical and O3 469 

concentrations also increased (Table S9). At the lowest HONO/NO2 ratio (0.005), the daytime OH, 470 
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HO2, RO2, and O3 levels decreased by 4.6%, 4.8%, 6.0%, and 3.4%, respectively, compared to the 471 

HONO/NO2 ratio of 0.02. On the contrary, at the highest HONO/NO2 of 0.04, the daytime OH, HO2, 472 

RO2, and O3 levels increased by 5.4%, 5.6%, 7.2% and 3.8%, respectively, compared to the Base 473 

case. 474 

When analyzing the contribution of chemical pathways, emission/transport and deposition to 475 

OVOCs according to Equations (1-3), the OVOC budget may be affected by the modeling time step. 476 

A sensitivity analysis was conducted at ZL, with simulations at different time steps (30 min, 10 min, 477 

and 5 min). As shown in Figure S13, the diurnal trends of the chemical contributions (RNetProd), 478 

emission/transport (REmis&Trans) and deposition (RDeps) to OVOC are similar. The magnitude of the 479 

instantaneous change in REmis&Trans decreases when the time step is shortened. Specifically, the 480 

contributions of RNetProd and REmis&Trans to OVOC increased, while the contribution of RDeps 481 

decreased with shorter time steps (Table S10). When the time step was reduced to 5 minutes, the 482 

contributions of RNetProd and REmis&Trans to OVOC increased by 4.3% and 5.0%, respectively, while 483 

the contribution of RDeps decreased by 0.2%. Therefore, shortening the time step in the model 484 

simulation may result in limited increase contribution from RNetProd and REmis&Trans to OVOC. 485 

The OBM, while advantageous for its use of the near-explicit master chemical mechanism and 486 

its ability to reproduce atmospheric chemistry based on observations, has several inherent 487 

limitations. Firstly, it inadequately considers emission and transport processes (Wolfe et al., 2016), 488 

leading to uncertainties and potential biases in atmospheric chemical analysis. Future studies could 489 

differentiate the two processes using CTMs. Secondly, the steady-state assumption, which underpins 490 

OBM calculations, might become invalid in areas strongly influenced by nearby emissions (e.g., 491 

high-traffic and industrial intensive regions) (Wolfe et al., 2016). This may potentially cause 492 
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overestimations of secondary products such as O3, ROx radicals, and OVOCs (Li et al., 2021, 2014b). 493 

In this study, simulations use NOss as inputs, acknowledging that traffic-related NO emissions may 494 

prevent the system from reaching an approximate steady state. The associated uncertainties have 495 

been discussed above. Lastly, the model may not fully capture all relevant chemical processes, such 496 

as heterogeneous reactions or the formation and the fate of intermediate species. For instance, the 497 

exclusion of ClNO2 chemistry could result in underestimating ROx and O3 production in certain 498 

environments (Riedel et al., 2014; Xia et al., 2020). Future research should focus on refining the 499 

chemical mechanisms to better approximate real atmospheric conditions. 500 

4. Conclusions 501 

Compared with previous studies conducted in most Chinese cities, the VOCs level in Zibo is 502 

in the upper-middle range (>32 × 10-9), with OVOCs being the second-largest contributor 503 

(29.4%~36.1%) after alkanes (34.8%~53.3%). Higher levels of OVOCs were observed at sites with 504 

more prominent emissions, with mixing ratios ranked as suburban (TZ, 19.7 × 10-9) > industrial 505 

(XD, 16.8 × 10-9) > urban (ZL, 14.9 × 10-9) > upwind (CQ, 13.9 × 10-9) > downwind (CD, 10.4 × 506 

10-9). The OFP in Zibo is 410.4±197.2 µg m-3, with OVOCs accounting for the largest proportion 507 

(31.5%~55.9%). The upwind site (CQ, 464.2±162.3 µg m-3) has the highest OFP, followed by the 508 

suburban site (TZ, 456.3±295.3 µg m-3), the urban site (ZL, 441.1±174.5 µg m-3), the industrial site 509 

(XD, 422.9±166.9 µg m-3), and the downwind site (CD, 279.4±101.2 µg m-3) (Table S5). OFP 510 

contributed by OVOCs is most dominant at suburban (TZ, 254.9 µg m-3) and industrial (XD, 194.7 511 

µg m-3) sites, followed by urban (ZL, 148.9 µg m-3), upwind (CQ, 146.2 µg m-3), and downwind 512 

(CD, 102.3 µg m-3) sites. The high levels of OVOCs and their significant contribution to OFP 513 

highlights their crucial role in O3 production across the observing stations. 514 
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Based on the OBM simulation, daytime OVOCs primarily originate from photochemical 515 

generation, while at nighttime, emissions/transport is the main sources. This diurnal pattern is 516 

closely related to the cyclical nature of human activities in urban areas (ZL), where stronger human 517 

activities such as vehicle emissions in the daytime enhance the secondary generation of OVOCs. 518 

Conversely, in industrial and suburban areas (XD, CQ, and TZ), emissions/transports dominate 519 

nighttime OVOC levels, leading to higher mixing ratios at night compared to the daytime. 520 

Without OVOCs constraint in the OBM, OVOCs are overestimated by 42.1%~126.5% in the 521 

Free scenario. The impact of OVOCs constraint on P(ROx) is most significant at the urban site (ZL) 522 

(29.4%), comparable to downwind site (CD) (27.6%), and higher than the industrial site (XD) 523 

(17.8%), upwind site (CQ) (15.8%) and suburban site (TZ) (4.7%). In addition, this overestimation 524 

of OVOCs in the Free scenario accelerates the reaction of OH with OVOCs and the photolysis of 525 

OVOCs, promoting increased production of RO2 (6.6%~35.1%) and HO2 (5.3%~ 20.4%), which in 526 

turn leads to an overestimation of O3 (1.8%~11.9%) during the daytime. However, the reaction rates 527 

of OH with OVOCs are overestimated without OVOCs constraint, which leads to underestimation 528 

of OH (3.4%~12.7%) and AOC (0.1%~10.0%). Therefore, to minimize the bias of numerical models, 529 

particularly in areas with complex anthropogenic activities, it is essential to intensify OVOCs 530 

observations and integrate them into numerical models. These efforts are crucial for refining 531 

atmospheric photochemistry simulation, improving the accuracy of O3 formation predictions, and 532 

formulating more effective air quality management strategies for regions experiencing similar 533 

pollution challenges. 534 
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