
1. Introduction
Emission of volatile organic compounds (VOCs) to the atmosphere and their subsequent photochemical re-
actions involving nitrogen oxides (NO + NO2 = NOx) forms secondary pollutants such as ozone, peroxyacyl 
nitrates, and particulate matter (Seinfeld & Pandis, 2016). Rapidly growing sources of VOCs and NOx in the 
U.S. and other countries are process and fugitive emissions from oil and natural gas (O&NG) extraction and 
use (Duncan et  al.,  2016). O&NG emissions can have a large impact on atmospheric composition and air 
quality on local to regional scales. Previous studies in the U.S. have demonstrated that activities associated 
with O&NG production (e.g., drilling, production, transport, and gas flaring) and oil and gas leakage from 
active and abandoned wells are significant sources of VOCs such as methane (CH4), nonmethane hydrocar-
bons (NMHCs), and NOx (Dix et al., 2020; Gilman et al., 2013; Helmig, 2020; Pètron et al., 2012; Warneke 
et  al.,  2014). For example, significantly elevated levels of C2-C5 alkanes were observed at 200–300 times 
above the regional and seasonal background in the Uintah Basin, Utah, which resulted in elevated O3 levels 
(>150 ppbv) during a strong temperature inversion in the winter (Edwards et al., 2013; Helmig et al., 2014; 
Warneke et al., 2014). High levels of anthropogenic VOCs, primarily a range of light alkanes and aromatics, 
from O&NG sources were observed both in near-surface air and aloft over the Colorado Northern Front Range 
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(NFR) (Brown et al., 2013; Peischl et al., 2018; Pètron et al., 2014). The evolution of plumes emanating from 
O&NG sources produce elevated levels of O3, peroxyacyl nitrates (PANs), and organic aerosols (OA) in the 
NFR and the Denver urban area (Bahreini et al., 2018; Bien & Helmig, 2018; Lindaas et al., 2019; McDuffie 
et al., 2016; Swarthout et al., 2013; Zaragoza et al., 2017). Extensive field measurements in the Houston Ship 
Channel during the Texas Air Quality Study (TexAQS) 2000 and 2006 campaigns demonstrated that primary 
emissions such as reactive alkenes (e.g., ethene and propene) and its downwind evolution were a primary con-
tributor to severe O3 exceedances in the Houston metropolitan area (Gilman et al., 2009; Ryerson et al., 2003; 
Washenfelder et al., 2010; Zhou et al., 2014).

In parallel with rapid industrialization over the past few decades, China has become the world's second-largest 
consumer of oil behind the United States (EIA, 2020). The growth of China's oil consumption has led to the 
rapid development and expansion of oil and natural gas fields with production of 4.9 million barrels of petroleum 
and other liquids per day in 2019 (EIA, 2020). Major O&NG fields such as the Daqing and Shengli fields are 
located in the Songliao Basin and Bohai Bay Basin, respectively, on the North China Plain (NCP). This region 
has experienced severe air pollution problems (Li et al., 2017; Qu et al., 2020; Wang et al., 2017), and mitigation 
is a challenge due to uncertainties in complex source characteristics and photochemistry in markedly polluted 
environments (e.g., Ma et al., 2019; Le et al., 2020; Qiu et al., 2020). For example, increasing trends in ozone 
levels have been observed in contrast with continuous reductions in NOx emissions and particulate matter over 
the NCP (Gu et al., 2013; Li, Jacob, et al., 2019; Li et al., 2020). A few studies have looked at the effect of these 
O&NG emission sources on air quality in the NCP, focusing on VOC composition and ozone production (Chen 
et al., 2020). Despite the important impacts of the emissions from O&NG activities, field measurements in the 
O&NG regions in China are still scarce.

The Yellow River Delta Ecology Research Station of Coastal Wetlands (YRD), considered here, is located in a 
remote coastal location in Shandong province. Eastern Shandong province has the largest concentration of petro-
chemical refineries as well as active O&NG extraction sites in China. The station is near the Shengli field which 
is the second-largest producer of oil and natural gas in China, producing about 557,000 barrels/day of crude oil 
during 2014 (EIA, 2015). In addition to the O&NG emissions, the site can be influenced by the transport from 
upwind urban emissions in the NCP (e.g., Beijing, Tianjin, and Jinan), which typically have enhanced aromatics 
such as benzene and toluene characteristic of fossil-fuel combustion largely from mobile vehicles and industrial 
facilities (Li, Hao, et al., 2019; Zhang et al., 2016). Emissions of aromatics in East Asian Megacities have been 
identified as an important contributor to O3 and aerosol production (e.g., Liu et al., 2012; Nault et al., 2018; 
Schroeder et al., 2020). However, model simulations of relatively simple compounds such as O3 and PAN in Chi-
na have often been biased low even with the addition of aromatics, suggesting missing VOC precursors (Fischer 
et al., 2014; Fu et al., 2007; Liu et al., 2010).

Sampling of relatively fresh emissions from O&NG and urban emissions and their secondary photochemical 
products including non-methane VOCs (NMVOCs), O3 and reactive nitrogen (e.g., NOx, PANs, and particulate 
nitrates) can be particularly important in an outflow region such as the YRD in China during springtime (Jacob 
et al., 2003; Talbot et al., 2003; Wang et al., 2006). Long-range pollutant transport from China can influence 
ozone concentrations, both in episodic increases and elevating regional backgrounds, in neighboring countries 
(e.g., Korea and Japan), the North Pacific Ocean and western North America. A large body of observations have 
accumulated in these regions to understand the impact of East Asian outflow. However, key uncertainties, includ-
ing emissions and evolution of VOCs and NOx, still remain due to a lack of relevant observations in the outflow 
regions in China. Thus, in situ chemical measurements in YRD provide a valuable data set which can be utilized 
to evaluate satellite observations and model simulations of this region.

In this paper, we report observations of the trace gas composition in a remote location in the Yellow River 
Delta downwind from O&NG and urban emissions during the Ozone Photochemistry and Export from China 
Experiment (OPECE) campaign. We report ground-based measurements of primary emissions and second-
ary photochemical products including CO, sulfur dioxide, nitrogen oxides, HONO (nitrous acid), VOCs, O3, 
PAN, organic aerosols, and particulate nitrates. The mixing ratios of VOCs and reactivity toward the OH 
radical (i.e., OH reactivity) are compared with previous studies conducted in urban and O&NG producing 
region in the U.S. and China. We examine the daytime chemical removal of hydrocarbons from their diurnal 
variations and ratios of hydrocarbons as a function of OH exposure. In addition, we investigate the absolute 
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and relative abundance of PAN and its homologs (PANs) to characterize the photochemistry leading to re-
active nitrogen processing. In addition, a near-explicit 0-D chemical box model with a comprehensive suite 
of observational constraints was utilized to estimate the budgets of ROx (OH + HO2 + RO2) and the rate and 
efficiency of O3 production. We evaluate local photochemistry of O3 and reactive nitrogen using a case study 
based on in-situ observations and model simulations. Finally, we discuss implications of these finding for O3 
control strategies at the OPCE site.

2. Method
2.1. OPECE Campaign

The OPECE campaign was conducted in the Yellow River Delta Ecology Research Station of Coastal Wetland 
(YRD; 37°76′N, 118°98′E), from March 20 to April 21, 2018 (Figure 1a). This is a remote site located in a bird 
sanctuary in the Yellow River Delta (YRD). The closest urban area is Dongying which is 50 km to the southwest 
of the site. Larger urban areas, Ji'nan, Tianjin, and Beijing, are located to the southwest at about 200 km and to the 
northwest at about 200 and 300 km, respectively. Several active oil fields and petrochemical refineries including 
the Shengli O&NG field are located in the YRD region, where locations of O&NG emission sources in the region 
are described by Zhang, Sun, et al. (2019), Chen et al. (2020), and the China Energy Map by Rice University's 
Baker Institute (https://www.bakerinstitute.org/chinas-oil-infrastructure).

During the campaign, winds were primarily from the west and the ambient temperature varied from −8°C to 
29°C (Figure 1b). The site was consistently impacted by polluted air masses from both urban and O&NG emis-
sion sources. Relatively clean air, associated with high wind speeds from the south and southeast, was observed 
at the site on April 4–5, 2018. During this episode, substantially lower levels of VOCs (Figure S1 in Supporting 
Information S1) were observed along with the lowest levels of NOx.

2.2. Ground-Based Instrumentation

In situ measurements were conducted with a large suite of instruments during the OPECE campaign. The 
physical layout of the instruments is shown in Figure 1a. The trace gas and particle measurements during the 
OPECE campaign are summarized in Table 1, along with methodologies, uncertainties, detection limits (LOD), 
sample intervals, and references. O3, NOx, CO, and SO2 were measured at 1 min resolution. The measurements 
of NO2 were performed using a chemiluminescence (CL) NOx monitor equipped with a molybdenum oxide 
converter, which is known to have a positive interference to NOx oxidation products including HNO3, nitrous 
acid (HONO), PANs (peroxycarboxylic nitric anhydride), and organic nitrates (Winer et al., 1974). The NO2 
overestimation by CL NO2 measurements in this work is likely biased by up to 20% based on the comparison of 
CL-based NO2 instrument to other NO2 measurement techniques in polluted environments such as Mexico City 
(Dunlea et al., 2007) and Beijing (Ge et al., 2013). For this reason, we assume an upper limit of 20% for this 
interference. The gas phase nitrous acid (HONO) was measured using a long path absorption photometer (LO-
PAP), where the possible artifact of the LOPAP instrument is described in Kleffmann et al. (2006). A large set 
of alkanes, alkenes, aromatics, and oxygenated VOCs was measured using in situ gas chromatography with a 
flame ionization detector (GC-FID) and proton-transfer-reaction mass spectrometry (PTR-MS). PANs (RC(O)
OONO2) including peroxyacetic nitric anhydride (PAN), peroxypropionic nitric anhydride (PPN), peroxybu-
tyric nitric anhydride (PBN), peroxyacrylic nitric anhydride (APAN), and peroxybenzoylic nitric anhydride 
(PBzN) were measured by a thermal decomposition-chemical ionization mass spectrometry (TD-CIMS) meth-
od. Nitryl chloride (ClNO2), molecular chlorine (Cl2), dinitrogen pentoxide (N2O5), and formic acid (HC(O)
OH) were measured by another chemical ionization mass spectrometers (CIMS). Measurements of inorganic 
and organic aerosol species were also conducted by a time of flight aerosol mass spectrometer (ToF-AMS). 
Meteorological parameters such as wind direction, wind speed, pressure, temperature, and relative humidity 
(RH) were obtained from the observatory of the Yantai Institute of Coastal Zone Research located near the 
OPECE site.

https://www.bakerinstitute.org/chinas-oil-infrastructure
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2.3. Model Description

Detailed zero-dimensional model calculations utilize F0AM (The Framework for 0-D Atmospheric Modeling, 
Wolfe et al., 2016). The model incorporates the MCM v3.3.1 (Master Chemical Mechanism) to simulate radical 
budgets (i.e., OH, HO2, and RO2), O3 production (PO3), and production efficiency (OPE). All model constraints 
are averaged to a 10 min time step and include observations listed in Table S1 in Supporting Information S1. 
Measurements made with a time resolution longer than 10 min (e.g., NMHCs) were interpolated. Missing data 
points longer than two hours were replaced with their diurnal average. To account for variability in cloud cover 
and optical depth, the ratio of observed and MCM-calculated J-NO2 is used to generate a correction factor that 
scales all J-values by the MCM parametrization (Wolfe et al., 2014). The scaling of J-values using the observed 
J-NO2 is likely to be more uncertain for some J-values such as J-O1D (Monks et al., 2004). The model was run to 
generate output for comparison with measurements made from March 20 to April 21, 2018, where observational 
constraints were updated every 10 min. A 30-day spin-up time is used to allow radicals and intermediate species 

Figure 1. (a) Location of ozone photochemistry and export from China experiment (OPECE) site and surrounding provinces 
and major cities. The inset shows the physical layout of the ground-based instrumentation during the OPECE campaign. (b) 
Ambient temperature (red), relative humidity (blue) versus time in the left panel. The right panel is a wind rose plot.
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to reach steady state. A first order loss is given to all species equivalent to a 24-hr lifetime. This is a dramatic 
simplification which prevents the buildup of longer-lived species, and helps account for the impact of advection, 
deposition, and dilution (e.g., Baier et al., 2017).

In addition to the full-campaign model run, a case study was formulated to investigate local photochemical forma-
tion of O3 and PANs on April 6, 2018. For this period, average diurnal variations of O3 and reactive intermediates 
show pronounced daytime formation observed after a clean episode (April 4–5, 2018) along with relatively slow 
wind speeds (∼2 ms−1) from April 5 through the early morning of April 6, 2018. Prevailing winds (∼4 ms−1) 
were from the east and northeast with the average diel temperature of 5°C. To evaluate model-simulated oxida-
tion processes, a series of sensitivity simulations are conducted to compare observed and modeled O3 and other 
reactive intermediates. In this case, the model is not constrained with O3 and PANs observations, whereas NO 
and NO2 in the model are scaled to match observed total NOx. Specific model scenarios are further described in 
the Supporting Information S1.

3. Results and Discussion
3.1. Measurements

The measured levels of SO2, CO, organic aerosol (OA), particulate nitrate (NO3), PANs, NOx, HONO, O3, and 
J-NO2 during the campaign are shown in Figure 2. High levels of anthropogenic pollutants such as SO2, CO, and 
NOx were frequently observed due to transport from urban areas (Dongying and Ji'nan) and oil and gas (O&NG) 
fields to the west of the site, in addition, high levels of VOCs (e.g., median propane and toluene levels of 4.35 
and 1.71 ppbv) were consistently observed through most of the campaign. On 30% of the days the ozone daily 
8-hr average (MDA 8) exceeded 160 μgm−3 (∼75 ppbv, the Grade II national air quality standard of China) along 
with enhanced levels of secondary photochemical pollutants such as PAN and its homologs and particulate nitrate 
(CNEMC,  2018). In addition, biomass burning events were occasionally observed throughout the campaign, 
consistent with previous work at the same site (Zhang, Sun, et al., 2019).

Measurement Method Uncertainty LOD
Time 

resolution Reference/Instrument

PANs TD-CIMS using I− reagent 
ion

20%–30% <7 pptva 6 s Slusher et al. (2004), Ji et al. (2020)

Cl2, ClNO2, N2O5, HC(O)OH CIMS using I− reagent ion 30% <6 pptva 11 s Liao et al. (2014), Ji et al. (2020)

CO IR absorption 5% 40 ppbv 1 min Thermo 48i

SO2 Pulsed fluorescence 10% 50 pptv 1 min Thermo 43i

NO, NO2 Chemiluminescence 10% 50 pptv 1 min Thermo 42i

O3 UV absorption 5% 1 ppbv 1 min Thermo 49i

HONO LOPAP 10% 3 pptv 1 min Liu et al. (2019)/LOPAP-03 (QUMA, Germany)

NMHCs GC-FID 22% 30–300 pptv 60 min Lu et al. (2015)

PTR-MS using H3O
+ reagent 

ion
5%–30% 20–60 pptv 1 min Wang et al. (2014b)/PTR-TOF 2000 (Ionicon 

Analytik GmbH, Austria)

Nonrefractory submicron 
aerosolb

ToF-AMS 30% 3–58 ng m−3 2 min DeCarlo et al. (2006)/AMS (Aerodyne Research 
Incorporated, USA)

Photolysis frequencies Spectral radiometry 5% 1.5 × 10−6 s−1/mV 1 min Shetter and Müller (1999)/J-NO2 Filter 
Radiometer (Metcon, GmbH, Germany)

Note. GC-FID, gas chromatography with a flame ionization detector; LOD, detection limits; LOPAP, long path absorption photometer; PANs, peroxyacyl nitrates; TD-
CIMS, thermal decomposition-chemical ionization mass spectrometry; ToF-AMS, time of flight aerosol mass spectrometer;
aDetection limits are estimated from three times the standard deviation in background measurements. bMeasurements by aerosol mass spectrometer (AMS) include 
sulfate (SO4

2−), nitrate (NO3
−), ammonium (NH4

+), and organics.

Table 1 
Measurements During the OPECE Campaign
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3.2. VOCs

Average daytime (10:00–18:00 CST) and nighttime (22:00–6:00 CST) mixing ratios of the measured hydrocar-
bons are presented in Figure S2a in Supporting Information S1. The highest mixing ratios were observed for 
the C2–C5 alkanes and C6–C8 aromatics. Mixing ratios of C2–C5 alkanes were highly correlated (r2 > 0.8) with 
propane throughout the campaign, suggesting they shared a similar source. Mixing ratios of aromatics were 
better correlated with benzene than propane (Figure S2b in Supporting Information S1). Table 2 summarizes 
the mixing ratios of VOCs and their correlations with propane and benzene along with rate coefficients for the 
reactions between VOCs and OH. The magnitude of the alkane mixing ratios and their strong correlation with 
propane is comparable to observations in oil and natural gas (O&NG) producing areas in the U.S. For example, 
previous field studies in a O&NG basin in Colorado characterized light alkanes as primary VOC emissions from 
oil and natural gas operations, with a mean mixing ratio of propane (27 ± 1 ppbv) much larger than observed in 
U.S cities (Gilman et al., 2013). Of the measured VOCs, propane and n-butane were the two most abundant with 
campaign median mixing ratio of 4.3 and 2.6 ppbv, respectively. However, the ratios of both propane and butane 
to ethane at the site were higher than that in O&NG producing regions in the U.S. (Abeleira et al., 2017; Gilman 
et al., 2013; Pètron et al., 2012).

Alkenes and aromatics observed at the OPECE site were generally higher than in U.S. O&NG regions. The 
most abundant alkenes during OPECE were propene and ethene with the campaign median of 0.4 and 0.2 ppbv, 
respectively. Mixing ratios of isoprene (the campaign median of 0.04 ppbv) were low throughout, suggesting 
relatively low contributions from biogenic emissions (Zhang, Zhang, et al., 2020). The most abundant aromatics 
were toluene (the campaign median of 1.7 ppbv) and benzene (the campaign median of 1.2 ppbv) with an aver-
age diel maximum of 4.5 and 2.1 ppbv, respectively, in the morning. The higher levels of alkenes and aromatics 
indicate the OPECE site was likely impacted by urban and industrial (e.g., oil wells and petrochemical facilities) 
emissions as well.

Mean mixing ratios of selected VOC species observed during the OPECE campaign were compared to the values 
reported in two polluted urban cities (Houston, Texas, USA and Beijing, China), 28 cities in the U.S., an O&NG 
producing region in Colorado, and two rural sites (previous measurements at the OPECE site and Changdao) in 
Shandong province in China (Swarthout et al., 2013) (Figure S3 in Supporting Information S1). As emissions 

Figure 2. Time series of SO2, CO, organic aerosol (OA), particulate nitrate (NO3
−), PANs, NOx, HONO, O3, and jNO2 JNO2 measured during OPECE.
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Compound

Mixing ratio (ppbv) r2

kOH @ 298K (cm3  
molecule−1 s−1)Mean (E  ) Median Propane Benzene

Ethane 1 (0.91) 0.76 0.696 0.229 2.48  E   10−13

Propane 5.61 (4.46) 4.35 1 0.506 1.09  E   10−12

n-Butane 3.72 (3.53) 2.65 0.932 0.532 2.36  E   10−12

i-Butane 2.07 (2.11) 1.37 0.913 0.552 2.12  E   10−12

n-Pentane 1.79 (1.7) 1.25 0.906 0.572 3.8  E   10−12

i-Pentane 2.3 (2.05) 1.81 0.843 0.538 3.6  E   10−12

Hexane 0.87 (0.86) 0.65 0.657 0.752 5.2  E   10−12

2-Methylpentane 0.57 (0.59) 0.4 0.87 0.642 5.2  E   10−12

3-Methylpentane 0.31 (0.33) 0.22 0.871 0.578 5.2  E   10−12

2,2-Dimethylbutane 0.066 (0.056) 0.049 0.569 0.564 2.23  E   10−12

2,3-Dimethylbutane 0.16 (0.15) 0.12 0.788 0.534 5.78  E   10−12

Heptane 0.21 (0.24) 0.13 0.826 0.514 6.76  E   10−12

2-Methylhexane 0.071 (0.069) 0.055 0.727 0.682 6.72  E   10−12a

3-Methylhexane 0.075 (0.095) 0.038 0.567 0.638 6.54  E   10−12a

2,3-Dimethylpentane 0.043 (0.055) 0.029 0.63 0.382 6.47  E   10−12b

2,4-Dimethylpentane 0.022 (0.036) 0.012 0.428 0.179 5.64  E   10−12b

n-Octane 0.21 (0.21) 0.14 0.815 0.535 8.11  E   10−12

2-Methylheptane 0.046 (0.049) 0.033 0.765 0.529 -

3-Methylheptane 0.028 (0.032) 0.021 0.561 0.436 -

2,2,4-Trimethylpentane 0.1 (0.11) 0.071 0.724 0.501 3.34  E   10−12

2,3,4-Trimethylpentane 0.03 (0.031) 0.024 0.427 0.41 6.6  E   10−12

Nonane 0.22 (0.22) 0.15 0.616 0.645 9.7  E   10−12

Decane 0.27 (0.25) 0.18 0.467 0.6 1.1  E   10−11

Undecane 0.2 (0.2) 0.14 0.47 0.702 1.23  E   10−11

Cyclopentane 0.18 (0.21) 0.12 0.852 0.472 4.97  E   10−12

Methylcyclopentane 0.57 (0.59) 0.39 0.583 0.697 7.65  E   10−12a

Cyclohexane 0.15 (0.21) 0.089 0.652 0.316 6.97  E   10−12

Methylcyclohexane 0.14 (0.17) 0.083 0.792 0.299 9.64  E   10−12a

Ethene 0.27 (0.26) 0.2 0.471 0.727 8.52  E   10−12

Propene 1.19 (2.44) 0.41 0.363 0.382 2.63  E   10−11

1-Butene 0.18 (0.3) 0.071 0.467 0.445 3.14  E   10−11

cis-2-Butene 0.043 (0.11) 0.016 0.355 0.337 5.64  E   10−11

trans-2-Butene 0.043 (0.11) 0.016 0.354 0.339 6.4  E   10−11

Pentene 0.065 (0.089) 0.035 0.552 0.573 3.14  E   10−11

cis-2-Pentene 0.018 (0.028) 0.011 0.473 0.466 6.5  E   10−11

trans-2-Pentene 0.025 (0.046) 0.014 0.446 0.429 6.7  E   10−11

Isoprene 0.068 (0.082) 0.04 0.32 0.362 1  E   10−10

Hexene 0.029 (0.049) 0.02 0.137 0.183 3.7  E   10−11

Benzene 1.52 (1.09) 1.26 0.506 1 1.22  E   10−12

Toluene 2.58 (2.69) 1.71 0.441 0.725 5.63  E   10−12

Ethylbenzene 0.86 (0.81) 0.61 0.295 0.508 7  E   10−12

Table 2 
Summary Statistics of Volatile Organic Compound (VOC) Mixing Ratios and Reaction Rate Coefficients With OH
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from oil and gas wells can vary seasonally (e.g., enhanced evaporative emissions from increasing temperature), 
springtime field data was used for the comparison of O&NG emissions (Abeleira et al., 2017). The alkane mixing 
ratios were similar to those observed in Houston, Beijing, and Colorado, but generally higher than the average 
of 28 different U.S. cities (Baker et al., 2008). Highly variable mixing ratios of alkanes have been reported in 
Shandong province. Recently, Chen et al. (2020) reported a factor of 5–13 higher mean mixing ratios for the se-
lected alkanes at the same site as the OPECE campaign from February to March 2017 than the values observed 
in this work. On the other hand, the alkane mixing ratios observed at Changdao by Yuan et al. (2013) from March 
to April 2011 were generally lower than the values in this work. The mean propene and ethene mixing ratios 
also vary largely between different studies. The propene level during OPECE was similar to the value reported 
by Chen et al. (2020), 4 to 40 times higher than the level observed in Colorado, and roughly a factor of 2 lower 
than those observed in Beijing (Li et al., 2015) and Houston (Gilman et al., 2009). The elevated levels of alkenes 
in Houston have been attributed to petrochemical emissions, whereas emissions from vehicle tailpipe are major 
sources of alkenes in Beijing (Ryerson et al., 2003; Wang et al., 2015). The mean mixing ratio of toluene and 
benzene at the OPECE site were more comparable to the mean levels reported for Beijing, Changdao and previ-
ous measurements in the YRD by Chen et al. (2020) than the lower levels of toluene and benzene found in most 
of U.S. cities.

3.2.1. VOC Source Signatures

In previous work, the ratios of ethane to propane and iso-pentane to n-pentane have been utilized to investigate the 
influence of urban and O&NG emissions on ambient air composition (Gilman et al., 2013; Peischl et al., 2013; 
Swarthout et al., 2013; Wennberg et al., 2012). Though the magnitude of hydrocarbon mixing ratios decreases 
downwind from source regions, the ratio of VOC pairs that have similar reaction rates with OH (kOH) is minimally 
affected by air mass mixing, dispersion and photochemical oxidation, and can be used as an indicator of differ-
ent emission sources (Parrish et al., 2007). Urban areas dominated by vehicle emissions are more enhanced in 
iso-pentane and ethane, leading to relatively high iso-pentane/n-pentane and low propane/ethane ratios (Thomp-
son et al., 2014).

Figure 3 demonstrates these relationships for OPECE by performing orthogonal distance regression (ODR) 
using the data of VOC pairs measured by GC during the OPECE campaign (Wu & Yu, 2018). The regression 
slope of propane versus ethane, and iso-pentane versus n-pentane were shown along with values reported in 
a variety of source regions in the U.S. Figure 3a shows that the average propane/ethane ratio is 5.8. This is 
markedly higher than the values found in Los Angeles, which is primarily impacted by emission from mobile 

Table 2 
Continued

Compound

Mixing ratio (ppbv) r2

kOH @ 298K (cm3  
molecule−1 s−1)Mean (E  ) Median Propane Benzene

(m + p)-Xylenes 1.51 (1.57) 0.96 0.274 0.401 1.87  E   10−11

o-Xylene 0.7 (0.72) 0.72 0.466 0.308 1.36  E   10−11

Styrene 0.46 (0.51) 0.36 0.32 0.364 5.8  E   10−11

(m + p)-Diethylbenzene 0.96 (0.66) 0.81 0.315 0.634 -

n-Propylbenzene 0.23 (0.17) 0.2 0.373 0.611 5.8  E   10−12

i-Propylbenzene 0.038 (0.047) 0.026 0.278 0.403 6.3  E   10−12

1,2,3-Trimethylbenzene 0.15 (0.2) 0.093 0.436 0.5 3.27  E   10−11

1,2,4-Trimethylbenzene 0.54 (0.73) 0.33 0.444 0.544 3.25  E   10−11

1,3,5-Trimethylbenzene 0.18 (0.25) 0.095 0.45 0.543 5.67  E   10−11

o-Ethyltoluene 0.11 (0.15) 0.059 0.455 0.563 1.19  E   10−11

(m + p)-Ethyltoluene 0.55 (0.64) 0.36 0.475 0.617 1.52  E   10−11

Note. Reaction rate coefficients with OH are taken from Atkinson and Arey (2003) unless noted otherwise.
aSprengnether et al. (2009). bWilson et al. (2006).
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sources and the LPG industry, and in O&NG basins in Colorado (Gilman et al., 2013; Peischl et al., 2013; 
Pètron et al., 2012; Swarthout et al., 2013; Wennberg et al., 2012). In fact, the OPECE propane/ethane ratio 
is comparable to the average composition ratio of LPG, which is dominated by propane and butane (Lai 
et al., 2009; Tsai et al., 2006). For example, Tsai et al., (2006) reported that LPG sold in Hong Kong is main-
ly propane, butane and iso-butane (>90%), whereas the propane to ethane ratio from dry natural gas after 
removal of heavy alkanes is ∼0.17 (Wennberg et al., 2012). Long-term measurements in Hong Kong showed 
that the contribution of LPG emissions to ambient VOCs increased significantly after the execution of a LPG 
replacement program for public transportation from 1997 (Ho et al., 2009; Lyu et al., 2016; Ou et al., 2015). 
The impact of LPG emissions was also indicated by larger abundances of propane and butane isomers than 
ethane and toluene in Hong Kong (Huang et al., 2015; Ou et al., 2015). Despite the potentially large emis-
sions from LPG sources, the evaluations of the emission inventories in Beijing have demonstrated that natural 
gas and LPG emissions are largely underestimated (Li, Hao, et al., 2019; Wang, Shao, et al., 2014). On the 
other hand, vehicular emissions from a tunnel study in the U.S. reported propane/ethane ranging from 0.06 
to 0.18 (Lough et al., 2005). Thus, the elevated mean ratio of propane/ethane during the OPECE campaign is 
significantly different compared to typical urban values, and suggests potentially large contributions of LPG 
emissions from production (e.g., natural gas processing and petroleum refining), fugitive emissions (e.g., 
leaks from pipelines, valves, and storage tanks), and fuel consumption (e.g., LPG fueled-vehicle, residential, 
and industrial usage).

The OPECE i-pentane/n-pentane ratio was observed to be 1.22 (Figure 3b), which is slightly higher than that in 
raw natural gas (0.86) and comparable to observations in the northern front range (NFR) in Colorado (1.1–1.17) 
(Abeleira et al., 2017; Gilman et al., 2013; Swarthout et al., 2013). In urban areas such as Pasadena and Beijing, 
the pentane isomer ratios range from 1.3 to 4, comparable to the value from vehicle tailpipe emissions of ∼3 
(Barletta et al., 2005; Gilman et al., 2013;Liu, Ma, et al., 2017; Li, Hao, et al., 2019; Thompson et al., 2014). The 
pentane isomer ratio suggests that the relative contribution of O&NG and mobile sources to pentane was more 
weighted toward O&NG than for other urban cities in the U.S and China.

Figure 3. (a) Correlation plots of propane versus ethane for ozone photochemistry and export from China experiment (OPECE) measurement site (red markers and 
solid red line) and a variety of emission sources. Gray, black, blue, and yellow dashed lines correspond to reported propane-to-ethane ratios from liquified petroleum 
gas (LPG), dry natural gas, Los Angeles, Boulder Atmospheric Observatory (BAO), and vehicle emissions. (b) Correlation plots of iso-pentane versus n-pentane for 
OPECE site (red markers and solid red line) compared with values found in the U.S. source regions. Orange, magenta, green and blue dashed lines correspond to 
reported pentane isomer ratios from vehicle emissions, Pasadena, BAO and raw natural gas emissions. The solid red lines in (a) and (b) are the slope for all campaign 
data from orthogonal distance regression.



Journal of Geophysical Research: Atmospheres

LEE ET AL.

10.1029/2021JD035296

10 of 28

3.2.2. Photochemical Removal of VOCs

VOC mixing ratios are impacted by multiple processes such as oxidation, dilution, and emission. The relative 
importance of the daytime chemical and physical removal of VOCs has been investigated using the diurnal 
average of VOCs with different chemical reactivity toward hydroxyl radical (OH) (e.g., Borbon et al., 2013; 
de Gouw et al., 2017). Average diurnal variations of selected VOCs are shown in Figure S4a in Supporting 
Information S1. The data are averaged in 1-hr bins and normalized to the peak value of each species. The 
typical diurnal profiles of VOCs at the OPECE site have maximum concentrations during the morning and re-
duced concentrations in the late afternoon, which can be explained by photochemical removal in combination 
with dilution in a deeper boundary layer during the day. The more reactive VOCs such as propene and 1, 2, 
4-trimethylbenzene had a stronger dependence on the time of day than CO and less reactive VOCs including 
benzene and propane. Figure S4b in Supporting Information S1 shows the diurnal normalized profiles of se-
lected hydrocarbons relative to CO. The observed mixing ratios of the VOCs to that of CO were more variable 
for the reactive VOCs, suggesting that photochemical removal affect the observed mixing ratios of these VOCs 
at the OPECE site.

To further investigate photochemical processing in sampled air masses, the concentration ratios between hydro-
carbon pairs with significant differences in OH reaction rate constants were utilized to derive a proxy for photo-
chemical age, hereafter, “OH exposure,” defined as the product of OH concentration and time averaged over the 
photochemical lifetime of an air mass. OH exposure ([OH]ΔE t ) was calculated from the ratio of benzene over 1, 2, 
4-trimethylbenzene (124TMB) (Equation 1).

 
 

  
            

Benzene /124TMB
124TMB OH Benzene OH

1 BenzeneOH Δ ln ln ER
124TMB

t
k k (1)

OH reaction rate constants for benzene and 124TMB are from Table 2. The emission ratio (ERBenzene/124TMB) is 
estimated here to be 1.17 ppbv ppbv−1 derived from the slope of scatter plots using the night-time data. Fur-
ther details are described in Figure S5 in Supporting Information S1. The estimated emission ratio was close 
to the lower end of the reported range in the U.S, which is from 1.4 to 3.4 ppbv ppbv-1 (Gentner et al., 2013; 
May et al., 2014; Warneke et al., 2007; Yuan et al., 2012). The average daytime maximum in OH exposure was 
∼5.5 E   1010 molecules cm−3 s. The usage of OH exposure derived from hydrocarbon ratios has limitations noted 
by several studies (de Gouw et al., 2005; McKeen & Liu, 1993; Parrish et al., 2007), largely because the deter-
mination of OH exposure does not account for the effects of mixing and transport (i.e., mixing with background 
air). Thus, OH exposure in this study provides a proxy of photochemical processing for selected VOCs rather than 
quantitative representation of airmass ages.

Figure 4a gives a scatter plot of hydrocarbons with varying OH rate coefficients color-coded by the OH exposure, 
where good correlation between two hydrocarbons with similar OH rate coefficients are expected when their 
removal is largely by reactions with OH. The pentane isomers with similar kOH (∼3.6 E   10−12 cm3 molecule−1 s−1) 
were relatively well correlated (r2 = 0.92). On the other hand, the points in Figure 4b were more widely distrib-
uted, and showed a lower m, p-xylene/benzene ratio at higher OH exposure, which can be explained by a large 
difference in their kOH (i.e.,    m,p xylene OH benzene OH/ 15E k k  ).

3.2.3. OH Reactivity

OH reactivity is used to investigate ozone production from oxidation of individual hydrocarbons. However, ozone 
production is a function of various factors including OH levels, ozone yield, and nitrate branching ratios as well 
as OH reactivity (e.g., Perring et al., 2013).

The total OH reactivity is the summation of individual reactivities calculated by multiplying its concentration 
([Xi] in molecules cm−3) with the OH rate coefficient (kOH + Xi in cm3 molecule−1 s−1) provided in Table 2.

     OH Xi iOH reactivity Σk X (2)

Figure 5 shows the OH reactivity observed during the OPECE campaign along with NOx and O3 mixing ratios. 
The diurnal average OH reactivity including contributions from NOx and CO was 15.6 ± 4.9 s−1 with a daily 
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maximum average of 23 s−1, where the average contributions from VOCs were 9.1 ± 3.7 s−1. Aromatics (38%) 
made the largest contribution to the OH reactivity of VOCs followed by oxygenates (23%), alkanes (20%), and 
alkenes (19%).

The OH reactivity of VOCs observed at the OPECE site was compared to results from O&NG emission 
 studies in the NFR and Uintah basin (Abeleira et al., 2017; Edwards et al., 2013; Gilman et al., 2013; McDuff-
ie et al., 2016), ground-based measurement at the same study site in the YRD (Chen et al., 2020), recent 
airborne measurements over Seoul, Korea (Simpson,  2020), and urban/petrochemical studies in Houston 
(Gilman et al., 2009; Ryerson et al., 2003). In general, the observed OH reactivity at the OPECE site was 
significantly higher than the reported range (2–4 s−1) from O&NG regions in the U.S. A notable difference 
in the OH reactivity between O&NG regions in the U.S. and OPECE site is a much larger contributions 

Figure 4. (a) Scatter plot of a hydrocarbon pair with similar (iso-pentane and n-pentane), and (b) different (m, p-Xylene and 
benzene) OH rate coefficients with the data points color-coded by the OH exposure.

Figure 5. Average diurnal variations (left axis) of calculated OH reactivity including contributions from alkanes, alkenes, 
aromatics, oxygenates, NOx and CO. Average diurnal variations of NOx and O3 mixing ratios (right axes).
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of alkenes and aromatics, especially propene and toluene, at the OPECE site. In the U.S O&NG regions, 
the dominance of alkanes (>50%) in OH reactivity has been typically observed, where the sum of alkenes 
and aromatics contribution accounts for ∼10% of the OH reactivity reported by McDuffie et al. (2016) and 
Edwards et  al.  (2013). In contrast, alkenes and aromatics contribute significantly to OH reactivity in ur-
ban areas, where emissions of these compounds are associated with mobile vehicle and industrial sources 
such as petrochemical facilities (e.g., Borbon et al., 2013; Gilman et al., 2009). Significant enhancements of 
 aromatics and their dominant contributions to OH reactivity are often characteristic of polluted urban emis-
sions in the East Asia. For example, recent airborne measurements during the KORUS-AQ (Korea-United 
States Air Quality) campaign showed that aromatics and alkenes accounted for 44% and 19% of the average 
OH reactivity, respectively, over Seoul. These results were consistent with the dominance of aromatics and 
alkenes on the ozone formation potential in the polluted urban cities on the NCP, China (Li, Hao, et al., 2019; 
Simpson, 2020; Wu & Xie, 2017). The impacts of more complicated source emissions from mobile vehi-
cles, O&NG production, and petrochemical facilities to air quality have been observed in Houston, TX. The 
 ship-based measurements by Gilman et al. (2009) reported that alkenes and alkanes had a large contribution 
(41% and 23%, respectively) to the averaged OH reactivity of 7.5 s−1 and were due to emissions from mo-
bile vehicles, O&NG productions, and petrochemical refineries. Similarly, airborne plume measurements 
over Houston Ship Channel shows that alkenes, especially ethene and propene, dominate the OH reactivity 
(>15 s−1) in petrochemical plumes, contributing more than 80% (Ryerson et al., 2003).

Similar to the urban areas discussed above, alkenes and aromatics represent a significant fraction of the observed 
OH reactivity at the OPECE site. The markedly high OH reactivity with elevated NOx levels during the OPECE 
campaign was more representative of heavily polluted urban air with complicated source characteristics such 
as Seoul and Houston than typical U.S. O&NG regions. Chen et al. (2020) pointed out that the OH reactivity 
at the OPECE site based on their calculations is significantly higher than values reported in rural areas and is 
comparable to polluted environments such as Beijing and Guangzhou. The OH reactivity by Chen et al. (2020) 
was comparable to that in this work. However, larger contributions of oxygenated VOCs (OVOC) (including 
both the observed and model-simulated OVOCs in their calculation) and smaller contributions of aromatics were 
found in Chen et al. (2020). The observed aromatic contribution to OH reactivity in this work was comparable 
to those observed in polluted East Asian cities such as Seoul and Beijing than that reported by Chen et al. (2020) 
(Li, Hao, et al., 2019; Simpson, 2020). While the alkene contribution was also comparable to the urban values, 
both the remote location of OPECE site with limited mobile vehicle sources and high reactivity of alkenes with 
OH radicals suggest the impacts of local sources such as petrochemical facilities, (Zhang, Sun, et  al., 2019; 
Chen et al., 2020). The observed OH reactivity at the OPECE site illustrates complicated source emissions from 
mobile vehicle sources, O&NG production and petrochemical refineries, which are important to understand the 
photochemistry of this region.

3.3. PANs

PAN and its homologs (i.e., PPN, APAN, PBN, and PBzN) were measured during OPECE. A summary of PANs 
(PAN + PAN homologs) measured along with their mean and median mixing ratios is presented in Table S2 in 
Supporting Information S1. PAN was the most abundant peroxyacyl nitrate species measured and comprised 
∼86% of the total measured PANs. PPN was the most abundant (∼80%) of the PAN homologs. Relatively high-
er mixing ratios of PAN and PPN were observed when the wind was from the west and northwest, whereas 
the mixing ratios of APAN were more elevated with easterly winds (Figure S6 in Supporting Information S1). 
Mixing ratios of PANs were generally higher during the day with a diurnal maximum around noon, suggesting 
photochemical formation following night-time deposition loss in the shallow boundary layer (Figure S7 in Sup-
porting Information S1). There were also periods when PANs mixing ratios did not depend on the time of day 
and sometimes showed higher median values at night (April 16 –April 19, 2018). For these periods, nighttime 
levels of PANs were relatively well correlated with CO (r2 ∼ 0.6), indicating the effects of both photochemistry 
and transport from upwind sources.

The campaign median PAN and PPN mixing ratios were 1.6 ppbv and 186 pptv, respectively. Both PAN and PPN 
began to increase in the early morning (6–8 AM) reaching the daytime peak around noon, with a 1-hr averaged 
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noontime mixing ratio of 2.2 ppbv and 254 pptv (Figures S7a and S7b in Supporting Information S1). These 
mixing ratios of PAN and PPN are comparable with polluted urban areas in the U.S. (Los Angeles and Houston 
in the early 2000s) and East Asia (Beijing and Seoul) (Grosjean et al., 1996; Lee et al., 2008; Qiu et al., 2020; 
Roberts et al., 2003; Zhang, Zhao, Zhang, 2019). The continual prevalence of elevated PAN and PPN levels at a 
remote location such as the OPECE site is consistent with a continuous regional influence of urban and O&NG 
emissions sources.

PBN and APAN were observed up to hundreds of pptv throughout the campaign. PBN and APAN precursors 
come from a limited range of anthropogenic sources and biomass burning. Mixing ratios of PBN and APAN 
comparable to the values reported in this study have only been observed in areas strongly impacted by pet-
rochemical emissions and biomass burning emissions (Decker et al., 2019; Roberts et al., 2001, 2003). For 
OPECE, PBN mixing ratios were measured up to 148 pptv along with large abundances of butane and pentane 
isomers. This is similar to the reported values during the TexAQS-2000 study, where elevated levels of PiBN 
observed in Houston were attributed to oxidation of branched-chain alkanes (e.g., isobutane and 2-methyl 
alkanes) likely from LPG and O&NG emission sources (Roberts et al., 2003). The campaign median APAN 
mixing ratio (27 pptv) was higher than the values from the ground and airborne measurements (<5 pptv and 
8.6 pptv, respectively) in the Houston Ship Channel in 2000. However, episodic increases of APAN levels at 
the OPECE site resulted in maximum mixing ratios comparable to that in Houston (>400 pptv). These ob-
servations are consistent with local sources of APAN precursors such as 1, 3-butadiene and acrolein (Roberts 
et al., 2001) as the APAN lifetime is relatively short even in cold environments due to its efficient reaction 
with OH.

The less common PAN homolog, peroxybenzoyl nitrate (PBzN) was monitored as the benzoate ion (m/z 121) in 
the TD-CIMS. PBzN is the simplest phenyl-substituted peroxyacyl nitrate formed through the oxidation of ben-
zaldehyde, toluene, and styrene. The PBzN signal at m/z 121 was well correlated (r2 ∼ 0.7) with PAN. The signal 
decreased as expected by addition of NO (∼800 ppm) which reacts with the peroxybenzoyl radical (C6H5C(O)
OO) in the heated inlet (Figure S8 in Supporting Information S1). Zheng et al. (2011) reported the TD-CIMS 
sensitivity of PBzN was very similar to PAN in a chamber experiment. In addition, Zheng et al. (2011) has also 
noted possible loss of PBzN on the Teflon inlet wall, which may be partially responsible for no significant levels 
of PBzN observed in ambient air. Although the inlet losses indicate the potential to underestimate ambient PBzN 
levels at the OPECE site, the observed levels of PBzN up to ∼300 pptv may be a representative of markedly 
different environment in East Asia with enhanced emissions of aromatic precursors of PBzN including toluene 
and styrene (Fung & Grosjean, 1985). For OPECE, PBzN showed pronounced daytime enhancements with a me-
dian of 30 pptv, suggesting local photochemical production of PBzN precursors such as benzaldehyde primarily 
derived from oxidations of toluene and styrene following the nighttime deposition loss (Figure S7 in Supporting 
Information S1) (Borbon et al., 2013; de Gouw et al., 2018). Notably, both daytime and nighttime enhancements 
of PBzN greater than 40 pptv were measured on April 6, 2018 (Figure 6). The nighttime enhancements of PBzN 
may be indicative of night-time oxidation of precursors that have relatively high O3 and NO3 reactivity such as 
styrene. Currently, field observations of PBzN are quite limited. The only ambient PBzN levels reported in the lit-
erature are from Delft, Netherlands (up to 400 pptv) and Los Angeles (0.08–1.81 ppbv) (Fung & Grosjean, 1985; 
Meijer & Nieboer, 1977).

3.3.1. PANs and Ox

PANs are produced from VOC-NOx photochemistry, and are closely linked to ozone formation. In general, the 
daytime (10:00–18:00 CST) average of PANs is well correlated with that of observed odd oxygen (O3 + NO2; Ox)  
(Figure 7). However, APAN was found to be only weakly correlated with Ox. This is likely due to a limited 
range of precursors and the relatively short lifetime of APAN (APANE   < a few hours during the day). The positive 
correlations between PANs and Ox suggest that higher O3 abundance at the OPECE site is associated with pho-
tochemical oxidation of anthropogenic VOCs with the presence of NOx. For example, PBzN, which can only be 
formed via aromatic oxidation, was relatively well correlated with Ox, suggesting the effects of photochemical 
oxidation of reactive aromatics such as toluene and styrene on ozone formation. In addition, Figure 7d shows the 
relationship of the daytime average ratio of PPN/PAN and PBzN/PAN with that of Ox. Contrary to the negative 
relationship between PPN/PAN and Ox, PBzN/PAN was positively correlated with Ox. This implies that efficient 
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Figure 7. (a–c) Scatter plots of daily daytime (10:00–18:00 CST) average peroxyacyl nitrates (PANs) and Ox mixing ratios 
with vertical and horizontal lines indicating standard deviations (E  ). (d) The ratios of peroxypropionic nitric anhydride (PPN) 
and peroxybenzoylic nitric anhydride (PBzN) to PAN versus daily daytime average Ox mixing ratios.

Figure 6. (a and b) Time series of 1-min averaged peroxyacyl nitrates (PANs) (solid lines) and O3 (gray shaded area) on April 6, 2018. Both PANs and O3 show 
daytime enhancements, where peroxybenzoylic nitric anhydride (PBzN) shows both daytime and nighttime enhancements.
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radical production from oxidation of aromatics and subsequent radical amplification processes lead to ozone 
formation while favoring PAN and PBzN formation relative to PPN. Edwards et al. (2013) found that O3 produc-
tion in Uintah basin, Utah, was highly sensitive to aromatic concentrations, although the OH reactivity was still 
dominated by alkanes similar to that in the other US oil production regions. As can be seen from the large fraction 
of OH reactivity from aromatics (Figure 5) with markedly elevated NOx levels, radical production from aromatics 
likely plays an important role in both PAN and O3 production at OPECE site.

3.3.2. PAN Homologs/PAN

The ratio of individual PAN homologs to PAN potentially provides information on the photo-oxidation of their 
hydrocarbon precursors. The slope of the scatter plots of PAN versus PAN homologs in Figure 8 were deter-
mined using the ODR method and 1-min averaged data of PANs. Figure 8a shows a regression plot of PPN 
versus PAN. The slope of the regression plot (∼12%) falls within the range of typical urban values (10%–15%) 
in the U.S. (Roberts, 2007) and in East Asian countries (Tanimoto & Akimoto, 2001; Tanimoto et al., 1999; 
Zhang et al., 2020a). Conversely, the PAN observations during the SOAS 2013 campaign showed that biogenic 
hydrocarbons accounted for 66% of PAN formation during the campaign with an average PPN/PAN ratio of 4.2%, 
which is markedly lower than PPN/PAN ratios during OPECE (Toma et al., 2019). While the observed PPN/PAN 
was similar to the typical urban values in the U.S., a major difference is that the PAN and PPN precursors during 
OPECE largely originated from urban and O&NG emissions with a large contribution of alkenes and aromatics 
to OH reactivity. Recently, ground-based PAN measurements in the NFR showed that propane and the larger 
alkanes from O&NG emissions lead to elevated PPN/PAN ratios (>15%), high ozone events, and OH reactivity 
dominated by the alkanes (Abeleira et al., 2017; Lindaas et al., 2019; Zaragoza et al., 2017). The observed PPN/
PAN ratios during OPECE were relatively lower than that observed in NFR, where the high PPN/PAN ratios 
indicated photochemistry dominated by the alkanes. This suggest that photochemistry at OPECE is driven by 
more complicated VOC mixtures including a broad range of alkenes and aromatics that contributes largely to OH 
reactivity and PAN formation (i.e., Sections 3.2.3 and 3.3.2).

Figure 8b shows a regression plot of PBN versus PAN. On average, PBN showed relatively good correlation with 
PAN (r2 ∼ 0.6) with the slope of the regression plot (∼1.5%) comparable to previous measurements (<3%) in the 
U.S (Roberts et al., 2002, 2003). The observed ratio of PBN/PAN is likely explained by a large abundance of PBN 
alkane precursors including butane and pentane isomers, and other branched alkanes.

Figure 8c is a regression plot of APAN versus PAN. It should be noted that there are a limited number of data 
sets of APAN from previous field studies and to our knowledge this study present first measurement of APAN 
in China. Most of the time the APAN/PAN ratios during OPECE are between 0.01 and 0.04, similar to previous 
measurements in a suburban site in Japan and in the Houston Ship Channel in the U.S. (cyan and orange lines in 
Figure 8c) (Roberts et al., 2001; Tanimoto & Akimoto, 2001). Concurrent measurements of APAN and its hy-
drocarbon precursors (i.e., 1, 3-butadiene and acrolein) over the Houston Ship Channel showed that background 
levels (0.019 ppbv) and episodic increases (up to 0.3 ppbv) of APAN were attributed to the impacts from local 
petrochemical sources of 1, 3-butadiene and acrolein. High levels of APAN were also observed during OPECE 
with levels up to 400 pptv.

We have also collected an extensive data set of PANs during recent airborne campaigns conducted over Southern 
California and Seoul, Korea during FIREX-AQ and KORUS-AQ respectively. Figure 8d shows that the slopes 
of APAN versus PAN are ∼1% for both Southern California and Seoul, Korea. For FIREX-AQ, elevated levels 
of APAN were measured along with enhanced levels of acrolein up to hundreds pptv over Southern California. 
In addition, the newly reported acrolein emissions ratio ( acroleinERE   ∼ 1.4 pptv ppbv CO) in Pasadena suggests 
an enhanced importance of 1, 3-butadiene and acrolein in polluted urban atmospheres (de Gouw et al., 2018). 
However, the study also noted that emissions ratios of aldehydes in Pasadena are much higher than what can be 
explained from mobile tailpipe emissions, thus their sources in urban air remain unclear (de Gouw et al., 2018; 
McDonald et al., 2018). For VOCs measurements in China, Yuan et al. (2013) showed average mixing ratios of 1, 
3-butadiene (20 ± 20 pptv) and acrolein (90 ± 60 pptv) in Changdao, another rural site located north of OPECE 
site. These values are high for a remote location considering the high reactivity of these VOCs toward OH (i.e., 

 1,3 butadiene OHE k   ∼ 6.7 E   10−11 cm3 molecule−1 s−1; acrolein OHE k   ∼ 2 E   10−11 cm3 molecule−1 s−1). During both FIREX-
AQ and KORUS-AQ, no significant levels of APAN were measured at remote locations most likely due to its 
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short lifetime and a lack of precursors. Consequently, the consistent observation of APAN/PAN ratios of ∼2% 
during OPECE suggests the presence of constant sources of 1, 3-butadiene and or acrolein.

In summary, the large abundance of PANs observed during OPECE were comparable to studies conducted 
in heavily polluted atmosphere impacted by both urban and industrial emissions including O&NG and pet-
rochemical production. Such high levels of PANs and the correlation of PANs with ozone indicate efficient 
photochemical oxidation of anthropogenic hydrocarbons from O&NG in the presence of elevated NOx. The 

Figure 8. Scatter plots of peroxyacyl nitrate (PAN) homologs versus PAN. Solid back line indicates PANs/PAN during the ozone photochemistry and export from 
China experiment (OPECE) campaign (a) Green, red, yellow, and cyan lines correspond to reported peroxypropionic nitric anhydride (PPN)/PAN from Alabama during 
the SOAS 2013 campaign (Toma et al., 2019), fire plumes during the FIREX-AQ campaign, Houston during the TexAQS 2000 (Roberts et al., 2001) and BAO (Lindaas 
et al., 2019). (b) Yellow solid and dashed lines correspond to reported median and maximum PiBN/PAN ratio from Houston. (c) Cyan, yellow, and red lines correspond 
to reported peroxyacrylic nitric anhydride (APAN)/PAN from Japan, Houston, and fire plumes during the FIREX-AQ. The solid blue and green circles in (a) and (c) 
indicate PPN and APAN data measured during the elevated PPN and APAN episodes on April 8 and April 6, 2018, respectively. (d) Scatter plots of APAN versus PAN 
measured during the FIREX-AQ (blue circles) and the KORUS-AQ (green circles), which shows airborne data over Southern California and Seoul, respectively.
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elevated levels of PAN homologs including PBN, APAN, and PBzN are consistent with a complicated VOC 
profile at the OPECE site.

3.3.3. Elevated PPN/PAN and APAN/PAN Episodes

High PPN/PAN ratios (∼20%) (see blue markers in Figure 8a) were measured on April 8, 2018. These high PPN/
PAN ratios were associated with easterly and southeasterly winds that were dominated by O&NG emissions 
(Zhang, Sun, et al., 2019). Figure 9 shows that elevated PPN mixing ratio (1.1 ppbv) observed with excess ozone 
mixing ratios (ΔE  O3 = O3plume − O3background) of approximately 18 ppbv. The high PPN/PAN episode were coinci-
dent with elevated mixing ratios of butene isomers (i.e., 1-butene, cis-butene, and trans-butene), where the 1-bu-
tene mixing ratio (4 ppbv) during the episode was the highest value observed during OPECE campaign. PTR-MS 
measurement of acetone + propanal and formaldehyde also showed clear enhancements (Figure 9). Within the 
butene plumes, relatively modest enhancements were observed for CO, SO2 and NOx. Biomass burning emissions 
which can also contain substantial amounts of PANs and ozone, were ruled out because no significant enhance-
ments were measured for acetonitrile (i.e., biomass burning tracer) as well as alkanes and aromatics which can 
have significant emissions from biomass burning comparable or higher than butene isomers with a relatively 
longer lifetime (Akagi et al., 2011; Andreae, 2019; Koss et al., 2018). In addition, during the high PPN episodes 
the ratio of PPN/PAN was significantly higher than typically observed in fire plumes (0.08–0.1) (e.g., Roberts 
et al., 2004; airborne plume measurements during FIREX-AQ). The significant enhancements of alkenes (i.e., 
butene), PPN and ozone suggest that air masses were likely impacted by O&NG emission sources such as petro-
chemical facilities (Roberts et al., 2003; Ryerson et al., 2003; Wert et al., 2003).

Elevated APAN/PAN ratios (0.06) were observed for a continuous period during April 6, 2018 (Figure 6b and 
green markers in Figure 8c). For this episode, the diurnal variations of PANs and O3 showed pronounced en-
hancements in the afternoon, suggesting photochemical formation of these species. The high APAN/PAN ra-
tio suggests photo-oxidation of 1, 3-butadiene and/or acrolein, which are petrochemical emissions (Roberts 
et  al.,  2001). No significant elevation was observed for acetonitrile for this day. Contributions of long-range 
transport of APAN and APAN precursors from upwind urban areas should be small due to fast oxidation by OH 
radicals (APAN and its precursorsE   < a few hours). Whereas it is difficult to explain the high APAN/PAN episode with-
out direct measurement of 1,3-butadiene and acrolein, the high APAN/PAN episode suggests possible systematic 

Figure 9. Time series of peroxyacyl nitrate (PAN) (red line), O3 (gray line), peroxypropionic nitric anhydride (PPN) (blue 
line), 1-butene (green line with open circle), formaldehyde (cyan line) and acetone + propanal (orange line) on April 8, 2018. 
Elevated PPN/PAN ratios were observed along with higher mixing ratios of butene isomers (i.e., 1-butene, cis-butene, and 
trans-butene).
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increase in APAN carbonyl precursors from local sources and their contributions to VOC-NOx photochemistry 
at OPECE site.

3.4. Impacts of Biomass Burning on O3 and PANs

Biomass burning emits significant amounts of organic compounds and NOx, which can undergo photo-oxidation 
and produce O3 and reactive nitrogen (NOy) (Alvarado et al., 2010; Andreae, 2019; Crutzen & Andreae, 1990). 
Throughout the campaign, biomass burning events occurred occasionally around the study region (Figure S9 in 
Supporting Information S1). For example, a fire in the bird sanctuary near the measurement site started in the 
early morning on March 31, 2018 and grew in intensity through the day. The fire was located ∼3 km south of the 
measurement facility and burned mainly grass. Pictures of the bird sanctuary fire are shown along with fire hot-
spot data from MODIS Fire Information for Resource Management System (FIRMS) in Figure S9 in Supporting 
Information S1.

Figure 10a shows significant enhancements of CO, NOx, HCHO, HONO, and formic acid within the plumes 
of the bird sanctuary fire. These compounds can be emitted directly from fires and formed by photochemistry 
(i.e., HCHO, HONO, and formic acid) (Akagi et al., 2013; Liu et al., 2016; Liu, Huey, et al., 2017; Yokelson 
et al., 2009).

A large fraction of initial NOx emissions from fires can be converted to other NOy species including HNO3, PANs 
and particulate nitrate (Alvarado et al., 2010). Figure 10b shows enhancements of PAN, PPN and APAN up to 
693, 66, and 36 pptv, respectively, above their background mixing ratios (2273, 241,and 30 pptv, respectively), 
which were determined based on average of measurements made 10 min before and after the plume encounter. 

Figure 10. 1-min averaged measurements within biomass burning plumes. (a) Time series show significant enhancements of CO (gray shaded area), NOx (green 
circles), HCHO (blue triangles), HONO (pink triangles), and formic acid (red markers) within the plumes of the bird sanctuary fire on March 31, 2018. (b) Timeseries 
of peroxyacyl nitrate (PAN) (red circles), peroxypropionic nitric anhydride (PPN) multiplied by 10 (light blue squares), peroxyacrylic nitric anhydride (APAN) (green 
circles), and O3 (gray shaded area) along with Net PAN production rate (triangles) color coded by the measured mixing ratios of acetonitrile.
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O3 production is also common from biomass burning plumes. O3 was also elevated up to 21 ppbv above its 
background mixing ratio of 92 ppbv within plumes from the bird sanctuary fire. The instantaneous PAN produc-
tion rate from the oxidation of acetaldehyde was estimated for the plumes from the bird sanctuary fire. NetPAN 
(i.e., NetPAN = PPAN − LPAN) was estimated using Equations 3 and 4, where the NOx, acetaldehyde and PAN 
concentrations were from 1-min averaged in situ measurements, and an average daytime OH concentration of 
2.5 E   106 molecules cm−3 was estimated using 0-D box model simulations.
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Within the plume, NetPAN was well correlated with acetonitrile (triangle markers colored by acetonitrile mixing 
ratios in Figure 10b). The elevated NetPAN up to 2.4 ppbv hr−1 within the plume was markedly higher than that of 
campaign daytime average (334 E   272 pptv hr−1). The elevated NetPAN was due to the enhancements in acetalde-
hyde and NO2 to NO ratios in the fire plumes increasing production rates of PAN.

3.5. Diagnostic 0-D Box Model Simulations

3.5.1. Model Simulated Concentration of OH, HO2, and RO2

The model calculated average diurnal profiles of OH, HO2, and RO2 concentrations for the full campaign period 
are shown in Figure 11. The model outputs using the 10-min averaged observational constraints of the full cam-
paign are averaged in 1-hr bins to produce the diurnal profiles in Figure 11, and refer to the base case scenario. 
The average maximum concentrations were 3.9 E   106 molecules cm−3 for OH around noon and 3.3 E   108 mol-
ecules cm−3 and 2.3 E   108 molecules cm−3 for HO2 and RO2, respectively, in the early afternoon. In general, 
predicted OH levels were the highest on days with lower VOC levels and high photolysis rates. The modeled HO2 
and RO2 concentrations did not show a significant difference between clean and polluted episodes. An additional 
rise in modeled RO2 concentrations throughout the nighttime was due to oxidations of reactive alkenes and sty-
rene by O3 and NO3 (nitrate radical). It should be noted that the fluctuation of NO measurements often below the 
detection limit (∼100 pptv) during night-time also resulted in variability in model calculations of NO3 and RO2 
concentrations (Tan et al., 2017, 2018). In addition, the sensitivity analysis to examine the potential positive in-
terference in NO2 measurements showed <5% and <12% decrease in radical concentrations (OH, HO2, and RO2) 
with 10% and 20% decrease in the observed NO2 constraint, respectively.

Figure 11. Average diurnal variations of modeled OH, HO2, and RO2 concentrations (black lines) in the base case model scenario. The vertical error bars show the 
hourly standard deviation (E  ), and the gray shaded area indicates nighttime.
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Compared to other radical measurements conducted over mainland China, 
the predicted noontime OH, HO2 and RO2 concentrations during OPECE 
were close to the median values measured in the Pearl River Delta in au-
tumn 2014 (Tan, Lu, Hofzumahaus, et  al.,  2019). The noontime OH con-
centration observed in Wangdu in summer 2014 (Tan et  al.,  2020) and in 
Beijing in winter 2016 (Tan et al., 2018) were 8 E   106 molecules cm−3 and 
2.8 E    106 molecules  cm−3, which were approximately a factor of 2 higher 
and 25% lower than the noontime modeled OH levels during the OPECE 
campaign, respectively. Radical measurements conducted over oil and gas 
fields are still sparse. Kim et  al.  (2014) reported the observed wintertime 
OH concentrations of ∼2.7 E   106 molecules cm−3 at noon in the NFR from 
NACHTT-11 (Nitrogen, Aerosol Composition, and Halogens on a Tall Tower 
2011) campaign, which is 30% lower than the noontime modeled OH levels 
in this work.

3.5.2. Sources and Sinks of ROx

Figure 12 shows the diurnal average of primary sources and sinks of ROx 
(OH + HO2 + RO2) radical derived from the full-campaign model simula-
tions. The model calculated rates of radical production and loss using the 
full campaign observational constraints are averaged in 1-hr bins. ROx rad-
ical production includes photolysis of OVOCs, HONO and O3 (followed by 
O1D + H2O), and the reactions of O3 and nitrate radical with hydrocarbons. 
Loss processes for ROx include formation of radical reservoir species such as 

nitric acid (HNO3) and peroxides (H2O2 and ROOH). At colder ambient temperatures, the net radical loss also 
includes NOx-RO2 reactions producing peroxy nitrates (RO2NO2), mostly consisting of PANs.

Photolysis of OVOCs was the primary source of ROx contributing 3.7  ppbv  hr−1 for the sum of HO2 
(2.4 ppbv hr−1) and RO2 production (1.3 ppbv hr−1) at noon. Photolysis of HCHO contributed ∼50% of HO2 
production rates, followed by that of methyl glyoxal (∼20%). HONO photolysis was the second largest source 
of ROx (1.2 ppbv hr−1 at noon) and the largest source of OH. Similarly, Chen et al. (2020) pointed out that pho-
tolysis of OVOCs and HONO are the dominant radical source during the winter-springtime field campaign at 
the OPECE site in 2017. In a sensitivity test, not constrained by observed HONO, modeled OH concentrations 
decreased by 35% compared to those in the base case model scenario, while modeled HO2 and RO2 concen-
trations decrease by 24% and 26%, respectively, in the sensitivity test without the observed HONO constraint 
(Figure S10 in Supporting Information S1). On average, the average daytime OH production rate from HONO 
photolysis (0.8 ppbv hr−1; 5.2 E   106 molecules cm−3 s−1) during OPECE was higher than the observed average 
rate in Beijing (0.3 ppbv hr−1) and NFR (3.1 E   106 molecules cm−3 s−1) in the wintertime (Kim et al., 2014; Tan 
et al., 2018). Production of OH from O3 photolysis (O1D + H2O) was also an important source of OH with rate 
of 0.5 ppbv hr−1 at noon. Minor ROx sources including ozonolysis and nitrate radical oxidations of alkenes and 
styrene were more important at night.

The loss of ROx was dominated by NOx reactions at the OPECE site. The net formation of RO2NO2 (2.4 ppb hr−1 
at noon) was the largest loss of ROx during OPECE, followed by the reaction of OH with NO2 producing HNO3 
(1.8 ppb hr−1 around noon). On average, PAN production contributed ∼50% of total RO2NO2 production rates, 
followed by PPN production (∼10%). Notably, production of PBzN was comparable to that of PPN, due to 
elevated benzaldehyde from the oxidation of styrene and toluene. In a sensitivity test without aromatics, the 
daytime PAN and PPN production decreased by 75% and 45%. The larger decrease in PAN production than 
PPN was due to a large reduction in methyl glyoxal (93%). Therefore, the model simulation generally suggests 
that radical sources such as methyl glyoxal derived from the oxidation of aromatics affect the modeled produc-
tion and distribution of reactive nitrogen. Another loss process of ROx was by RONO2 production (average of 
0.3 ppb hr−1 in the morning from 6:00 to 9:00 CST), which was smaller than RO2NO2 production. In contrast to 
the large radical loss by formation of NOx oxidation products (NOz), the radical loss by radical-radical reactions 
producing peroxides (average of 0.6 ppb hr−1 around noon) was much lower, whereas this radical-radical reac-
tions are the dominant radical termination mechanism in the YRD in summer (Chen et al., 2020). The dominant 

Figure 12. The diurnal average sources and sinks of ROx (OH + HO2 + RO2) 
versus time of day. The model calculated radical production and loss rates are 
averaged in 1-hr bins. The color-shaded regions where rates are positive are 
sources and where they are negative are sinks. No heterogeneous process (e.g., 
deposition, loss on aerosol) are included in the model calculations.
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loss of radicals via reaction with NOx during springtime suggests character-
istics similar to NOx-rich urban environments (Tan et al., 2018).

3.5.3. O3 Formation Rate and Production Efficiency

Boundary layer O3 concentrations are a complicated function of both chem-
ical and physical process such as chemical production, deposition, advection 
and vertical mixing. Simulation of the ambient rate of change in O3 levels 
requires complicated treatment of these processes often using chemical trans-
port models (CTMs). In this work, we focus on the calculation of the pro-
duction rate of ozone, P(O3), which is an important factor governing surface 
ozone levels. The model results shown hereafter provide a diagnostic anal-
ysis to investigate VOC-NOx photochemistry leading to ozone formation at 
the OPECE site utilizing the extensive set of observational constraints and a 
near-explicit chemical mechanism.

Figure 13 shows the full-campaign diurnal average P(O3). P(O3) was deter-
mined as the rate of reaction of peroxy radicals (HO2 and RO2) with NO. 
The daytime (10:00–18:00 CST) average P(O3) was 10.6  ppb  hr−1 with a 
maximum of 18.7 ppb hr−1 that occurred before noon CST. The rates of re-
action of HO2 and RO2 with NO contributed 54% and 46% of the modeled 

P(O3), respectively. The daily maximum modeled P(O3) and its peak time during OPECE were similar to recent 
measurements of P(O3) in Beijing (∼16 ppb hr−1) and NFR (∼14 ppb hr−1) (Tan et al., 2018; Baier et al., 2017). 
Previous measurements of P(O3) in Beijing, NFR and other urban studies have noted that the measured P(O3) 
was markedly higher than model estimations in the early morning when NOx levels were high (Baier et al., 2017; 
Cazorla et  al., 2012; Tan et  al., 2018). The daytime (10:00–18:00 CST) average L (O3), loss rate of O3, was 
3.3 ppb hr−1 with a daily maximum of 5 ppb hr−1 at around 12:00 CST. L (O3) is dominated by the reactions of 
OH + NO2 (46%), RO2 + NO2 (33%), O1D + H2O (6%). The remaining L (O3) is due to reactions of O3 with OH, 
HO2, and VOCs (15%). The daytime (10:00–18:00 CST) average net O3 production, that is, P(O3)–L (O3), was 
7.3 ppb hr−1 with a maximum of 14.2 ppb hr−1.

The comparison of the simulated chemical production rate of ozone with the ambient rate of change is compli-
cated due to physical processes such as dilution, advection, and deposition, which are not explicitly accounted for 
in the chemical model. Such comparison requires detailed analysis using CTMs. Instead, a diagnostic model case 
study was performed to investigate the observed and model-simulated photochemistry leading to formation of O3 
and reactive intermediates such as PANs on April 6, 2018, when local photochemistry might be more important 
relative to other measurement period (Section 2.3 and Supporting  Information S1). For the diagnostic model 
simulations, a first order loss equivalent to a 12-hr lifetime was necessary to reasonably reproduce the observed 
O3, PAN, and PPN (Figure S11 in Supporting Information S1).

In addition to estimation of P(O3), ozone production efficiency (OPE) was estimated by dividing P(O3) by the 
rates of NOx oxidation to HNO3, RO2NO2 and RONO2 (i.e., NOz). The daytime OPEs were in the range of 
1.2–9.4 with the daytime average and diel maximum of 3.3 and 4.7, respectively. The daytime average OPEs 
during OPECE was similar to that of a NOx-rich polluted urban region (<5) (Kleinman et al., 2002). Namely, the 
OPEs fall within the reported range for polluted cities in China and U.S., for example, 2.2 in Guangzhou (Tan 
et al., 2019a), 3–6 in Beijing (Tan et al., 2019a; Wang et al., 2010), 2.2–4.2 in New York (Kleinman et al., 2000), 
and 2.6–10 for petrochemical plumes in Houston (Daum et al., 2003).

3.5.4. Chemical Regimes of O3 Production

The photochemistry of O3 is complex and depends non-linearly on precursor concentrations. To formulate ef-
fective mitigation strategies, it is necessary to understand whether local O3 photochemistry is NOx-limited or 
VOC-limited (Sillman et al., 1990). We examine the sensitivity of P(O3) to perturbations of NOx and VOCs con-
centrations. The average relative changes of P(O3) compared to base case scenario, ΔE  P(O3), were evaluated when 
model inputs for NOx and VOCs were varied 120%, 110%, 90%, 80%, and 60% of the base model constraints.

Figure 13. Calculated diurnal variation of average production rates (red line), 
loss rates (blue line) and net rates (black line) of O3. The vertical error bars 
show the hourly standard deviation (E  ) of the means.
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Figure 14 shows ΔE  P(O3) with respect to the change of NOx and VOCs (i.e., 
ΔE  NOx and ΔE  VOCs). P(O3) consistently shows negative response to ΔE  NOx. 
In other words, reductions in NOx for a given VOC abundance results in an 
increase in P(O3). Upon reducing NOx by 40%, ΔE  P(O3) was higher than the 
base simulation by 5% on average. This also indicates that our findings of the 
model-simulated chemical regime for P(O3) are still valid even for a potential 
20% positive interference in NO2 measurements. The sensitivity of ΔE  P(O3) 
showed a positive and linear response to ΔE  VOCs, therefore, indicating a radi-
cal-limited (i.e., VOC-limited) environment. This is in accord with the results 
from the similar modeling analysis by Chen et al. (2020), where the reactions 
between ROx and NOx are the dominant radical sinks for winter-springtime 
YRD due to elevated levels of NOx. Concurrent reduction of NOx and VOCs 
concentrations were less effective in reducing P(O3) compared to when only 
VOCs concentrations were reduced.

4. Summary and Conclusions
This study provides an extensive data set of primary emissions and secondary 
photochemical products measured in the Yellow River Delta downwind from 

urban and O&NG emissions during OPECE. We report mixing ratios of over 50 hydrocarbon species, which 
are compared with those from previous studies in urban and O&NG producing regions in the U.S. and China. 
Even though the OPECE site is a remote location, the observed VOCs mixing ratios were comparable to those 
measured in heavily polluted cities such as Houston and Beijing. Consistent with previous VOCs measurements 
conducted in East Asia, a large abundance of aromatic hydrocarbons was a distinguishing feature at OPECE site. 
The source signatures of VOCs suggest strong influence from O&NG emissions. The pentane isomer ratios at 
the OPECE site were in accord with those of U.S. O&NG fields. The markedly high propane-to-ethane ratios 
along with large abundance of C4-C5 alkanes were likely associated with LPG emissions. In general, the diurnal 
variations of reactive hydrocarbons showed significant variability due to the photochemical oxidation by OH. The 
highly elevated levels of VOCs, especially aromatics and alkenes, along with NOx contributes to significantly 
higher OH reactivity than that found in the U.S. O&NG regions.

Measurements of PANs allowed a detailed investigation into the VOC-NOx photochemistry leading to ozone and 
reactive nitrogen production. The prevalence of elevated PAN and PPN levels at a remote location such as the 
OPECE site is consistent with a continuous influence of urban and O&NG emissions sources, and their subse-
quent photochemistry over a large region. The correlation between daytime PANs and Ox indicates the impacts 
of VOCs-NOx photochemistry on PANs and ozone production. A strong positive correlation between Ox and 
PBzN with the increasing and decreasing ratios of PBzN/PAN and PPN/PAN, respectively, as a function of Ox 
may be indicative of ozone production at OPECE that is sensitive to reactive aromatic emissions such as toluene 
and styrene. Episodic elevations of PPN and APAN were also observed and are likely associated with petrochem-
ical emissions. Biomass burning events were occasionally observed throughout the campaign period and were 
indicated by rapid enhancements of ozone and PANs along with acetonitrile, CO, HONO, NOx and formic acid. 
Consequently, the detailed analysis of PANs was consistent with many of the features in VOCs measurements in 
different pollution episodes, suggesting the utility of PANs as a tracer to help understand the complex photochem-
istry in polluted and heterogeneous VOC environments such as the OPECE site.

Diagnostic model simulations using a near-explicit 0-D chemical box model were performed to investigate the 
budgets of ROx (OH + HO2 + RO2) and production rate and efficiency of O3. The model calculated OH, HO2 and 
RO2 peaked around noon were similar to the values measured at the Pearl River Delta in autumn (Tan, Lu, Hof-
zumahaus, et al., 2019) and ∼40% higher than the wintertime OH concentrations in NFR. The ROx production 
was dominated by photolysis of OVOCs, HONO, and O3, where the reactions of radicals with NOx producing 
HNO3 and RO2NO2 were the dominant loss process. The simulated daytime average P(O3) was 10.6 ppb hr−1 with 
a daily maximum of 18.7 ppb hr−1 comparable to the recent measurements of P(O3) in Beijing (∼16 ppb hr−1) 
and NFR (∼14 ppb hr−1). The daytime average OPEs during OPECE were similar to that of a NOx-rich urban 
region (<5) such as Guangzhou, Beijing, New York and Houston. In addition, we examined the sensitivity of 

Figure 14. The average relative changes of modeled P(O3) compared the base 
case scenario, ΔE  P(O3) as a function of changes of NOx and volatile organic 
compounds (VOCs) levels calculated for 60%, 80%, 90%, 110%, and 120% of 
the base case conditions.
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P(O3) to perturbations of NOx and VOCs concentrations. P(O3) consistently showed a negative response to ΔE  NOx, 
indicating reductions in NOx will increase P(O3), and the ozone production at OPECE site is in a VOC-limited 
or NOx saturated regime.

In conclusion, the OPECE site is characterized by near continuously elevated levels of VOCs and NOx due to 
urban and O&NG emission sources. Similar to other O&NG studies, the shorter-chained alkanes (C2-C4) showed 
the largest abundance on a molar basis. However, aromatics and alkenes also represent a significant fraction of 
the reactivity with OH and make a large contribution to ozone production. Consistent elevation of PANs further 
points to the photooxidation of these aromatics and alkenes. Both VOCs and PANs measurements indicate the 
strong influence of urban and O&NG emissions which is comparable to studies conducted in heavily polluted 
atmosphere such as Houston in the early 2000s. Box model simulations constrained by observations suggest that 
ozone production at OPECE site is VOC-limited in spring, which is similar to the findings from other polluted 
urban cities and O&NG producing regions such as Seoul, Houston, and Uintah basin (e.g., Edwards et al., 2013; 
Ryerson et al., 2003; Schroeder et al., 2020) and previous study at the OPECE site (Chen et al., 2020). This sug-
gests that reduction in VOCs emissions, especially C7+ aromatics and alkenes, should be a priority for reducing 
O3 at the OPECE site. Production (e.g., oil and gas extraction and petrochemical refining) and fugitive emissions 
(e.g., leakage from pipelines, valves and storage tanks) provide an attractive target for emission reduction. To 
fully access the effects of emission reductions on air quality of the OPECE site, chemical transport modeling that 
implements chemistry, emissions and transport is necessary, and the measurements during the OPECE campaign 
can provide a valuable data set to evaluate future model analyses.

Data Availability Statement
All of the data used in this work are available from: https://glacier.cos.gatech.edu/opece/Data_OPECE.xlsx.
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