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Abstract 12 

A systematic field measurement was conducted at an island site (Wanshan Island, WSI) over 13 

South China Sea (SCS) in autumn 2013. It was observed that mixing ratios of O3 and its 14 

precursors (such as volatile organic compounds (VOCs), nitrogen oxides (NOx=NO+NO2) and 15 

carbon monoxide (CO)) showed significant differences on non-episode days and episode days. 16 

Additional knowledge was gained when a photochemical box model incorporating the Master 17 

Chemical Mechanism (PBM-MCM) was applied to further investigate the 18 

differences/similarities of O3 photochemistry between non-episode and episode days, in terms 19 

of O3-precursor relationship, atmospheric photochemical reactivity and O3 production. The 20 

simulation results revealed that, from non-O3 episode days to episode days, 1) O3 production 21 

changed from both VOC and NOx-limited (transition regime) to VOC-limited; 2) OH radicals 22 

increased and photochemical reaction cycling processes accelerated; and 3) both O3 production 23 

and destruction rates increased significantly, resulting in an elevated net O3 production over 24 

the SCS. The findings indicate the complexity of O3 pollution over the SCS. 25 
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Capsule: Elevation of maritime O3 and its precursors was attributable to the transport of 27 

polluted continental air, implying impact of human activities on atmospheric composition 28 

above the SCS. 29 

1 Introduction 30 

Tropospheric ozone (O3), a major constituent of photochemical smog, is of great impact on 31 

atmospheric chemistry, human health and climate change (NRC, 1991; NARSTO, 2000; 32 

Seinfeld and Pandis, 2006). Ozone pollution is a complex phenomenon since it involves 33 

precursor emissions, photochemical formation and dynamic transport on different scales (Jacob, 34 

1999; Guo et al., 2017). With the rapid urbanization and industrialization, the Pearl River Delta 35 

(PRD) region has been experiencing severe O3 pollution over the past decades (Chan et al., 36 

1998a, b; Ding et al., 2004; Zhang et al., 2007). The maximum hourly O3 mixing ratio 37 

frequently exceeds national air quality standard (100 ppbv), mainly attributed to the elevated 38 

emissions of local precursors and regional/super-regional transport of O3 and its precursors 39 

from other parts of China (Wang et al., 2003; Guo et al., 2009, 2013). Previous studies found 40 

that O3 precursors such as volatile organic compounds (VOCs) and nitrogen oxides 41 

(NOx=NO+NO2) emitted in urban areas can travel to the downwind rural areas or oceanic areas, 42 

enhancing the photochemical O3 formation in these areas (Finlayson-Pitts and Pitts, 1993; 43 

Solberg et al., 2004). Ozone photochemistry in the PRD region has been documented, including 44 

VOC speciation and abundance (Lee et al., 2002; Guo et al., 2006, 2007, 2011; Liu et al., 2008; 45 

Ou et al., 2015), in-situ photochemical O3 production (Zhang et al., 2007; Lyu et al., 2016a; 46 

Wang et al., 2017a), process analysis of regional O3 formation (Wang et al., 2003; Zhang et 47 

al., 2008; Guo et al., 2009; Wang et al., 2010; Jiang et al., 2010; Cheng et al., 2010a), 48 

atmospheric oxidative capacity (Xue et al., 2016; Wang et al., 2017b) and radical chemistry 49 

(Lou et al., 2010; Lu et al., 2012, 2014; Ling et al., 2014; Lyu et al., 2016b), while limited 50 

studies on O3 formation were undertaken over the South China Sea (SCS, Wang et al., 2005, 51 
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Ou Yang et al., 2013). Since interaction between continental and maritime air sometimes forms 52 

weak circulation cells in which pollutants become entrained, resulting in increased 53 

concentrations, it is essential to investigate the chemical characteristics of O3 formation over 54 

the SCS. 55 

Although the coastline of mainland China covers approximately 14,500 km, studies of the 56 

characteristics of O3 pollution in coastal areas are limited. Han et al. (2015) reported the 57 

variation of surface O3 over the East China Sea (ECS) and found that Chinese outflows brought 58 

higher O3 concentrations to the ECS. Ou Yang et al. (2013) investigated regional background 59 

O3 level at Dongsha Island, which is located between Taiwan and the Philippines in the 60 

northern SCS. They revealed that during winter Asian monsoon, polluted air masses were 61 

delivered from the northern continent to Dongsha Island by strong northeastern winds, resulting 62 

in O3 mixing ratios of ca. 60 ppbv. With the O3 transport from the continent, O3 precursors can 63 

also be transferred to the maritime atmosphere and contribute to photochemical O3 production. 64 

However, limited studies have been carried out to improve our knowledge of photochemical 65 

O3 formation above the ocean. One of the reasons was the lack of comprehensive precursor 66 

emissions data, especially VOC data, which hinders the investigation of mechanism of O3 67 

production in maritime environments. Although Wang et al. (2005) reported comprehensive 68 

observations of O3 and its precursors at Tai O, a coastal site in Hong Kong, and established 69 

seasonal profiles of background air pollutants over the SCS and regional pollution of PRD, the 70 

photochemical O3 formation in the region was not fully elaborated. 71 

To fill the gap, continuous measurements of air pollutants, including O3 and its precursors, 72 

were conducted at a remote island site (Wanshan Island, WSI) in the SCS from August to 73 

November 2013. A photochemical box model incorporating the Master Chemical Mechanism 74 

(v3.2) was applied to simulate the photochemical processes of local O3 production. The 75 
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scientific objectives of this study are (1) to investigate the causes of high O3 episodes over the 76 

SCS; (2) to understand the regime and O3 production conditions over the SCS in order to inform 77 

policy decisions; and (3) to explore the impact of VOCs on O3 formation pathways over the 78 

SCS. 79 

2 Methodolgy 80 

2.1 Sampling site 81 

Real-time field measurements of trace gases were carried out at the WSI site in the SCS (Figure 82 

S1). The WSI site (21.93° N, 113.73° E) is about 34 km south from the coast, and is bounded 83 

to the north by the Pearl River Estuary. The distance from WSI to the urban center of Hong 84 

Kong, Macau and Zhuhai is about 64 km, 35 km and 40 km, respectively. The island has an 85 

area of 8.1 km2 and a population of about 3000. The island has a subtropical maritime climate 86 

and is a downwind location of the PRD region in autumn and winter, when the Asian winter 87 

monsoon dominates. The measurement facilities were established on the rooftop of the 88 

National Marine Environmental Monitoring Station on Wanshan Island with a height of about 89 

65 m above sea level and ~10 m above ground level. 90 

2.2 Measurement methods 91 

2.2.1 On-line measurements of O3, CO, SO2 and NOx 92 

Sampling equipment was installed in an air-conditioned room at the top floor of the National 93 

Marine Environmental Monitoring Station. A 5 m long perfluoroalkoxy (PFA) Teflon tube, 94 

with inner diameter of 9.6 mm and outer diameter of 12.7 mm, was used as a sampling tube. 95 

The inlet of the sampling tube was 2 m above the rooftop of the building, while the other end 96 

was coupled to a PFA manifold which linked together all the gas analyzers in the room. A 97 

bypass pump connected to the manifold drew ambient air at a rate of 5 L min−1 into the intakes 98 

of the gas analyzers. 99 
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Trace gases including O3, NOx, CO and SO2 were simultaneously monitored during the 100 

sampling period (11 August – 22 November, 2013). Briefly, the target pollutants were 101 

measured with commercial analyzers developed by Advanced Pollution Instrumentation (API) 102 

Inc. A UV photometric analyzer (API model 400E with a detection limit of 0.6 ppbv) was used 103 

to monitor O3, while NO-NO2-NOx was measured with a chemiluminescence analyzer (API 104 

model 200E with a lower detectable limit of 0.4 ppbv) equipped with a replaceable 105 

molybdenum-converter cartridge. A gas filter correlation trace level CO analyzer (API model 106 

300EU with a detection limit of 0.02 ppmv) with a heated, platinum CO scrubber to correct 107 

its baseline was utilized to measure CO, and SO2 was detected with a pulsed UV fluorescence 108 

monitor (API model 100E with a detection limit of 0.4 ppbv). In addition, meteorological 109 

parameters (solar radiation, temperature, relative humidity, wind speed and wind direction) 110 

were continuously measured by a weather station (Vantage Pro 2, Davis Inc). 111 

For quality control, a transfer standard (Thermo Environmental Instruments (TEI), 49PS) was 112 

used to calibrate the O3 analyzer. For CO, SO2 and NO, NIST (National Institute of Standards 113 

and Technology)-traceable standard (Scott-Marrin, Inc.) was diluted using a dynamic calibrator 114 

(Environics, Inc., Model 6100). The standard contained 156.5 ppm CO (±2 %), 15.64 ppm SO2 115 

(±2 %), and 15.55 ppm NO (±2 %). Through injecting scrubbed ambient air (TEI, Model 111) 116 

and a span gas mixture, these analyzers were calibrated. In addition, a data logger 117 

(Environmental Systems Corporation, Model 8832) was used for calibration control and data 118 

collection, with a time resolution of 1 min intervals (Guo et al., 2013). 119 

2.2.2 VOCs sampling and analysis 120 

Intermittent whole-air canister samples for VOCs and carbonyl cartridge samples for 121 

aldehyldes were obtained at WSI for 8 O3 episode days and 13 non-O3 episode days. The O3 122 

episode days were defined as the days with maximum hourly average O3 value exceeding 100 123 

ppbv (China’s Grade II Standard). Specifically, the 13 non-O3 episode days included 11-12, 124 
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18, 26 September, 9-10, 17, and 30-31 October, and 18-21 November 2013, while the 8 O3 125 

episode days were 2-4 and 22-25 October, and 15 November 2013. The whole-air samples 126 

were collected using evacuated 2-L electro-polished stainless steel canisters. The canisters 127 

were cleaned, conditioned and evacuated before sampling. A flow-restrictor was used to collect 128 

air samples over 1-hour integration. Seven 1-hr VOC samples (every two hours from 7:00 – 129 

19:00 LT inclusive) were collected on each of the 13 non-O3 episode days and the 8 O3 episode 130 

days at the site with additional samples collected at 01:00, 03:00, 05:00 and 21:00 on episode 131 

days. The speciation and abundance of individual VOCs in the canisters were determined by 132 

gas chromatography (GC) with flame ionization detection (FID), and GC with electron capture 133 

detection (ECD) and mass spectrometer detection (MSD). 59 C2-C11 hydrocarbon species were 134 

quantified. The detection limits of VOCs ranged from 3 to 57 pptv with a measurement precision 135 

of 2-5%, and a measurement accuracy of 5%. Detailed descriptions of the analysis system, 136 

quality control and quality assurance for VOC samples are provided elsewhere (Simpson et al., 137 

2010; Zhang et al., 2012). 138 

Furthermore, 2h carbonyl cartridge samples were simultaneously collected every two hours 139 

during 07:00-19:00 using acidified 2,4-dinitrophenylhydrazine (DNPH) silica cartridges at a 140 

flow rate of 0.4-0.6 L min-1. The procedures including the pretreatment, the configuration of 141 

the analysis system, and the methods of the quality control and quality assurance for carbonyl 142 

samples can be found in detail elsewhere (Guo et al., 2009). Briefly, the carbonyl samples were 143 

analyzed using high performance liquid chromatography (HPLC) with an auto-sampler. The 144 

identification and quantification were on the basis of retention times and peak areas of the 145 

corresponding calibration standards. Five standard concentrations, covering the concentrations 146 

of interest for ambient air, were selected to calibrate the instrument. Typically, 11 C1–C9 147 

carbonyl compounds were quantified with a detection limit of ~0.2 ppbv and a measurement 148 

precision of ~10%. 149 
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2.3 Photochemical box model (PBM) 150 

2.3.1 General description 151 

In this study, the photochemical formation of O3, free radicals and intermediate products at 152 

WSI on 8 O3 episode days and 13 O3 non-episode days were simulated using a photochemical 153 

box model incorporating the Master Chemical Mechanism (PBM-MCM). The MCM adopts a 154 

near-explicit mechanism, involving 5,900 chemical species and around 16,500 reactions 155 

including the reaction between radicals (i.e., OH) and SO2 (Long et al., 2017). Since methane 156 

and tropospheric molecular hydrogen account for a significant fraction of the OH to HO2 157 

conversion in the background atmosphere, their roles in the model are considered and their 158 

values are set to be 1.95 ppmv and 0.5 ppmv, respectively, according to our past observations 159 

(Ling et al., 2014; Lyu et al., 2015a). Previous studies show that it performs well in calculating 160 

the O3 production (Jenkin et. al., 1997, 2003; Saunders et. al., 2003).  161 

Different from the photochemical trajectory model (PTM) with MCM which is based on 162 

emission inventories (Cheng et al., 2010a; Derwent, 2017), in this study the observed values 163 

of air pollutants (O3, NOx, CO, SO2 and 51 VOCs, see Table S1) and meteorological parameters 164 

(temperature and relative humidity) between 0700 and 1900 were used to constrain the model 165 

(Guo et al., 2013; Ling et al., 2014; Lyu et al., 2015a, b). It is noteworthy that since trace gases 166 

and metrological parameters were measured in minute intervals, they were averaged to hourly 167 

values prior to model input. One of the purposes is to minimize the influence of variations 168 

within an hour as the levels of reactive pollutants would vary from their initial hourly values 169 

by the end of each hour due to radical oxidation. Because the VOCs and OVOCs were 170 

measured at 2-hourly intervals, a method based on the mass conservation of a species inside a 171 

fixed Eulerian box was utilized to obtain hourly VOC and OVOC profiles from the limited 172 

samples (Zhang et al., 2007; Lyu et al., 2016a). In addition, model sensitivity tests on the 173 
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measurement uncertainties of NOx and VOCs showed negligible impact on the simulated O3 174 

production (Figures S2 and S3). 175 

Apart from the chemical reactions, the model considered other modules such as photolysis rate, 176 

dry deposition and the boundary layer height. The photolysis rates of different chemicals in the 177 

model were parameterized using the photon flux determined from the Tropospheric Ultraviolet 178 

and Visible Radiation (TUVv5) model (Lam et al., 2013), while the dry deposition module 179 

included the dry deposition of air pollutants, which were parameterized as an average 180 

deposition rate within the mixed layer height (MLH). The MLH was assumed to vary from 300 181 

m at night to 1400 m during the daytime (Lam et al., 2013). Sensitivity runs with MLHs of 900 182 

m and 1900 m (1400 ± 500 m) indicated that its impact on O3 simulation was minor (<3%) 183 

(Figure S4). It should be noted that the PBM-MCM model did not consider physical processes, 184 

i.e., vertical and horizontal transport.  185 

Facsimile software (Curtis and Sweetenham, 1987) was used to integrate the model system of 186 

differential equations with integration output set each hour. The model output included the 187 

simulated mixing ratios of O3, radicals and intermediates. More detailed descriptions of the 188 

PBM-MCM are provided in Ling et al. (2014), Guo et al. (2013) and Cheng et al. (2010a). 189 

2.3.2 Photolysis rates in the model 190 

Since direct measurements of j(O1D) and j(NO2) were not obtained during this sampling 191 

campaign, the measured total solar radiation was applied to calibrate the photolysis frequencies 192 

by comparing with the simulation results of the TUVv5 model 193 

(http://cprm.acom.ucar.edu/Models/TUV/Interactive_TUV/). In the online TUVv5 model, the 194 

surface albedo of 0.1 and the overhead O3 column density of 323 Dobson units were applied. 195 

The calculated solar radiation was obtained by regulating the parameter of optical depth to get 196 

close to the measurements, while the photolysis frequencies were provided by the online TUV 197 
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model using the same physical parameters. Then, the PBM-MCM model used the calibrated 198 

TUV photolysis frequencies to simulate the photochemical reactions. 199 

2.3.3 Model performance 200 

The index of agreement (IOA), which indicates the matching degree between the simulated 201 

and observed O3 (Equation 1), was used to evaluate the model performance (Huang et al., 2005; 202 

Lyu et al., 2015a; Wang et al., 2015). 203 

IOA = 1
∑

∑ │ │ │ │
                                                                      (Eq. 1) 204 

where Si and Oi are simulated and observed hourly values, respectively, ō represents the 205 

average observed values, and n is the sample number. The range of IOA is 0~1. The higher the 206 

IOA value is, the better agreement between simulated and observed values is (Huang et al., 207 

2005). 208 

2.3.4 Estimate of relative incremental reactivity (RIR) 209 

The sensitivity of O3 formation to precursors was assessed using the relative incremental 210 

reactivity (RIR), which was calculated from the output parameters of the PBM-MCM 211 

(Cardelino and Chameides, 1995). RIR reflects the relative variation in O3 production rate for 212 

a change of mixing ratios in precursors. A larger positive RIR of a given precursor indicates a 213 

higher probability that O3 production will be more significantly reduced by cutting down 214 

emissions of this precursor. The calculation of RIR values refers to the following equation: 215 

S(X)

ΔS(X)

(X)ΔX)]/P(XP(X)[P
(X) RIR

S
NO-O

S
NO-O

S
NO-O 333


                                                  (Eq. 2) 216 

X is a specific precursor (i.e., VOCs, NOx, or CO); S(X) is the observed mixing ratio of 217 

precursor X (ppbv); S(X) is the hypothetical change of mixing ratio of X; P X  is the 218 
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net O3 production in a base run with original mixing ratios, while  P X ∆X  is the net 219 

O3 production in a second run with a hypothetical change (S(X)) (10% in this study). Ozone 220 

titration by NO was considered in both runs. The O3 production P  was calculated 221 

according to Eq. 3 - Eq. 5. The superscript "S" represents the specific sampling site, which is 222 

WSI site in this study. Detailed calculation method is provided in Ling et al. (2014). 223 

2.3.5 Simulation of photochemical pathways and radicals 224 

The net O3 production (PO3-NO) was the difference between O3 gross production (GO3-NO) and 225 

O3 destruction (DO3-NO) (Equation 3). GO3-NO was calculated by the oxidation of NO by HO2 226 

and RO2 (Equation 4), while DO3-NO was calculated by O3 photolysis and reactions of O3 with 227 

OH and HO2 (Equation 5). Among Equations 3-5, O3P, O1D, NO and NO2 were put into 228 

instantaneous steady state. All radicals and intermediates were obtained from the outputs of the 229 

PBM-MCM. The constants (k) represent the rate coefficients of corresponding reactions, 230 

respectively. The superscript ‘i’ in equation 4 refers to individual RO2.  231 

NOONOONOO 333
D-GP    (Eq. 3)

 

]NO][RO[k]ON][HO[k G 2i
2i23 NORO2ONHONO-O    (Eq. 4)
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(Eq. 5)
 

3 Results and discussion 232 

3.1 General features 233 

An overview of this sampling campaign from August to November was given by Wang et al. 234 

(2017b). In this study, we mainly focused on the 8 O3 episode days and 13 non-O3 episode days 235 

at WSI when trace gases, VOCs and OVOCs were all monitored. Table 1 presents the statistical 236 

description of O3, CO, SO2, NO, NO2 and TVOCs during the 8 O3 episode days and 13 non-237 
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O3 episode days at WSI. The TVOCs was defined as the sum of 70 measured VOC species 238 

(Table S1). It was found that both O3 and its precursors had higher mixing ratios on O3 episode 239 

days than on non-O3 episode days (p<0.05), partly due to different meteorological conditions 240 

during the two periods. Figure S5 displays the mean wind fields on O3 episode and non-O3 241 

episode days at WSI. North winds dominated during episodes, which transported dirty 242 

continental air masses to the maritime site, leading to elevated levels of air pollutants. In 243 

contrast, the winds turned to be eastern direction on non-O3 episode days, which brought less 244 

polluted maritime/coastal air to the site, resulting in low mixing ratios of air pollutants. 245 

Moreover, since O3 photochemistry is closely associated with the speciation and abundance of 246 

its precursors, the different levels and compositions of O3 precursors may alter the 247 

photochemical pathways and subsequently the O3-precursor relationships and O3 production 248 

between O3 episode and non-O3 episode days in the maritime atmosphere. As such, the O3 249 

photochemistry on O3 episode and non-O3 episode days over the SCS was elaborated using the 250 

PBM-MCM model below. 251 

Table 1. Statistical description of air pollutants on O3 episode and non-O3 episode days at WSI 252 

(unit: ppbv; S.D.: standard deviation) 253 
 

Episode Non-episode 

Average ± S.D. Maximum Average ± S.D. Maximum 

O3 74.1±34.2 152.3 53.6±15.1 81.5 

CO 410±80 640 210±10 420 

NO 0.6±1.0 5.5 0.4±0.9 8.5 

NO2 7.1±5.3 28.5 1.9±3.1 17.5 

SO2 4.4±1.9 8.8 2.1±1.0 6.4 

TVOCs 26.3±9.8 74.8 15.5±7.1 39.3 

 254 
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3.2 Model verification 255 

Prior to the study of local O3 formation mechanisms, the PBM-MCM model performance was 256 

evaluated. Figure 1 compares day-to-day patterns of simulated and observed O3 on the 21 days. 257 

It was clear that the model well simulated the O3 variations, which started to increase in the 258 

morning, reached peak value in the afternoon, and then decreased to low values in the evening. 259 

The discrepancy of daily extremes (i.e., maximums and minimums) between the simulated and 260 

observed values was ±20%. The simulated values were generally lower than the observations 261 

and the IOA of the 21-day simulation was 0.73, in line with the IOA values for the O3 262 

simulations of other models (0.68 – 0.89) (Wang et al., 2015; Lyu et al., 2015a, b, 2016a, b; 263 

Wang et al., 2017a), suggesting that the model performance on O3 simulation in this study was 264 

acceptable. 265 

The difference between the observations and simulation results was partly because the physical 266 

processes in the atmosphere, such as horizontal and vertical transport, were not considered in 267 

the PBM-MCM. The speculation is reasonable because the PBM-MCM was mainly simulating 268 

local O3 production, while the vertical and horizontal transport was related to regional transport 269 

which was demonstrated weaker on episode days than on non-episode days in the study region, 270 

leading to lower model-observation agreement on non-episode days (Wang et al., 2017b; Guo 271 

et al., 2013; Ding et al., 2004). In addition, other factors such as uncertainty of measured 272 

precursors, mixed layer height set-up in the model, and “spin-up” time might also influence the 273 

model-observation agreements. For example, since the VOCs and OVOCs were intermittently 274 

measured in this study, a “spin-up” time before the modeling days was not applied in the model 275 

to get the radical intermediates steady which might have caused a slight underestimation of the 276 

simulated O3 production and its sensitivity to precursors (Wang et al., 2017a). 277 
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278 

Figure 1. Simulated and observed O3 on the 21 sampling days at WSI. 279 

3.3 O3-precursor relationships 280 

To understand the causes of O3 formation at a given site, O3-precursor relationships were first 281 

investigated. Figure 2 shows the average RIR values on non-O3 episode and O3 episode days 282 

at WSI. During non-O3 episode days, the RIR values of all precursors were positive while NOx 283 

had the highest RIR value (0.64±0.05), and other precursors, i.e., anthropogenic VOCs 284 

(AVOCs, 48 species for model input), biogenic VOCs (BVOCs, i.e., isoprene and α/β-pinenes. 285 

See further classification in Table S1) and CO, all had values lower than 0.1, suggesting that 286 

O3 production responded most sensitively to NOx and less to VOC and CO, implying a NOx 287 

limited regime. The result was consistent with previous studies that O3 production was both 288 

NOx and VOC limited (transition regime) at a rural site of Guangzhou (Backgarden) in the 289 

inland PRD region (Lu et al., 2010). 290 

In comparison, on O3 episode days AVOC had the highest RIR value (0.54±0.04) while the 291 

values of BVOC and CO were lower than 0.2, implying that the O3 formation was sensitive to 292 

AVOC, i.e., VOC limited. Moreover, the RIR value of NOx was negative (-0.17±0.02), 293 
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suggesting that cutting NOx would increase the O3 formation. The RIR patterns during episodes 294 

were similar to previous results obtained at different urban sites in Hong Kong (Cheng et al., 295 

2010b; Ling et al., 2013; Guo et al., 2013) and in the inland PRD region (Zhang et al., 2007; 296 

Lu et al., 2010).  297 

In summary, the O3-precursor relationships over the SCS suggest that controlling NOx 298 

emissions during non-episode days is more effective to O3 reduction, while controlling VOC 299 

emissions on episode days results in the mitigation of O3 formation at the site. The different O3 300 

control regimes between non-O3 episode and O3 episode days reveal the variations of chemical 301 

compositions during these two different events though the reasons warrant further investigation. 302 

 303 

Figure 2. RIR values of O3 precursors, i.e., AVOC, BVOC, NOx and CO at WSI on (a) O3 non-304 

episode days and (b) O3 episode days. Error bars are the 95% C. I. of the averages. Higher RIR 305 

value of a precursor indicates that O3 formation is more sensitive to it, whereas a negative RIR 306 

value of a precursor implies that cutting it will increase the O3 formation. 307 

The sensitivity of O3 formation to individual VOC species was further evaluated. Figure 3 308 

presents the top 10 AVOC species (as determined by their RIR values) at WSI on non-O3 309 
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episode days and O3 episode days. It is noteworthy that isoprene was ranked No. 2 based on its 310 

RIR value. However, since it is a BVOC, it is omitted in Figure 3. The results indicated that 311 

though 51 VOC species were input into the PBM-MCM, the summed RIR values of top 10 312 

AVOC species and isoprene occupied 77% and 13% of the overall RIR values at WSI, 313 

respectively, reflecting that O3 formation over the SCS was ascribed to a minority of VOC 314 

species. 315 

In comparison, all 10 AVOC species had much higher RIR values on O3 episode days, implying 316 

that controlling these VOC species would be more effective to limit O3 formation on episode 317 

days. Furthermore, the top 4 VOC species were the same on non-O3 episode days as those 318 

during episodes, indicating that control measures should always concentrate on these VOC 319 

species to reduce O3 pollution over the SCS. In addition, the RIR value of formaldehyde (an 320 

oxygenated VOC (OVOC) species) was much higher than others on episode days, suggesting 321 

important contribution of OVOC to O3 formation in the maritime atmosphere. 322 

 323 

Figure 3. Average RIR values of top 10 AVOC species at WSI on non-O3 episode days (blue) 324 

and episode days (red). The top 10 AVOC species are determined by their RIR values. Error 325 

bars indicate the 95% C. I. of the averages. 326 
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3.4 O3 photochemistry 327 

3.4.1 Photochemical cycling 328 

Ozone formation involves a series of complex reaction cycles of radicals (such as OH, HO2, 329 

and RO2) in which CO and VOCs are continually oxidized. Briefly, OH radicals initially 330 

oxidize the precursors (i.e., VOCs, CO and NOx) and result in O3 formation. The cycling 331 

between OH and HO2 accelerates the chain-propagation reactions (see Text S1 in the 332 

Supplementary for further description). Therefore, the concentrations and cycling of OH and 333 

HO2 are important parameters affecting O3 photochemistry. 334 

Figure 4 shows the average variations of simulated OH and HO2 on non-O3 episode and O3 335 

episode days at WSI. The maximum concentrations of OH and HO2 were respectively 9.2×106 336 

and 4.7×108 molecules cm-3 (equivalent to 0.37 and 19 pptv, respectively) on episode days, and 337 

4.9×106 and 5×108 molecules cm-3 (0.2 and 20 pptv) on non-episode days, respectively. The 338 

average OH mixing ratio during episodes (4.2 ± 1.1 × 106  molecules cm-3) was about 70% 339 

higher (p<0.05) than that during non-O3 episodes (2.5 ± 0.8 × 106  molecules cm-3), reflecting 340 

higher photochemical reactivity on episode days. In contrast, the average HO2 mixing ratio 341 

during episodes (2.2 ± 0.9 × 108  molecules cm-3) was comparable (p>0.05) to that during non-342 

O3 episodes (2.6 ± 0.6 × 108  molecules cm-3). The larger variations of OH and HO2 levels 343 

before 13:00 during episodes were likely due to larger variations of mixing ratios of NOx in the 344 

morning (see Figure S6), which affected radicals through the reactions of HO2+NO, OH+NO 345 

and OH+NO2. 346 
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347 

 348 

Figure 4. Simulated average temporal variations of OH on (a) non-O3 episode days and (b) O3 349 

episode days, and HO2 radicals on (c) non-O3 episode days and (d) O3 episode days at WSI. 350 

The shaded area indicates the 95% confidence interval of the data. 351 

 352 

Figure 5 illustrates the predominant production and loss pathways of OH and HO2 on non-O3 353 

episode days and episode days at WSI. In general, the overall formation or loss rates of OH 354 
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and HO2 during episodes (10.3±0.9×107 and 9.0±2.3×107 molecules cm−3 s−1, respectively) 355 

were much higher than those on non-episode days (3.3±1.4×107 and 3.1±0.7×107 molecules 356 

cm−3 s−1, respectively) (p<0.05), suggesting more efficient radical cycling on episode days (see 357 

Text S1 in the Supplementary for further description of radical cycling). 358 

Specifically, during non-O3 episodes, the reaction of HO2+NO was the most predominant 359 

pathway to generate OH, followed by O3 photolysis, HONO photolysis and ozonolysis of 360 

alkenes, with contributions of 75%, 18%, 5% and 2 %, respectively (Figure 5a). In contrast, 361 

OH was mainly consumed by reactions with VOCs (68 %) and CO (23 %), while the reactions 362 

of OH with NO2 (7%) and NO (2 %) were negligible. For HO2 formation, the reaction of 363 

RO2+NO (59%) and the reaction of OH with CO (26%) were the main sources, followed by 364 

the reaction of OH with HCHO (9%), HCHO photolysis (5%), and ozonolysis of alkenes (1%) 365 

(Figure 5c). Meanwhile, HO2 was mainly consumed by reacting with NO (74%), followed by 366 

the reaction between HO2 and RO2 (17%), and the reaction between HO2 and HO2 (9%). 367 

In comparison, during episodes, the predominant reaction pathways for radical formation and 368 

loss were the same as those on non-O3 episodes, but the radical formation/loss rates for most 369 

of the reaction pathways were higher. With the increase of the precursors (i.e., VOC, CO and 370 

NOx; Table 1) and OH radicals (Figure 4) during episodes, the reaction pathways of OH with 371 

NO, NO2, CO and VOC significantly facilitated the OH loss (Figure 5b). The OH loss rates for 372 

the pathways of VOC+OH and CO+OH increased (p<0.05) by about 1.2 and 2.4 times on 373 

episodes, respectively, compared to those on non-O3 episodes, which promoted the production 374 

of peroxy radicals (i.e., RO2 and HO2) to accelerate the propagation of the chain reactions. 375 

Indeed, in the HO2 formation pathways, the reaction rate of RO2+NO doubled during episodes 376 

(Figure 5d). Meanwhile, both photolysis of HCHO and reaction of HCHO+OH increased ~66% 377 

and ~195% (Figure 5d), respectively, compared to non-O3 episodes, which also accelerated the 378 
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HO2 formation on episode days. Consequently, the reaction rate of HO2+NO → OH+NO2 on 379 

episodes became 3.6 times that on non-O3 episodes (shown in both the OH formation pathway 380 

in Figure 5b and the HO2 loss pathway in Figure 5d). As the pathways of both RO2+NO and 381 

HO2+NO out competed O3 from the null cycle of NO-NO2-O3, it is apparent that O3 formation 382 

was strengthened from non-O3 episode days to episode days over the SCS. 383 

384 

 385 

Figure 5. Simulated average formation and loss rates of OH on (a) non-O3 episodes and (b) O3 386 

episodes, and HO2 on (c) non-O3 episodes and (d) O3 episodes at WSI. 387 
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3.4.2 In-situ net O3 production 388 

Figure 6 depicts the simulated diurnal profiles of O3 production and destruction rates on 389 

episodes and non-O3 episodes at WSI. Overall, both O3 production and destruction rates 390 

increased on episodes, compared to those on non-O3 episodes. Further, the O3 production was 391 

significantly greater than the O3 destruction on both episode and non-O3 episode days, 392 

indicative of net O3 production over the SCS. In addition, the daytime average net O3 393 

production rate on episode days (5.7±1.1 ppbv h-1) was much higher than that (1.8±0.4 ppbv 394 

h−1) on non-O3 episode days (p < 0.05). 395 

The main pathways of O3 production and destruction are also displayed in Figure 6. The O3 396 

production was dominated by the reaction of HO2 with NO, with an average production rate of 397 

4.7±0.9 ppbv h-1 (relative contribution: 63%) and 1.3±0.3 ppbv h-1 (53%) on episodes and non-398 

O3 episodes, respectively, while the NO oxidation by RO2 accounted for 2.8±0.5 ppbv h-1 (37%) 399 

and 1.1±0.2 ppbv h-1 (47%), respectively. It is noteworthy that RO2+NO represented more than 400 

1,000 pathways. Hence, the RO2+NO pathways were further elaborated. Table S2 lists the top 401 

10 pathways of RO2+NO that contributed to O3 production on episodes and non-O3 episodes at 402 

WSI. Clearly, CH3O2+NO was the main pathway of RO2+NO, accounting for 31% (production 403 

rate: 0.9±0.2 ppbv h-1) on episodes and 46% (0.5±0.1 ppbv h-1) on non-O3 episodes, 404 

respectively. In addition, the reactions of C2 radicals with NO contributed to 16% (0.4±0.1 405 

ppbv h-1, episodes) and 12% (0.1±0.02 ppbv h-1, non-O3 episodes), whereas the RO2 radicals 406 

generated from aromatics occupied 10% (0.3±0.1 ppbv h-1, episodes) and 6% (0.07±0.01 ppbv 407 

h-1, non-O3 episodes). In total, the 10 reaction pathways accounted for 57% and 64% of the 408 

total pathways of RO2+NO on episodes and non-O3 episodes, respectively. 409 

In contrast, the reactions of OH+NO2 and O3 photolysis were the major contributors to O3 410 

destruction on O3 episode days with an average destruction rate of 0.9±0.2 ppbv h-1 (52%) and 411 
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0.5±0.1 ppbv h-1 (29%), respectively, while O3 photolysis made the highest contribution on 412 

non-O3 episode days (destruction rate: 0.3±0.1 ppbv h-1; relative contribution: 50%), followed 413 

by the reactions of OH+NO2 (0.1±0.1 ppbv h-1; 23%). The different contributors to the O3 414 

destruction were mainly attributed to higher NO2 level during episodes, which facilitated the 415 

production of HNO3 via the terminal reaction of OH and NO2. Besides, the reactions of 416 

O3+HO2, O3+OH, and the ozonolysis of unsaturated VOCs made minor contributions (17%, 6% 417 

and 4% for non-O3 episodes; 10%, 7% and 2% for episodes, respectively) to the O3 destruction 418 

due to the lower reaction rates of O3 with radicals and alkenes (< 0.1 ppbv h-1 for non-episodes 419 

and < 0.2 ppbv h-1 for episodes). 420 

 421 

Figure 6. Breakdown of simulated O3 production and destruction rates at WSI on (a) non-O3 422 

episodes and (b) episodes. The total production, total destruction and net production rates are 423 

red, black and blue lines, respectively. 424 

3.4.3 Impact of VOCs on O3 formation pathways 425 

After the most sensitive VOC species to O3 formation were identified by RIR value, the impact 426 

of these selected VOCs on O3 formation pathways was investigated in detail. As discussed 427 
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above, a VOC species can affect the O3 formation by not only producing RO2 radicals through 428 

reactions with OH, but also generating HO2 via the cycling processes (SR-10 in Text S1). Thus 429 

the pathways of VOCs contributing to O3 formation can be categorized into two reactions: 430 

RO2+NO and HO2+NO. 431 

(1). RO2+NO pathway:  432 

Figure 7 displays simulated contributions of the top 10 VOC species (determined by their RIR 433 

values and these 10 VOCs included 9 top AVOC and isoprene) to O3 formation pathways at 434 

WSI during episodes and non-O3 episodes. The simulated contribution of each VOC was 435 

calculated from the difference between two scenarios. One was called “base case”, in which all 436 

measurement data was input into the PBM-MCM model. The other was “constrained case”, 437 

which also used all measurement data but excluded the selected one VOC as input. Hence, the 438 

contribution of each individual VOC to O3 formation pathways was obtained from the 439 

difference between the output of the “base case” and the related “constrained case” (see Eq. 6 440 

in the footnote of Tables S3 and S4, respectively). In addition, the contributions of the top 10 441 

VOC species to the variations of radicals and NOx are also specified in Table S3 (for O3 442 

episodes) and Table S4 (for non-O3 episodes). During episodes, toluene made the largest 443 

contribution to RO2+NO pathway (9.6%), followed by formaldehyde (9.1%) and acetaldehyde 444 

(8.6%) (Figure 7a). In total, the contributions of the 10 major VOCs accounted for 53.6% of 445 

the pathway of RO2+NO. In comparison, during non-O3 episodes, trimethylbenenze and xylene 446 

made the main contributions to RO2+NO, with a percentage of 4.9% and 4.8%, respectively, 447 

followed by toluene (4.2%) and isoprene (3.6%) (Figure 7b). The total contributions of the 10 448 

major VOCs only accounted for 25.4% of the pathway of RO2+NO. The positive contributions 449 

of most VOCs to RO2+NO pathway can be explained by the variations of radicals and NO. In 450 

Tables S3 and S4, it was found that all RO2 and most HO2 increased, while all NO and most 451 
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OH decreased. Taking toluene as an example (Row 1 in Table S3), toluene consumed OH to 452 

produce RO2 (SR-6 in Text S1), thus OH decreased 2.9% and RO2 increased 16.7%. Further 453 

conversion of RO2 to HO2 (SR-10) caused an increase of HO2 (9.3%). Since both RO2 and HO2 454 

consumed NO to produce O3 (SR-10 and SR-1), NO decreased 3.5%. Thus, the largely 455 

increased RO2 and insignificantly decreased NO resulted in an increasing contribution of 456 

toluene to RO2+NO pathway (9.6%). However, it is worth noting that formaldehyde made a 457 

negative contribution to the pathway (-1.5%). According to the reaction SR-12, the reaction of 458 

HCHO and OH produced HO2 and CO directly. HCHO only influences RO2 indirectly through 459 

reactions SR-1 and SR-6. Indeed, with regard to the contribution of HCHO (Row 10 in Table 460 

S4), HO2 increased 12.4% (SR-11 and SR-12) and RO2 only increased 4.1%, while more NO 461 

was consumed (9.6%). The largely decreased NO and insignificantly increased RO2 led to a 462 

decreasing contribution of HCHO to RO2+NO pathway, presenting a negative contribution. 463 

(2). HO2+NO pathway:  464 

During episodes, HCHO dominated the contribution to HO2+NO (18.3%), since HCHO 465 

directly produces HO2 through its photolysis and the reactions with OH (SR-11 and SR-12) 466 

(Figure 7a). However, the contributions of other VOCs were less than 5%. The total 467 

contributions of the 10 major VOCs accounted for 36.1% of the pathway of HO2+NO. 468 

In comparison, during non-O3 episodes, it was found that most VOC species made negative 469 

contributions to HO2+NO pathway (Figure 7b). Acetaldehyde made the most negative 470 

contribution (-4.5%), followed by trimethylbenenze (-3.2%), xylene (-1.8%) and toluene (-471 

1.7%). As the conversion of RO2 to HO2 was limited by NO during non-O3 episodes (SR-10), 472 

the increase of RO2 caused little change of HO2 (See Table S4). Again, using toluene as an 473 

example (Row 3 in Table S4), RO2 increased 7.2% and NO decreased 3.1%, while HO2 only 474 

increased 0.4%. With the little changed HO2 and a decreased NO, the contributions of most 475 

VOCs to the pathway of HO2+NO decreased, leading to a negative contribution. Nevertheless, 476 
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two species had positive contributions to the HO2+NO pathway. HCHO dominated the 477 

contribution of HO2+NO (5.5%), followed by ethene (1.1%). Since HCHO produced HO2 478 

directly, it is not surprising to see its contribution to the HO2+NO pathway. The minor 479 

contributions from ethene were due to the chemical characteristics of alkenes. That is, OH 480 

radicals are added to its double bond and are not abstracting a hydrogen atom from ethene to 481 

produce HOCH2CH2O2 radicals (SR-19 in Text S2) (Seinfeld and Pandis, 2006). Furthermore, 482 

the HOCH2CH2O radicals, products of HOCH2CH2O2+NO (SR-20), are easy to decompose 483 

(SR-21) and react with O2 (SR-22, 23) to produce HCHO and HO2 radicals. The overall 484 

reactions (SR-19-23) can be simplified as (Seinfeld and Pandis, 2006): 485 

C2H4 + OH∙ + NO ⎯  NO2 + 1.44 HCHO + 0.28 HOCH2CHO + HO2∙        (R-1) 486 

Similarly, propene (the 11th species during episodes, figure not shown) followed the reaction 487 

(R-1) with less HCHO produced (the constant was 1.3), resulting in positive but lower 488 

contribution to HO2+NO (0.1%). Overall, although HCHO and ethene made positive 489 

contributions to HO2+NO, the total contribution of the 10 major VOCs was negative, 490 

accounting for -7.8% of the pathway of HO2+NO on non-O3 episodes. 491 
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492 

 493 

Figure 7. Simulated contributions of top 10 VOC species to O3 formation pathways at WSI 494 

during (a) O3 episodes and (b) non-O3 episodes. The top 10 VOC species are determined by 495 

their RIR values. Error bars represent 95% confidence interval of the averages. 496 

4 Conclusions 497 

A PBM-MCM model, driven with the observation data obtained in autumn 2013, was used to 498 

investigate O3 photochemistry at WSI over the SCS. Unlike previous studies undertaken in 499 
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continental areas of the study region, this study for the first time attempted to understand the 500 

O3 photochemistry over the marine environment under the influence of continental emissions. 501 

Compared to non-O3 episodes, the levels of O3 and its precursors were significantly higher 502 

during episodes. The simulated results revealed that the O3 formation was VOC-limited on 503 

episode days but more sensitive to NOx during non-O3 episodes, implying that controlling NOx 504 

emissions during non-episode days was more effective to O3 reduction, while cutting VOC 505 

emissions on episode days mitigated O3 formation over the SCS. It was found that the summed 506 

RIR values of top 10 AVOC species accounted for 77% of the total RIRs, indicating that O3 507 

formation over the SCS was mainly caused by a few VOC species, especially OVOCs, and the 508 

control measures should focus on these species to reduce the O3 pollution. Analysis of O3 509 

photochemistry showed that the average OH mixing ratio was 4.2 ± 1.1 × 106 molecules cm-3 510 

during episodes and 2.5 ± 0.8 × 106 molecules cm-3 on non-O3 episode days, reflecting higher 511 

photochemical reactivity on episode days. In addition, both the production and loss rates of OH 512 

and HO2 were higher on episodes, suggesting more efficient radical cycling, which led to the 513 

O3 production greater than the O3 destruction on both episode and non-O3 episode days, 514 

indicative of net O3 production with a rate of 5.7±1. 1 ppbv h-1 on episode days and 1.8±0.4 515 

ppbv h−1 on non-O3 episode days. Moreover, photochemistry of toluene and trimethylbenzene 516 

made the highest contribution to the pathway of RO2+NO during episodes and non-O3 episodes, 517 

respectively, while HCHO chemistry dominated the contribution to HO2+NO pathway on both 518 

episodes and non-O3 episode days. These findings advanced our knowledge on the O3 519 

photochemistry over the SCS. 520 
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