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Abstract
Ground-level ozone (O3) is becoming increasingly severe in China despite reductions in
many precursor emissions. To provide insight into O3 and its precursors, we report on
research flights from the Air chemistry Research In Asia (ARIAs) campaign in spring
2016 based in the North China Plain (NCP). In the planetary boundary layer (PBL) below
500 m, box model calculations constrained by measured precursors indicate the peak rate
of O3 production was ~13 ppbv/hour. In the lower free troposphere, frequently polluted
with CO (~200 ppbv) and NO2 (~100 pptv), O3 production rates were up to 5 ppbv/hour,
conducive to long range transport. Measurement of 74 nonmethane hydrocarbons
(NMHCs) and halogenated halocarbons (HHs) reveals alkanes dominated the total
volume mixing ratio of volatile organic compounds (VOCs), but alkenes were
responsible for 38% of the total VOC reactivity assessed by calculating the OH loss rates.
The influence of specific VOC species on O3 photochemical production was evaluated
using ozone formation potential (OFP) and photochemical ozone creation potential
(POCP), which suggests aromatics, alkenes/alkynes, alkanes, and the halocarbon vinyl
chloride are responsible for the most O3 formation. ARIAs observations are compared
with aircraft measurements over Colorado’s Front Range under similar situations such as
the location in the midlatitudes and geographic environment. Sources of VOCs in the
Front Range include oil and natural gas operations and automobile sources, while in the
North China Plain consist of biomass burning, vehicular emissions, and petrochemical
processes including oil and natural gas.
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Chapter 1. Introduction
Explosive urbanization and rapid industrialization contributed to high groundlevel ozone (O3) and particulate matter (PM) over the past several decades in the North
China Plain (NCP) (Johnson et al., 2006; Ran et al., 2011; Shao et al., 2009; Q. Zhang et
al., 2014). While sulfur dioxide (SO2) pollution has improved over the past decade (He et
al., 2012; Krotkov et al., 2016), surface O3 levels over China have increased in recent
years (G. Li et al., 2017; Lu et al., 2018). Rural household energy use for cooking and
heating, as well as large-scale burning of winter wheat residues in the NCP, are just some
of the many sources responsible for O3 precursors, such as nitrogen oxides
(NOx=NO+NO2) and volatile organic compounds (VOCs) (Chen et al., 2017; Long et al.,
2016; Stavrakou et al., 2016). Ozone is harmful to both the human respiratory system
(Jerrett et al., 2009) and to photosynthetic processes by vegetation (Reich & Amundson,
1985), while some VOCs, such as benzene and chloroform, are known to be hemotoxic,
carcinogenic, and harm human health (Environmental Protection Agency - Integrated
Risk Information System, 2003; Lan, 2004). Quantifying NOx and VOC pollution is
necessary to better understand the photochemistry of O3 production in the NCP.
Ozone is created through the oxidation of NO by hydroperoxyl radicals (HO2) and
organic peroxy radicals (RO2), products of carbon monoxide (CO) and VOC oxidation.
When one of these precursors is the limiting reactant, the rate of O3 production is
considered VOC- or NOx- sensitive (Finlayson-Pitts & Pitts, 1999; Sillman et al., 1990).
The role of VOCs on O3 formation depends on the characteristics of the environment,
including the main emission sources of primary pollutants. Many studies have concluded
O3 production in urban areas of China is VOC-sensitive in spring, while likely more

8

NOx-sensitive in more rural areas (Ran et al., 2011; Xue et al., 2013). Research also
shows O3 production is altitude dependent; in the Beijing-Tianjin-Hebei region, O3
formation is limited by VOCs near the surface (G. Tang et al., 2012), but more NOxsensitive above 1 km over Beijing (P. Chen et al., 2013).
While biogenic VOC emissions are the largest VOC source globally even in urban
areas like the southeast US by as much as a factor of 10 compared to anthropogenic
sources, emissions from human activities play an important and sometimes determining
role in O3 production (Atkinson & Arey, 2003; Helmig & Bottenheim, 2009; Klimont et
al., 2002). Studies in China indicate anthropogenic VOC emissions have increased by
29% by mass from 2001-2006 or at an annual average rate of 7.4% from 22.45 Tg in
2008 to 29.85 Tg in 2012, with Hebei province among the top emitters (R. Wu et al.,
2016; Q. Zhang et al., 2009). Gasoline vehicles, biomass burning, industrial processes,
and fossil fuel combustion were listed as the top four emission sources in 2005 in Hebei
(Bo et al., 2008), and other studies point to industrial VOCs contributing most to O3
formation in China (Klimont et al., 2002; G. Li et al., 2017; Wei et al., 2008).
Alkanes have been found to contribute over half of the total VOC concentration in
late spring in the Beijing-Tianjin-Hebei region, followed by alkenes and aromatics (Cai et
al., 2010; L. Li et al., 2015; J. H. Tang et al., 2009; Yuan et al., 2013). Cai et al. (2010)
found measured alcohols, esters, and ethers accounted for 10.6% of the total VOC
concentrations in Shanghai throughout all seasons. Y. Liu et al. (2009) found C2-C5
alkenes, isoprene, and C1-C3 aldehydes were key reactive species in Beijing in August
2005. Despite differences in measurement capabilities throughout studies, ethane,
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propane, and acetylene were commonly the most abundant species (Jia et al., 2016; L. Li
et al., 2015; Mo et al., 2015; J. H. Tang et al., 2009).
Photochemical mechanisms of VOCs have been studied since the 1980s, but the
investigation of reaction rates and pathways is ongoing given the enormous number of
VOCs emitted into the atmosphere (e.g. Atkinson & Arey, 2003; Mazzuca et al., 2016).
Oxidation of VOCs can lead to nitric acid which effectively terminates O3 production
(Carter et al., 1994) and to alkyl nitrates. Alkene oxidation forms more reactive
compounds such as aldehydes and peroxyacyl nitrates that propagate O3 formation. The
calculation of the first-order loss rate of hydroxyl with different VOCs, termed OH
reactivity, provides a measure of the potential in an air parcel to produce organic peroxy
radicals, the key intermediate species in the production of O3 (Stroud et al., 2008). OH
reactivity has been measured directly throughout China, with NOx and CO responsible
for most of the OH reactivity, followed by VOCs (Fuchs et al., 2017; Kim et al., 2016;
Sadanaga et al., 2005). With NOx and CO responsible for most of the OH reactivity, Li et
al. (2015) calculated the OH loss rates of VOCs in the Beijing-Tianjin-Hebei region and
found alkenes contributed 50-70% to total OH reactivity of VOCs.
Several approaches have been used to provide insight into successful O3
mitigation strategies, such as ozone formation potential (OFP) and photochemical ozone
creation potential (POCP) (Carter, 1994; Derwent et al., 1996). OFP is calculated using a
maximum incremental reactivity (MIR) scale, defined as the amount of O3 formed from
the addition of a small amount of VOC under high NOx conditions. Aromatics and
alkenes have the highest MIR values, reflecting the high potential for these VOCs to form
more O3 than less reactive compounds. Studies in China reported aromatics and alkenes
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are the largest contributors to OFP (Cai et al., 2010; Cheng et al., 2010; Jia et al., 2016;
Liang et al., 2017; B. Wang et al., 2010; G. Wang et al., 2016; Xie et al., 2008; Zheng et
al., 2009). In Shanghai in 2009, aromatics were estimated to contribute 57% to total OFP
(Cai et al., 2010). Tang et al. (2007) concluded ethylene, toluene, and m/p-xylene were
the main contributors to OFP during spring in the Pearl River Delta (PRD); however, at a
remote site, isoprene from biogenic sources contributed large amounts to OFP (J. H. Tang
et al., 2007). Liang et al. (2017) developed an industrial VOC emission inventory for
2010 in China and found oxygenated organic compounds account for 17% of the total
emission by mass, but comprise only 6.6% of the total OFP.
The POCP is simulated using a photochemical trajectory model under certain
atmospheric conditions and standardized relative to the ozone produced per unit mass of
ethylene (Derwent et al., 1996). Contrary to the MIR scale, the POCP scale estimates
alkylbenzenes are the greatest contributors to O3 production, with toluene and xylenes the
largest contributing VOCs in China (W. Wu et al., 2017). While most studies using
POCP have investigated European cities, limited studies in Asia indicate a small number
of VOC species, particularly isoprene, ethylene, m-xylene, and toluene, are the largest
contributors to regional O3 formation in the Pearl River Delta (Cheng et al., 2010).
Past observational studies in China observed high concentrations of trace gases
such as O3 and CO within the boundary layer (P. Chen et al., 2013; Dickerson et al.,
2007; Ding et al., 2008; C. Li et al., 2010; F. Zhang et al., 2011). Dickerson et al. (2007)
found the prefrontal maximum of CO within 1000 m to be ~900 ppb in 2005 in Liaoning
Province in northeast China, and Chen et al. (2013) reported ~110 ppbv O3 within 1000
m in May over the NCP. Large median fluctuations of CO of 126 ppbv were observed in
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a remote site in western China due to advection from the northwest where industrial
activities and crop burning are prevalent (F. Zhang et al., 2011). Autumn flights in the
Yangtze River Delta in 2007 documented large variability in NOx concentrations, ranging
from 3 to 40 ppbv (Geng et al., 2009), while flights over the Yellow Sea in April 2010
found 2.45 ± 1.33 ppbv NOx (X. Yang et al., 2016), lower than found in previous studies.
Several VOC correlations and ratios can be used to characterize different air pollution
sources (Barletta et al., 2005; Jia et al., 2016; G. Wang et al., 2016; Y. Yang et al., 2016).
High amounts of acetylene, ethylene, and light alkanes such as propane are likely
attributable to exhaust of gasoline vehicles and evaporation of liquefied petroleum gas
(Y. Liu et al., 2008). Isopentane is a marker of gasoline evaporation (with small amounts
emitted during combustion processes), while CO is a product of incomplete combustion
and VOC oxidation or photolysis (Barletta et al., 2005). A ratio of isopentane to npentane less than 1 is indicative of oil and natural gas operations, whereas a ratio around
2 is suggestive of vehicular sources. Vehicular emissions are an important source of
aromatics and some anthropogenic isoprene (Borbon et al., 2001). A benzene/toluene
(B/T) ratio of ~0.5 has been attributed to vehicular emissions, while higher ratios are
indicators of biofuel, coal, and biomass burning (Barletta et al., 2005; Brocco et al., 1997;
Perry & Gee, 1995). High benzene not correlated with vehicle combustion tracers has
been observed in areas of heavy petrochemical industry, such as Houston, TX (Gilman et
al., 2009). Previous work has found a higher mean CH4 concentrations ( > 2 ppmv) for
Chinese cities with B/T > 1, suggestive of natural gas leakage (Barletta et al., 2005).
The National Center for Atmospheric Research’s (NCAR) Front Range Air Pollution
and Photochemistry Experiment (FRAPPÉ) collected meteorological and trace gas
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measurements, including VOCs, in Colorado’s Front Range (FR) in July and August
2014 on board the National Science Foundation (NSF)/NCAR C-130 aircraft. Previous
work has documented the major findings of FRAPPÉ and the concurrent NASA
campaign, Deriving Information on Surface Conditions from Column and Vertically
Resolved Observations Relevant to Air Quality (DISCOVER-AQ) (Pfister et al., 2017).
The NCP is suitable for comparison against Colorado’s FR due to same situation in the
midlatitudes, similar position along geographic features, like flying on the east side of
mountains with arid vegetation, and existence of oil and natural gas operations. Oil and
natural gas activities are estimated to account for ~50% of the VOC FR emissions (Pfister
et al., 2017) and contribute, on average, ~18% (~ 3 ppbv) to photochemical O3 produced
in the FR or 30-40% of the total O3 production on high O3 days (McDuffie et al., 2016;
Pfister et al., 2017). At the surface, oil and natural gas related VOCs were also found to
be the largest contributor to OH reactivity (Abeleira et al., 2017).
Through Chinese/American partnerships with Peking University, Beijing Normal
University and the University of Maryland, we conducted a field campaign in Hebei
Province, China in Spring 2016 called Air chemistry Research In Asia (ARIAs). We
assessed O3 production from NOx measured onboard the Y-12 research aircraft and 74
VOC compounds measured from 27 whole air samples (WAS) collected from the aircraft
in May and June 2016. The Ministry of Environmental Protection of the People’s
Republic of China reported that of the top ten cities with the worst air quality in 2016, six
of them are located in Hebei, including the capital city of Shijiazhuang. Additionally, the
NASA Korea-United States Air Quality Study (KORUS-AQ) occurred around the same
time as ARIAs, providing the opportunity to characterize air quality upwind of South
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Korea. One objective of this study was to determine what VOC compounds should be
targeted to successfully reduce O3 formation in spring in the NCP. Additionally, we
determined the source characteristics of the VOCs to understand what emission sector
needs the most reductions in both the NCP and FR.
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Chapter 2. Materials and Methods
2.1 Air Sampling and Analysis
The ARIAs campaign in Hebei Province included 11 research flights in May and
June 2016 (Figure 2.1). Surrounded by the Taihang Mountains to the west, Yanshan
Mountains to the north, and the Bohai Sea and Yellow Sea to the east, the NCP is the
largest agricultural plain in China, composing approximately 39% of the arable land
(Gao et al., 2014). The Y-12 aircraft was based at Luancheng Airport (114.59°E,
37.91°N, 58 m above sea level (ASL)), located in southeast Shijiazhuang. The Y-12 flew
vertical spirals from ~300m to ~3500 m over Shijiazhuang and in three locations: Julu
(115.02°E, 37.22°N, 30 m ASL), Quzhou (114.96°E, 36.76°N, 40 m ASL), and Xingtai
(114.36°E, 37.18°N, 182 m ASL), all located east of the Taihang Mountains with
Xingtai at the foothill (Figure 2.1).
Figure 2.1: Left: Average May 2016 OMI tropospheric column NO2 from NASA Goddard Earth Sciences Data
and Information Services Center. The NCP is clearly seen in the center with high column NO2 concentrations;
rectangle indicates general area of flights. Right: Map of 11 ARIAs flight tracks (colored lines) and location of
VOC samples (black triangles).
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The Y-12 collected trace gas, aerosol, and meteorology data. The aircraft
instrumentation (Table 2.1), included different gas and particle sample inlets on the top
of the fuselage and pressure/temperature/humidity sensors (Cloud Water Inertial Probe
(CWIP), Rain Dynamics), installed under one wing of the aircraft (Figure S1). Flight
position data were recorded using a portable global positioning system (GPS) and the
CWIP. The aircraft was equipped with the following trace gas sensors: (1) a Picarro
cavity ring down spectrometer (CRDS) for CH4, CO2, CO, and H2O measurements; (2) a
Thermal Electron Model 49C UV absorption O3 analyzer; (3) a Thermal Electron Model
43C pulsed fluorescence SO2 analyzer; and (4) a Los Gatos Research Model RMT-200
CRDS NO2 analyzer and a Thermal Environment Model 42C NO-NOy analyzer. Power
constraints and a converter issue led to limited NOy and NOx measurements during the
campaign. The aircraft was also equipped with an inlet to measure aerosols up to ~5.0
µm diameter and aerosol optical properties, including a nephelometer (TSI Model 3563)
to measure aerosol scattering, a particle soot absorption photometer (PSAP) to measure
aerosol absorption, and an aethalometer (Magee Model AE31) to measure black carbon.
Observed aerosol optical properties have been summarized elsewhere (F. Wang et al.,
2018), as well as further details on aircraft instrumentation (Ren et al., 2018).
All 27 whole air samples (WAS) were collected directly into 3.2 L fused silica
lined electropolished stainless steel canisters (Entech Instrument Inc., Simi Valley, CA).
The WAS cans were cleaned following a standard sampling procedure, pressured with
nitrogen and vacuumed three times to 2.6 Pa. The WAS were analyzed by the College of
Environmental Sciences and Engineering at Peking University in Beijing with a gas
chromatograph equipped with a mass selective detector (GC-MSD, Hewlett Packard
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5975/7890, USA) and a flame ionization detector (FID) with a cryofocusing preconcentration system (Entech Instrument 7100A, Simi Valley, CA) at a constant rate
using a mass flow controller.
Table 2.1: Y-12 Instrumentation during ARIAs.
Variable
Aircraft Position
Meteorology (Temperature, Relative humidity,
Pressure, 2-D Wind)
Greenhouse Gases (CO2/CH4/CO/H2O)
Ozone (O3)
Sulfur dioxide (SO2)
Nitrogen dioxide (NO2)
NO/NOy
Aerosol Scattering, bscat (450, 500, 700, nm)
Aerosol Absorption, babs (565 nm)
Black Carbon (370, 470, 520, 590, 660, 880,
950 nm)
VOCs

Method
Global Positioning System (GPS)
Cloud water inertial probe (CWIP)
Cavity Ring Down Spectroscopy Picarro Model
G2401-m
UV-absorption, TECO 49C
Pulsed fluorescence, TECO 43C
Cavity enhanced absorption spectroscopy, Los Gatos
RMT-200 CRDS
Chemiluminescence, modified TECO 42C External
Molybdenum converter at
375 C
Nephelometer, TSI Model 3563
Particle Soot Absorption Photometer (PSAP)
Aethalometer, Magee Model AE31
Grab Canisters, GC-MSD/FID

A 500-mL aliquot of air sample from each canister was concentrated using a
three-stage cryofocusing pre-concentration system. Ambient H2O and CO2 were removed
in the first two cryotraps using glass beads and Tenax-TA adsorbents, respectively. VOCs
were then trapped at −180 °C in the final stage and the trap was rapidly heated, after
which VOCs were transferred into the GC–MS/FID system for analysis. This system
used a Dean Switch™ (Agilent Technologies, Santa Clara, CA, USA) to introduce the
effluent into a DB-624 column (60 m × 0.25 mm × 1.8 µm; J&W Scientific, Folsom, CA,
USA) with an MSD to separate and analyze C4–C12 hydrocarbons and halocarbons. A
PLOT (A1/KCl) column (30 m × 0.25 mm × 3.0 µm; J&W Scientific) with an FID to
measure the C2–C4 hydrocarbons. The GC oven temperature was programmed initially at
17

30 °C for 7 min, increasing to 120 °C at 5 °C/min and holding for 5 min, and then
increasing to 180 °C and holding for 7 min. The entire process took about 47 min. The
carrier gas was pure helium (purity > 99.999%).
During the analysis process, strict protocols for quality control and quality
assurance were used. The standard gas including Photochemical Assessment Monitoring
Stations (PAMS) standard mixture (55 NMHCs) and Toxics Organic-15 (TO-15)
standard mixture (65 compounds, from Spectra Gases Inc., NJ, USA) was used to
calibrate the C2–C12 VOCs. Four VOCs with known concentrations, including
bromochloromethane, 1,4-difluorobenzene, chlorobenzene-d5 and 1-bromo-3fluorobenzene, were used as internal standards for each sample to calibrate the system.
The GC-MSD/FID system was calibrated at five concentrations from 0.5 to 8 ppbv for
each compound before sample analysis. Correlation coefficients, ranging from 0.987 to
0.999 showed integral areas of peaks were proportional to concentrations of target
compounds. The precision of each species was within 5%. A gas standard (diluting from
1 ppm to 2 ppb) was measured each day to check the stability of the system. The method
detection limit (MDL) was determined using two methods. The first method is the TO-15
method (Environmental Protection Agency, 1999), where seven replicates are made of
the compound of interest near the expected detection limit. The standard deviation is
computed from the seven replicates and multiplied by the Student’s t value for 99%
confidence. The second method is 10 times the instrument noise signal. Since the MS is
in selected ion monitoring (SIM) mode, the noise is low. The detection limits (uncertainty
ranging from 5-15%) for various compounds ranged from 2 to 50 pptv. Total uncertainty
for NMHC and HH measurements reflects instrument noise, plus uncertainty in
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calibration standards, line losses, contamination, and pressurization. Best estimate of the
total uncertainty is ± 20% with 95% confidence due to uncertainties associated with
airborne sampling platforms. More details of the VOC analytical techniques have been
given elsewhere (Mo et al., 2015; B. Wang et al., 2010).
The sampling periods were approximately 1-2 minutes during the spirals. Since
samples were collected at a variety of altitudes from 400 m to 3500 m from the research
aircraft between 1:30 and 9:00 UTC (9:30 and 17:00 local time), the data is
representative of regional background level VOC mixing ratios and less sensitive than
surface-based measurements influenced by nearby point-sources, such as roads and
petrochemical facilities. Flight days were selected based on a high probability of an O3
event and flight tracks did not intentionally sample industry plumes. Thus, the 27 samples
in the middle of the boundary layer are representative of the impact of VOCs on O3
formation and provide guidance into successful control measures. However, one sample
collected over Quzhou at approximately 400 m altitude documented a heavily polluted air
parcel with little dilution. We leave in this high sample because these measurements are
only representative concentrations of this region and affect the mean but not percentile
calculations. This sample will be referred to as the anomalous sample throughout this
paper.
We also excluded one WAS from this analysis due to evidence of contamination
after sampling. This sample was filled to ambient pressure at 3000 m in relatively clean
air (CO=111 ppbv, CH4=1890 ppbv, CO2=406 ppmv, O3=84 ppbv), while VOCs for the
sample are outliers relative to the trace gases. This is indicative of valve leakage during
transit or ambient air entering the WAS can after the flight. The observed acetylene to
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CO ratio, often used as a tracer for the age of an air mass, was approximately 70
ppbv/ppbv for the outlier, but much larger (~400 ppbv/ppbv) for samples collected at a
similar altitude. Therefore we believe this was the only contaminated WAS.
Table 2.2 summarizes the full list of the 74 VOC species that were identified and
quantified, along with median, mean, and number of samples the statistics are based on.
VOC species were removed if the number of samples below the detection limit was
greater than half of the total number of samples. Species removed include cis-2-pentene,
trans-2-pentene, bromodichloromethane, 1,1-dichloroethylene, trans-1,3dichloropropene, 1,2-dichlorobenzene, 1,3-dichlorobenzene, and 1,2-dibromoethane. We
report three significant figures or to 10 pptv to avoid numerical diffusion. A separate
paper will further discuss halocarbon, including chlorofluorocarbons, observations.
Table 2.2: The NMHCs and HHs measured during ARIAs (median and mean ± standard
deviation (sd), ppbv). The total number of valid samples used in statistics is given in the
parentheses.
Alkanes (27)

Median

Mean
± sd

Median

Mean ±
sd

Median

Mean ±
sd

Ethane (27)

2553.0

2689.4
± 727.4

Propane (27)

1382.0

1445.8 ±
254.7

n-Butane (27)

35.0

65.7±
60.2

2,2-Dimethylbutane
(22)

9.0

33.9 ±
85.1

2,3-Dimethylbutane
(26)

15.0

211.5 ±
835.1

Isobutane (27)

263.0

1620.4±
5126.3

n-Pentane (27)

77.0

270.1 ±
765.8

Isopentane (27)

190.0

2896.2 ±
11433.9

Cyclopentane (22)

19.5

170.5 ±
603.7

Methylcyclopentane
(23)

22.0

69.7 ±
187.4

2-Methylpentane
(27)

72.0

344.6 ±
1187.6

3-Methylpentane
(25)

27.0

202.0 ±
728.1

2,3Dimethylpentane
(26)

22.5

74.3 ±
234.9

2,4Dimethylpentane
(26)

11.5

129.3 ±
493.9

2,2,4Trimethylpentane
(27)

62.0

1157.6 ±
3999.8

2,3,4Trimethylpentane
(27)

38.0

583.8 ±
1913.5

n-Hexane (27)

48.0

308.3 ±
951.9

Cyclohexane (24)

12.5

24.0 ±
39.2

Methylcyclohexane
(26)

11.0

31.5 ±
70.8

2-Methylhexane
(27)

18.0

144.1 ±
551.5

3-Methylhexane
(27)

16.0

161.3 ±
626.5

20

n-Heptane (27)

28.0

122.6 ±
419.2

2-Methylheptane
(27)

64.0

992.4 ±
3257.8

3-Methylheptane
(27)

10.0

31.0 ±
83.8

Octane (27)

21.0

45.9 ±
104.3

n-Nonane (27)

17.0

25.3 ±
21.7

n-Decane (27)

43.0

67.0 ±
63.0

Alkenes/Alkynes
(9)

Median

Mean
± sd

Median

Mean ±
sd

Median

Mean ±
sd

Acetylene (27)

666.0

981.7 ±
745.2

Ethylene (27)

435.0

921.7 ±
930.0

Propylene (27)

457.0

465.3 ±
88.9

1-Butene (27)

259.0

783.9 ±
2231.9

cis-2-Butene (27)

5.0

7.3 ± 7.0

trans-2-Butene (22)

3.0

4.8 ± 3.8

Isoprene (26)

21.5

36.9 ±
39.5

1-Pentene (27)

8.0

9.2 ± 4.7

1-Hexene (18)

7.0

46.2 ±
161.3

Aromatics (16)

Median

Mean
± sd

Median

Mean ±
sd

Median

Mean ±
sd

Benzene (27)

345.0

528.2 ±
521.4

Toluene (27)

302.0

2252.9 ±
7842.0

Styrene (27)

9.0

24.1 ±
50.7

m/p-Xylene (27)

64.0

316.7 ±
1090.5

o-Xylene (27)

29.0

112.3 ±
356.7

Ethylbenzene (27)

48.0

186.4 ±
595.3

Isopropylbenzene
(27)

13.0

17.6 ±
16.2

n-Propylbenzene
(27)

10.0

15.6 ±
20.0

2-Ethyltoluene (27)

9.0

14.6 ±
17.4

3-Ethyltoluene (27)

13.0

18.8 ±
18.6

4-Ethyltoluene (27)

11.0

19.2 ±
26.7

1,3-Diethylbenzene
(26)

7.5

20.2 ±
48.7

1,4-Diethylbenzene
(27)

17.0

25.7 ±
40.7

1,2,3Trimethylbenzene
(27)

13.0

18.1 ±
24.5

1,2,4Trimethylbenzene
(27)

23.0

31.1 ±
31.2

1,3,5Trimethylbenzene
(27)

6.0

10.3 ±
10.9

Halocarbons (22)

Median

Mean
± sd

Median

Mean ±
sd

Median

Mean ±
sd

Carbon
tetrachloride (27)

89.0

89.1 ±
20.2

Chloroform (27)

74.0

102.6 ±
76.8

Chloromethane (27)

1031.0

1075.0 ±
321.4

Bromomethane (27)

11.0

11.5 ±
2.9

Chloroethane (27)

28.0

42.0 ±
36.1

CFC-11 (27)

283.0

371.3 ±
404.2

CFC-12 (27)

563.0

583.0 ±
111.2

HCFC-22 (27)

368.0

420.7 ±
164.5

CFC-113 (27)

82.0

80.8 ±
3.2

CFC-114 (27)

22.0

42.4 ±
102.1

1,1-Dichloroethane
(14)

4.5

17.6 ±
37.1

1,2-Dichloroethane
(27)

91.0

122.6 ±
87.5

Cis-1,2Dichloroethylene
(26)

90.5

98.6 ±
78.1

1,1,1Trichloroethane
(27)

2.0

2.5 ± 0.6

1,1,2Trichloroethane (23)

5.0

10.4 ±
13.6

Trichloroethylene
(19)

5.0

5.8 ±
3.1

Tetrachloroethylene
(27)

10.0

12.6 ±
7.3

1,1,2,2Tetrachloroethane
(20)

89.0

74.8 ±
44.4

21

Vinyl chloride (27)

1197.0

1283.2
± 513.7

1,4Dichlorobenzene
(23)

9.0

13.0 ±
12.9

1,2Dichloropropane
(27)

83.0

113.4 ±
143.1

Chlorobenzene (26)

Forty eight hour Hybrid Single Particle Lagrangian Integrated Trajectory Model
(HYSPLIT) back trajectories were run from the time and location of each WAS, driven
by 12 km WRF simulations (He et al., 2019). The trajectories were grouped into
distinctive flow patterns: a cold and dry continental polar (cP) airmass entering the NCP
or a wet and warm maritime tropical (mT) airmass passing over a heavily industrialized
coastal region to the NCP. Fifteen samples were identified as having a cP origin and 12
samples were identified to have a mT origin, all at a variety of altitudes. While
meteorology plays an important factor in the airmasses sampled, we aimed to
characterize the VOCs measured throughout the campaign. Since a comparable number
of samples were found to have cP or mT origins, we conclude these measurements
capture a representative background of boundary layer VOCs in spring in the NCP.
The Atmosphere-Aerosol-Boundary Layer-Cloud (A2BC) Interaction Joint
Experiment campaign collected meteorological, aerosol, and trace gas information in
Xingtai from May to December 2016 (H. L. Wang et al., 2012; Yang Wang et al., 2018;
Yuying Wang et al., 2018). An intensive observation period in May and June 2016 was
conducted during ARIAs. Data used in this analysis include (1) a NOx analyzer with a
molybdenum converter (Ecotech model 9841A); (2) an infrared absorption CO analyzer
(Ecotech model 9830A); and (3) a UV absorption O3 analyzer (Ecotech model 9810A).
The site is located in northwest of Xingtai and nestled in the Taihang Mountains.
Agricultural crops surround the site, consisting heavily of winter wheat planted in
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6.0

7.9 ± 5.3

October and harvested in June (J. Liu & Si, 2011). Xingtai is a city with approximately 7
million people and is surrounded by industry including coal mining and coal-burning
power plants, cement and steel industries, chemical processing, iron-smelting, and glass
manufacturing.

2.2 Estimates of VOC Reactivity
Various reactivity scales have been used to assess the role of VOCs on O3
formation, such as OH reactivity, the estimation of OFP and POCP, and observational
and chemical transport models (Atkinson & Arey, 2003; Carter, 2010, 1994; Derwent et
al., 1996; Finlayson-Pitts & Pitts, 1999).

2.2.1 OH Reactivity
Since the reaction with OH accounts for the majority of loss of VOCs, the rate
constant for the reaction between OH and the hydrocarbon reflects the overall reactivity
of that hydrocarbon (Finlayson-Pitts & Pitts, 1999). OH reactivity is defined by:

Reaction rate constants were obtained from the Master Chemical Mechanism
version 3.3.1 (MCM3.3.1). If rate constants were not available, the National Institute of
Standards and Technology (NIST) Chemical Kinetics database (www.kinetics.nist.gov/)
was used. The faster hydrocarbons react with OH, the faster RO2 and HO2 are produced
and the faster NO is oxidized to NO2. However, the initial rate of OH attack does not
reflect products and their production of further free radicals.

2.2.2 Ozone Formation Potential
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MIR (unit: g O3 formed/ g VOC) values have been calculated based on model
simulations that were evaluated with smog chamber measurements (Carter, 1994).
Observationally derived MIR values are difficult to obtain because fast response O3 and
VOC data are required (Stroud et al., 2008). OFP (ppbv O3) is calculated by:

MIR values from Carter (2010) are used in this analysis. This method is only valid when
the VOC/NOx ratio is low and gives an estimate of only the first 24 hours after initial
release. The median VOC/NOx ratio for all WAS was 6.03 ppbv/ppbv. Box modeling
including oxygenated species indicates a large range of VOC/NOx ratios ranging from 7
to 100 ppbv/ppbv. In comparison, the ratio of reactive organic gas to NOx (ROG/NOx) in
Los Angeles is 7.6 ppbv/ppbv (Carter, 1994).
VOCs experience photochemical loss from emission sources near the surface to
measured aloft concentrations. Estimation of OFP from aircraft observations throughout
the PBL evaluates how O3 formation is different from the surface. Thus, initial mixing
ratios of VOCs must be considered if O3 abatement measures are to be implemented (Xie
et al., 2008).

2.2.3 Photochemical Ozone Creation Potential (POCP)
The POCP for a particular VOC species is determined by quantifying the effect of
a small change in the VOC concentration on O3 formation along a trajectory relative to an
increase in the emission of the reference VOC over multiple days (Saunders et al., 2003).
Ethylene, one of the most important O3 precursors with medium reactivity with OH, is
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chosen as a reference due to its well characterized chemical degradation products (Cheng
et al., 2010). The POCP for a given VOC species can be calculated by:

In this study, POCP values from Cheng et al. (2010) in the Pearl River Delta
(PRD) were used. The POCP values for each VOC were calculated by separate model
experiments with each having 6.8% of the total integrated VOC emission across the total
model domain above the base case simulation (Cheng et al., 2010). The model was
initialized with typical autumn conditions associated with photochemical pollution
episodes in southeast China. Since previous studies have largely determined the PRD is
sensitive to VOCs (Cheng et al., 2010; Shao et al., 2009), similar to the NCP, the usage
of the derived values in the PRD should be appropriate for this study. Similar to previous
studies, alkanes and oxygenated organic compounds have relatively low POCP values,
while alkenes and aromatics have higher values (Cheng et al., 2010; Derwent et al., 1996;
Saunders et al., 2003). A comparison MIR and POCP values used in this study shows that
these two methods agree in general.

2.3 Identification of VOC Sources
Correlations between individual VOC species and with CO can be used to
examine the major sources of ambient VOCs (Barletta et al., 2005; L. Li et al., 2015). In
this study, we examined the correlations and ratios for certain VOC species and
compared them to published emission ratios. Because there are 27 samples, we
determined the degrees of freedom to be at least 18 by sample-to-sample autocorrelation
analysis. Values are only shown when significant with 95% confidence (p-value < 0.05).
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Several VOC indicator ratios, including benzene/toluene (B/T), m/p-xylene/oxylene, and acetylene/ethane, were used in source identification (Barletta et al., 2005;
Borbon et al., 2001; L. Li et al., 2015). Not all VOC species were used for source
apportionment analysis due to large number of VOCs detected, some of which were
sometimes below the detection limit.

2.4 Box Model Simulations
An observation-constrained box model called Framework in 0-Dimensional
Atmospheric Modeling (F0AMv3.1) with the Carbon Bond Mechanism, version 6,
revision 2 (CB6r2) was used in this study to evaluate oxidation processes during seven
flights in the ARIAs campaign (Wolfe et al., 2016). The box model simulations covered
the Y-12 flight tracks and the A2BC supersite in Xingtai (where the Y-12 conducted
spirals) and constrained by observed NO2, CO, and O3. For each 1-minute flight data
interval, the model was run with a 1-hour time step for 5 days in “solar cycle” mode to
allow calculated reactive intermediates to achieve steady state. For every 5-minute
ground data interval, the model was run with a 1-hour time step run with changing solar
zenith angle calculated for the location of ground observations. A physical loss lifetime
using dilution parametrization was set to 24 hours. Ground observations were only used
for days that a flight occurred. Data was filled with the monthly average observations of
NO2 for May 15 and 17 and NO for June 11 due to missing surface measurements.
Periodic missing Y-12 NO2 data due to internal auto-zeroing was linearly
interpolated since gaps were short (~2 minutes). Due to the limited number of grab
canisters per flight, VOCs were constrained based on determined boundary layer height
for each flight. Boundary layer height was determined from potential temperature and
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water vapor vertical profiles. Below the boundary layer, the samples from the research
flights (RFs) were averaged and above the boundary layer (the free troposphere, FT)
samples from all RFs were averaged. The average measured total VOC concentration in
the PBL was ~20 ppbv and the average FT concentration was ~11 ppbv. The average
concentration of the samples below 500 m was used as ground concentrations since
A2BC did not measure VOCs at the surface. ARIAs also did not measure photolysis
frequencies, so j-values were calculated as a function of solar zenith angle, altitude, O3
column, and albedo using lookup tables calculated from the NCAR Tropospheric
Ultraviolet and Visible (TUV) version 5.2 radiation model and cross sections and
quantum yields documented in the literature (F0AM’s “hybrid” method).
Unlike a 3-dimensional chemical transport model, the box model simulations do not
include advection or emissions. These processes, while important, are not included in the
box model since O3 precursors were measured and used to constrain the model
calculations. Box modeling is used to gain an understanding of O3 production and its
sensitivity to NOx and VOCs using measured species and meteorological parameters in
order to calculate O3 production rates.

2.4.1 Ozone Production and Sensitivity Calculations
Ozone production during the daytime is determined by the production rate of NO2
molecules from the HO2+NO and RO2+NO reactions subtracted from the loss
mechanisms (Finlayson-Pitts & Pitts, 1999). Thus, the net O3 production rate, net(PO3)
can be estimated as:
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where k is the different reaction rate coefficients and RO2i is the individual organic
perxoy radicals. The terms subtracted from the production of O3 are the loss mechanisms:
the formation of nitrates, P(RONO2), the reaction of OH and NO2 to form nitric acid, the
reaction of OH and HO2 with O3, the reaction of O(1D) with H2O, and the reactions of O3
with alkenes. An additional term not included here is the rate of O3 loss by dry
deposition.
O3 sensitivity was evaluated using the ratio of LN/Q, where LN is the radical loss
through reactions with NO and Q is the primary radical production (Kleinman, 2005a).
When LN/Q is much less than 0.5, the O3 production regime is NOx-limited; when LN/Q
ratio is much higher than 0.5, the regime is VOC-limited. However, different
environments have contrasting amount of organic nitrates which impacts the cutoff value,
so this value could vary around 0.5 (Kleinman, 2005b).
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Chapter 3. Results
3.1

Nitrogen Oxide Observations

We report average concentrations with ± one standard deviation for NOx
observations. The average measured Y-12 NO concentration was 1.19 ± 2.01 ppbv, with
a median of 0.57 ppbv. The median vertical profile of NO shows highest concentrations
between 2000 and 2500 m of ~ 5 ppbv (Figure 3.1). We only report measured NO on half
of the flights due to power constraints. Average NO2 from the Y-12 at all altitudes during
ARIAs was 3.00 ± 4.92 ppbv and median NO2 was 1.28 ppbv. Similar to NO, the median
NO2 vertical profile peaked at ~10 ppbv between 2000 and 2500 m. The average NOy
concentration was 16.9 ± 2.94 ppbv, with a median of 17.4 ppbv. The altitude where NOy
peaked at ~17 ppbv was also between 2000 and 2500 m. The average lower free
troposphere (>3000 m) NO2 and NO concentrations measured during ARIAs was 0.13 ±
0.14 ppbv and 0.38 ± 0.22 ppbv, respectively, and high enough to produce O3 downwind.
Figure 3.1: Altitude profiles of NO (left), NO2 (middle), and NOy (right) averaged every 500 m.
The whiskers show the 5th and 95th percentiles; the red box edges show 25th and 75th
percentiles and the central black line indicates the median.
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Average O3 at all altitudes from the Y-12 during ARIAs was 85.0 ± 15.6 ppbv and the
median was 83.4 ppbv.
Observations above the Xingtai supersite measured the highest mean NO, NO2, and
NOy concentrations of 1.06 ppbv, 3.85 ppbv, and 18.5 ppbv, respectively, compared to
the other spiral locations. Additionally, Xingtai observed the largest variation in nearsurface CO concentrations. Quzhou observed the lowest concentrations of NO2, less than
1 ppbv. The vertical profiles of these species over the spiral locations (Figure 3.2), shows
highest values observed closer to the surface (~500 m), particularly in the large urban

Figure 3.2: Median profiles of NO (top), NO2 (middle) and NOy (bottom) at four locations: Julu
(red), Quzhou (blue), Shijiazhuang (green), and Xingtai (pink). Grey points are all data and the
dashed black lines indicate the 5th and 95th percentiles. All units are ppbv.
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center of Xingtai. The largest variability between 5th and 95th percentiles occurred
primarily below 1000 m for all species.

3.2 Volatile Organic Compounds
3.2.1 Observations
The lowest sum of the volume mixing ratio of each VOC compound (total VOC
mixing ratio) was 7.44 ppbv and the highest was 259.0 ppbv. The mean and median total
VOC mixing ratio were 25.3 ppbv and 13.8 ppbv, respectively. The two lowest total
VOC mixing ratios were collected at altitudes in the lower free troposphere (about 3500
m) on May 15 and June 2 about 14:00 local time. The largest total VOC mixing ratio was
measured on May 21 in the early afternoon at a low altitude of approximately 400 m over
Quzhou and will be referred to as the anomalous sample (Figure S4). This sample
represents a parcel of heavily polluted air with little dilution due to the presence of
chemical and agricultural production facilities. About 69% of the total VOC (180 ppbv)
of the anomalous sample came from alkanes, with isopentane contributing for one-third
of the total alkane mixing ratio (59.7 ppbv). Aromatics constituted 21% of the total
mixing ratio of the anomalous sample (53.5 ppbv), with toluene accounting for 76% of
the total aromatic mixing ratio (41.1 ppbv). Alkenes/alkynes and halocarbons accounted
for 6% (16.5 ppbv) and 4% (9.68 ppbv) of the total VOC mixing ratio, respectively, of
the anomalous sample, with vinyl chloride accounting for 35% of the total halocarbon
mixing ratio (3.36 ppbv) and 1-butene accounting for 72% of the total alkene/alkyne
mixing ratio (11.87 ppbv). This sample also documented high CFC-11, HCFC-22, CFC114 above background concentrations (0.32 ppbv, 1.05 ppbv, and 0.55 ppbv,
respectively). We included the anomalous sample and the samples collected in the lower
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FT because the concentrations are representative of the region as a whole and percentile
calculations are insensitive to removal of these outliers.
Investigation of the toxicity of VOCs reveals n-hexane, styrene, m/p/o-xylene,
toluene, and benzene contribute ~20% (600 ppbC) of the total VOC mixing ratio, with
over half of the mixing ratio due to the anomalous sample. This is suggestive of sampling
chemical and agricultural production facilities from the anomalous sample, stressing the
importance of quantifying hazardous VOCs.

3.2.2 Levels and speciation of VOCs
Table 3.1 summarizes the 15 most abundant NMHCs and HHs in terms of median
volume mixing ratio, along with the percentage contribution to the sum of the volume
mixing ratio of each VOC compound to the total (total VOC mixing ratio) and the
percentage contribution to the sum of the volume mixing ratio of the VOC to the total of
group (total speciated mixing ratio). Alkanes, alkenes/alkynes, aromatics, and
halocarbons are responsible for 61%, 9%, 24%, and 6%, respectively, of the total ppbC
mixing ratio. Alkanes made up 55% of the total VOC volume mixing ratio, with ethane,
propane, isobutane, and isopentane making up ~70% of the total alkane volume mixing
ratio. Halocarbons make a significant portion of the total VOC volume mixing ratio of
approximately 18% of total. Vinyl chloride accounts for approximately 29% of the total
halocarbon volume mixing ratio. Aromatics and alkenes/alkynes both made up ~13% of
the total volume VOC mixing ratio. Toluene dominates the total aromatic volume mixing
ratio by contributing approximately 60% to the total, while ethylene represents the largest
alkene/alkyne volume mixing ratio of approximately 30%.
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Table 3.1: Top 15 species ranked by median volume mixing ratio (Unit: ppbv) as well as
mass concentration (Unit: µg/m3) and percentage contribution to total VOC mixing ratio
and speciated mixing ratio during ARIAs.
Ranking Species

Median
Volume
Mixing
Ratio

Median % Contribution
Concentration,
to Total VOC
µg/m3
Mixing Ratio

% Contribution to
Total Speciated
Volume Mixing
Ratio

1

Ethane

2.55

3.43

10.7

19.4

2

Propane

1.38

2.72

5.74

44.6

3

Vinyl chloride

1.20

3.34

5.10

28.6

4

Chloromethane

1.03

2.32

4.27

23.9

5

Acetylene

0.67

0.77

3.90

30.3

6

CFC-12

0.56

3.04

2.32

13.0

7

Propylene

0.46

0.86

1.85

14.4

8

Ethylene

0.44

0.54

3.66

28.5

9

HCFC-22

0.37

1.42

1.67

9.37

10

Benzene

0.34

1.20

2.10

14.6

11

Toluene

0.30

1.24

8.95

62.4

12

CFC-11

0.28

1.74

1.47

8.27

13

Isobutane

0.26

0.68

6.44

11.7

14

1-Butene

0.26

0.65

3.11

24.2

15

Isopentane

0.19

0.61

11.5

20.9

3.2.3 OH Reactivity
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The top 15 most influential NMHCs and HHs ranked by median OH reactivity
along with the percent contribution to the sum of the OH reactivity of each VOC
compound (total OH reactivity) and the percent contribution to the sum of the OH
reactivity in the group (speciated OH reactivity) are shown in Table 3.2. While CO and
CH4 together contribute 33% to total OH reactivity, these species are removed from the
analysis in order to focus on NMHC and HH reactivity.
Alkenes/alkynes account for 38% of the total OH reactivity, with 1-butene and
propylene together accounting for 70% of the total alkene/alkyne OH reactivity. Alkanes
and aromatics contribute 34% and 20% to total OH reactivity, respectively. While
alkanes are generally the most abundant class of NMHCs, their relatively slow reaction
rate with OH often makes their contribution to secondary pollutants less significant than
the faster reacting unsaturated species. Halocarbons are the smallest contributors to total
OH reactivity (8%), with vinyl chloride accounting for the majority of the halocarbon OH
reactivity—over 96%.
Table 3.2: Top 15 species ranked by median OH reactivity (s-1) and percentage
contribution to total OH reactivity and speciated OH reactivity during ARIAs.
Ranking Species

Median OH
Reactivity,
s-1

% Contribution to
Total OH
reactivity

% Contribution
to Speciated OH
reactivity

1

Propylene

0.31

9.47

24.8

2

Vinyl chloride

0.22

7.57

96.3

3

1-Butene

0.19

18.3

47.9

4

Ethylene

0.09

5.75

15.1

5

Isoprene

0.05

2.61

6.84
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6

Toluene

0.04

9.38

47.5

7

Propane

0.03

1.01

2.94

8

m/p-Xylene

0.03

4.29

21.7

9

1,2,4Trimethylbenzene

0.02

0.71

3.59

10

Isopentane

0.02

7.79

22.8

11

2-Methylheptane

0.01

7.10

20.8

12

Ethane

0.01

0.41

1.19

13

Acetylene

0.01

0.52

1.37

14

Isobutane

0.01

2.50

7.31

15

Styrene

0.01

1.00

5.04

3.2.4 Ozone Formation Potential (OFP)
The top 15 most influential NMHCs and HHs ranked by median OFP along with
the percent contribution to the sum of the OFP of each VOC compound (total OFP) and
the percent contribution to the sum of the OFP in the group (speciated OFP) are shown in
Table 3.3. Despite contributing large amounts to total mixing ratio and OH reactivity, CO
and CH4 contribute ~18% to total OFP due to low reactivities compared to other VOC
species. If CO and CH4 concentrations above background are considered, CH4 has even
less of an influence, only contributing ~3% to the total CH4 OFP. CO contributes more,
over 50% of the total CO OFP is due to concentrations above background.
The top 15 most influential NMHCs and HHs to OFP differ substantially from
those representing emissions, explained by the differences in reactivity by MIR. Alkanes,
alkenes/alkynes, aromatics, and halocarbons contribute 30%, 26%, 38%, and 7%,
respectively, of total OFP. While aromatics contributed the most to OFP, the
35

corresponding volume-based contribution was only 14%. In contrast, alkanes contributed
over 50% to total volume mixing ratio, but only comprise 30% of the total OFP. Toluene,
1-butene, and isopentane account for about 40% of the top 15 species to median OFP.

Table 3.3: Top 15 species ranked by median ozone formation potential (ppbv O3) using
maximum incremental reactivity (MIR) and percentage contribution to total OFP and
speciated OFP during ARIAs.
Ranking

Species

Median Ozone
Formation Potential,
ppbv O3

% Contribution
to Total OFP

% Contribution
to Speciated OFP

1

Propylene

4.67

6.04

23.6

2

Vinyl chloride

4.41

6.00

89.7

3

1-Butene

2.95

11.3

44.3

4

Toluene

2.32

21.9

58.0

5

Ethylene

2.29

6.16

24.0

6

m/p-Xylene

1.10

6.93

18.3

7

Propane

0.62

0.83

2.76

8

1,2,4Trimethylbenzene

0.51

0.88

2.32

9

o-Xylene

0.49

2.41

6.37

10

Ethane

0.45

0.60

2.00

11

Isopentane

0.41

8.02

26.8

12

Benzene

0.40

0.79

2.08

13

Isobutane

0.39

3.06

10.3

14

1,2,3Trimethylbenzene

0.39

0.69

1.82

36

15

Acetylene

0.34

0.64

2.51

3.2.5 Photochemical Ozone Creation Potential
The top 15 most influential NMHCs and HHs ranked by median POCP along with
the percent contribution to the sum of the POCP of each VOC compound (total POCP)
and the percent contribution to the sum of the POCP in the group (speciated POCP) are
shown in Table 3.4. POCP values for CO and CH4 were not given in Cheng et al. (2010)
and are excluded in the calculation.
Alkanes, alkenes/alkynes, aromatics, and halocarbons contribute 40%, 31%, 18% and
11% to total POCP, respectively. Vinyl chloride is responsible for over 90% of the total
halocarbon POCP while ethylene and propylene are responsible for over half of the total
alkene/alkyne POCP.
Table 3.4: Top 15 species ranked by median POCP-weighted mixing ratio (ppbv) and
percentage contribution to total POCP and speciated POCP during ARIAs.
Ranking Species

Median POCPweighted Mixing
Ratio, ppbv

% Contribution
to Total POCP

% Contribution
to Speciated
POCP

1

Vinyl chloride

0.81

10.23

93.9

2

Propylene

0.73

8.72

28.1

3

Ethylene

0.44

10.8

34.8

4

1-Butene

0.26

9.37

30.2

5

Ethane

0.23

2.84

7.05

6

Propane

0.18

2.20

5.48

7

Toluene

0.11

9.50

53.1

8

Isobutane

0.07

5.32

13.2

37

9

Isopentane

0.07

11.9

29.5

10

m/p-Xylene

0.06

3.75

21.0

11

1,2,4Trimethylbenzene

0.04

0.65

3.64

12

Acetylene

0.04

0.69

2.23

13

Isoprene

0.04

0.71

2.30

14

Cis-1,2Dichloroethylene

0.03

0.41

3.78

15

2-Methylpentane

0.03

1.53

3.82

3.2.5.1

Comparison of OFP and POCP

The most reactive NMHCs and HHs from OFP and POCP can be compared to
assess differences in the scales. Aromatics contributed the most to OFP (38%), while
POCP show alkanes (40%), closely followed by alkenes/alkynes (31%) to have the
largest effect. The ranked species were very similar; small discrepancies lie with POCP
values placing certain alkanes like propane above more reactive compounds in terms of
MIR like o-xylene and ethylbenzene. This is likely due to the larger mean volume mixing
ratio than a reflection of the reactivity itself.
The top 10 species ranked by MIR defined by Carter (2010), show these compounds
contribute 33% to total OFP but only represent 10% of the total volume mixing ratio.
Comparably the top 10 species ranked in terms of POCP defined by Cheng et al. (2010)
shows these species contribute 21% to total POCP but represent 5% of the total volume
mixing ratio. Previous studies in China found the top 15 OFP species (including m/pxylene, toluene, propene, o-xylene, and ethylbenzene) contribute 69% of total OFP, but
only account for 30% of the total emission (Liang et al., 2017). This suggests that species
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with either high reactivity or large emissions do not necessarily have high contributions
to O3 formation.
The most reactive individual species in terms of OFP and POCP was trans-2-butene
(MIR=15.16, POCP=229), contributing 0.05 ppbv O3 to OFP and 0.007 ppbv to POCP.
Contrary to reactivity, propane accounted for a relatively high percentage of total mean
mixing ratio by volume (5.74%) yet had negligible contribution toward OFP (0.83%) due
to its low reactivity (MIR=0.49) and slightly higher contribution to POCP (2.20%). These
results confirm that both reactivity scales and emissions rates must be considered together
when formulating O3 control strategies.

3.3 Photochemical Ozone Production Rate and Sensitivity
Ozone production rates calculated from the box model are high in major urban
centers, particularly Shijiazhuang, Xingtai, and Julu, and Quzhou, but also between these
cities (Figure 3.3). The largest net O3 production rate over 40 ppbv/hour was located
along the Taihang Mountains between Shijiazhuang and Xingtai. These large net
Figure 3.3: Left: Net O3 production rate calculated using box model results along the Y-12 flight track
during ARIAs. The size of the dots is proportional to the production rate of O3. Right: O3 production
sensitivity indicator, LN/Q, along the Y-12 flight track during ARIAs. Ozone production is VOCsensitive when LN/Q > 0.5 and NOx-sensitive when LN/Q < 0.5.
Shijiazhuang

Shijiazhuang

Julu

Xingtai
Quzhou
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Julu

Xingtai

Quzhou

production rates occurred ~2000 m on June 11 when NO, NOy, NO2, and O3 were 0.51
ppbv, 16.29 ppbv, 2.14 ppbv, and 83.64 ppbv, respectively. Total VOC mixing ratios of
the WAS closest in time and altitude near this peak of net O3 production rates was ~30
ppbC.
LN/Q values indicate O3 production rates were mostly NOx-sensitive at high
altitudes over the NCP and more VOC-sensitive at lower altitudes near urban centers
(Figure 9). Vertical profiles of O3 production, loss, and net rates using the box model
results (Figure 3.4) show that HO2+NO makes more O3 than RO2+NO during the
campaign, the major loss of O3 is due to the termination of NO2 through its reaction with
OH below 2500 m, and a maximum of net O3 production was observed in the lowest 500
m of ~13 ppbv/hour. In the PBL, mean net O3 production rates reached ~5 ppbv/hour and
in the lower free troposphere, mean net O3 production rates were still ~2 ppbv/hour and
conducive to long-range transport. A follow-up paper will investigate export to Korea
where the KORUS-AQ experiment was underway (e.g. Huang et al., 2018).
Figure 3.4: Vertical profiles of the O3 production rate (left), O3 loss rate (middle), and net O3
production rate (right) during ARIAs.
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3.4 Comparison to Colorado Front Range experiment: FRAPPÉ

The Colorado Front Range experiment, FRAPPÉ, consisted of a series of
coordinated research flights and ground-based measurements. We filter data for 8-16 LT
and below 4 km to better compare with ARIAs observations. FRAPPÉ VOC
measurements on board the C-130 are collected by WAS flasks, the trace organic gas
analyzer (TOGA), and proton transfer reaction-mass spectroscopy (PTR-MS). In this
study, we characterize alkanes, alkenes, alkynes, and halocarbons collected from WAS
analyzed using an Advanced Whole Air Sampler (AWAS) and oxygenated organics
using TOGA. The WAS are sent for analysis by gas chromatography (GC) with flame
ionization detection (FID) , electron capture detection (ECD) and mass spectrometric
detection (MSD) at the University of California-Irvine and identified and quantified for
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more than 70 trace gases. Experimental procedures have been well documented based on
numerous prior field missions including in China (Barletta et al., 2009; Blake et al., 1999,
2001, 2003, 2004, 2008, Simpson et al., 2001, 2003, 2010, 2011). Details on TOGA are
summarized elsewhere (Apel et al., 2003)
FRAPPÉ completed flights in two regions of the Front Range: Weld County
located northeast of Denver, an area of oil and natural gas operations, and the larger
Denver metropolitan area with urban emissions (Pfister et al., 2017). Since flight
coverage was not equal, we divide the Front Range into these two regions.

3.4.1 Nitrogen Oxide Observations
Average and median volume mixing ratios of NO and NO2 are larger in Denver
than Weld County. The average measured C-130 NO and NO2 mixing ratios are 0.72 ±
2.20 ppbv and 2.03 ± 4.60 ppbv in Denver and 0.21 ± 0.29 ppbv and 0.77 ± 1.07 ppbv in
Weld County. This is about 0.5-1.0 ppbv of NO and ~1 ppbv NO2 smaller than in the
NCP. Above 3000 m, average NO and NO2 is 0.44 ± 0.73 ppbv and 1.42 ± 2.04 ppbv in
Weld County and 0.15 ± 0.21 and 0.59 ± 0.64 ppbv in Denver. In the average lower free
troposphere, NO in Weld County is comparable to the NCP, while about 0.25 ppbv lower
in Denver. Lower FT NO2 is higher in both locations in the FR compared to the NCP.

3.4.2 Volatile Organic Compounds
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The range of species measured during FRAPPÉ were comparable to ARIAs but
included oxygenated organics (OOs). The most important source of OOs in the
atmosphere is oxidation of hydrocarbons (Mellouki et al., 2015). Oxygenated species are
included here to evaluate their impact on O3 production, while such data were not
available during ARIAs. However, F0AM estimates a 20% contribution due to OOs to
total volume mixing ratio of VOCs during ARIAs.
Figure 3.5: Median mixing ratios (ppbv) of the top 10 species contributing to total VOC mixing
ratio in China (blue). Median values measured during FRAPPÉ in Denver and Weld County are
shown in red and yellow.
A comparison of the top 10 species by median volume mixing ratio in the NCP to

median values in Denver and Weld County (Figure 3.5) shows light alkanes, like ethane
and propane, are enriched in Weld County compared to the NCP. Vinyl chloride was not
measured in FRAPPÉ. Alkenes, such as propylene and ethylene, and aromatics, like
benzene and toluene, are greater in median volume mixing ratio in the NCP compared to
the Front Range. Chloromethane is a factor of 2 higher in ARIAs compared to FRAPPÉ,
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while median CFC-12 and HCFC-22 is slightly elevated by ~40 pptv and 100 pptv,
respectively, in the NCP compared to the FR.
Table 3.5 and Table 3.6 summarize the top 5 NMHCs by mean volume mixing
ratio, OH reactivity, OFP, and POCP in Denver and Weld County. Notably, measured
oxygenated compounds make up large contributions to total volume mixing ratio, total
OH reactivity, total OFP, and total POCP, suggesting that OOs might also be important in
China.
OOs constitute the majority of total volume mixing ratio in both Denver (85%) and
Weld County (73%), with methanol contributing ~30% to the total volume mixing ratio
of VOCs in both locations. A larger contribution due to ethane is observed in Weld
County (8.99% of the total compared to 4.63% of the total in Denver) due to the
prevalence of oil and natural gas operations. Excluding OOs, alkanes, alkenes/alkynes,
aromatics, and halocarbons contribute 88%, 2%, 2%, and 8% in Weld County and 81%,
5%, 2%, and 12% in Denver.
OOs also have a large influence on OH reactivity in Denver and Weld County (87%
and 79%, respectively, of the total OH reactivity), with formaldehyde and acetaldehyde
accounting for ~50% of the total OH reactivity for both locations. Isoprene in the Front
Range is within the top 10 species contributing to OH reactivity, but its relative
contribution to OH reactivity is smaller compared to the NCP (1.8% in Denver, 1.3% in
Weld County, and 2.6% in the NCP). When the OOs are removed, alkanes,
alkanes/alkynes, and aromatics contribute 72%, 25%, and 3% in Weld County and 53%,
38%, and 8% in Denver. Halocarbons contributed very small amounts to OH reactivity
during the FR campaign.
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OOs also constitutes 80-90% of the OFP and POCP in Denver and Weld County,
with formaldehyde and acetaldehyde often in the top 2 for both scales in both locations.
Methanol, produced by oil and natural gas operations, is also influential in O3 production.
However, Weld County shows a higher influence of alkanes on OFP (13% vs. 6%) and
POCP (17% vs. 8%). Ethane, propane, and n-butane are responsible for much of this
discrepancy due to oil and natural gas operations present in Weld County. OFP and
POCP values for ethane and propane are a factor of 2 higher in Weld County than in
Denver, suggestive of the large influence oil and natural gas operations has on O3
production in this region. When OOs are excluded, alkanes and alkenes/alkynes are the
dominant contributors to OFP and POCP. However, the contribution to OFP due to
aromatics is larger in Denver than Weld County (17% vs. 7%).
Interestingly, halocarbons in FRAPPÉ are of little importance concerning OH
reactivity, OFP, and POCP (< 1% for both locations), which was not the case during
ARIAs. However, different halocarbons with varying reactivities were measured in these
campaigns, not allowing for a direct comparison.

Table 3.5: The top 5 NMHCs measured during FRAPPÉ in Denver ranked by median
volume mixing ratio, OH reactivity, OFP, and POCP. The percentage contribution to
total and speciated volume mixing ratio, OH reactivity, OFP, and POCP are given in %.
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Denver

Species

Median % Contribution % Contribution
to Total
to Speciated

Mixing Ratio (ppbv)

Methanol

5.00

33.3

39.0

Acetic Acid

3.43

10.1

11.8

Acetone

2.26

13.6

15.9

Ethane

OH reactivity (s-1)

OFP (ppbv O3)

POCP (ppbv)

2.21

4.63

39.4

Formaldehyde 1.79

11.4

13.3

Formaldehyde 0.30

38.6

44.6

Acetaldehyde

0.18

25.0

28.8

Methanol

0.08

11.6

13.4

Isoprene

0.06

1.78

34.3

Acetic Acid

0.05

3.15

3.64

Formaldehyde 10.6

44.7

50.2

Acetaldehyde

3.73

16.4

18.5

Acetic Acid

2.92

5.69

6.39

Methanol

2.23

9.88

11.1

Acetone

0.99

3.93

4.42

Formaldehyde 1.20

28.9

32.3

Acetone

0.80

18.2

20.4

Acetaldehyde

0.72

18.1

20.3

Methanol

0.55

13.9

15.5

Acetic Acid

0.21

2.29

2.56

Table 3.6: The top 5 NMHCs measured during FRAPPÉ in Weld County ranked by
median volume mixing ratio, OH reactivity, OFP, and POCP. The percentage
contribution to total and speciated volume mixing ratio, OH reactivity, OFP, and POCP
are given in %.
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Weld County

Species

Median % Contribution % Contribution
to Total
to Speciated

Mixing Ratio (ppbv)

Methanol

5.41

29.9

40.7

Ethane

3.91

8.99

38.1

OH reactivity (s-1)

OFP (ppbv O3)

POCP (ppbv)

Acetic Acid

2.82

8.58

11.7

Propane

2.60

6.79

28.8

Acetone

2.20

12.2

16.7

Formaldehyde 0.28

34.6

44.0

Acetaldehyde

0.21

23.2

29.5

Methanol

0.10

11.2

14.2

Propane

0.06

3.07

20.0

n-Butane

0.05

3.17

20.6

Formaldehyde 9.65

40.7

49.5

Acetaldehyde

4.22

15.6

18.9

Methanol

2.42

9.62

11.7

Acetic Acid

2.40

5.26

6.40

n-Butane

1.35

3.16

23.2

Formaldehyde 1.09

25.6

31.8

Acetaldehyde

0.82

16.7

20.8

Acetone

0.78

17.3

21.5

Methanol

0.59

13.2

16.3

Ethane

0.35

3.24

19.1

3.5 Major Sources of VOCs
During the ARIAs observation period, short-length alkanes (C2/C3) correlated
well ethylene and benzene (r > 0.80, p < 0.05) A strong correlation between propane and
propylene (r=0.82, p < 0.05) and the fact that propylene closely traces liquefied
petroleum gas (LPG) alkanes, suggests propylene is linked to LPG car exhaust due to
incomplete combustion leakage. However, strong correlations between ethylene,
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propylene, 1-butene, tetrachloroethylene, and trichloroethylene, also exist, indicating
production of synthetic rubber in the petrochemical industry.
The ratio of acetylene to ethane during ARIAs was 0.45 (Figure 3.6a) within the
range of biomass burning of crop residue found from other studies in China (J. Chen et
al., 2017). While wildfire events occurred during FRAPPÉ (Lindaas et al., 2017), low
ratios in both regions in the Front Range suggest alternative sources of ethane and
acetylene. Strong correlations of ethane and methane in Weld County (r=0.87, p < 0.05)
and Denver (r=0.89, p < 0.05) is suggestive of oil and natural gas operations contributing
to ethane sources in the FR, while strong correlations of acetylene with CO in both
Denver (r=0.95, p < 0.05) and Weld County (r=0.83, p < 0.05) points to vehicular
sources.
Isopentane correlates with a variety of alkane and aromatic species, indicative of
gasoline evaporation in both the NCP and FR. The isopentane to n-pentane ratio in Weld
County was less than 1, indicative of oil and natural gas operations (Figure 3.6b). The
ratio in Denver was ~ 1, suggestive of mixing processes throughout the Front Range. The
large isopentane to n-pentane ratio during ARIAs persists with and without the
anomalous sample and likely indicative of multiple isopentane sources including
vehicular emission, gasoline evaporation and solvent evaporation.
Aromatic species such as m/p-xylene and o-xylene have been associated with
vehicular emissions and solvents (H. Wang et al., 2014). During ARIAs, m/p-xylene and
o-xylene correlated well (r > 0.99 with and without the anomalous sample) with a slope
of 0.34 (Figure 3.6c). In a tunnel study in the Pearl River, the ratio of these aromatics was
0.35 (Y. Liu et al., 2008), consistent with our measurements. In comparison, in FRAPPÉ
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the slope between o-xylene and m/p-xylene was between 0.2 and 0.28 (r > 0.98). These
values are lower than observations in the Beijing-Tianjin-Hebei region (L. Li et al., 2015)
with values between 0.32-0.48.
Small amounts of isoprene were observed in ARIAs (0.04 ± 0.04 ppbv) and FRAPPÉ
(0.05 ± 0.07 ppbv) due to the low prevalence of broad-leaf trees in the regions where
these campaigns were conducted and time of year (Guenther et al., 1993). Isoprene
sources are mostly biogenic in the NCP and FR, but correlation with isopentane during
ARIAs suggests a small anthropogenic contribution when the anomalous sample is
excluded (r = 0.42, p < 0.05). A small correlation is observed in Denver and a slightly
larger correlation is obtained in Weld County (r = 0.42, p < 0.05), suggestive of a minor
anthropogenic component to isoprene sources in a major urban center.
Figure 3.6: Slope (k) and correlations (r) of (a) acetylene with ethane, (b) isopentane with n-pentane, and (c) o-xylene
with m/p-xylene for ARIAs in China (all samples, red circles) and Weld County (blue triangles), and Denver (green
crosses).
b)

a)

c)

To distinguish between vehicular emission and other combustion sources throughout
the different regions, the B/T ratio was used. Benzene was observed at high mean
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concentrations over Hebei (0.53 ppbv vs. 0.08 ppbv in the FR). The average B/T ratio is
1.76 ± 1.60 ppbv/ppbv in the North China Plain, 1.60 ± 1.57 ppbv/ppbv in Denver, and
2.01 ± 1.35 ppbv/ppbv in Weld County. Table 9 summarizes the CH4 enhancement for
ARIAs and FRAPPÉ with varying B/T ratios using global mean CH4 obtained from the
Earth System Research Laboratory (ESRL) of NOAA for the months of ARIAs and
FRAPPÉ. When the B/T ratio is less than 1, indicative of vehicular emissions, average
CH4 enhancements compared to the global mean is relatively small—103.6 ppbv for
ARIAs and between 30-50 ppbv for FRAPPÉ. When B/T is greater than 1, the
enhancement of CH4 from ARIAs was about five times that of FRAPPÉ and the mean
ethane volume mixing ratio is 2.78. This suggests influence of leakage from oil and
natural gas operations, coal combustion, or biomass burning in Hebei Province. Contrary
to ARIAs, the enhancement in CH4 during FRAPPÉ is negligible. Benzene correlates
with SO2 (r = 0.70), CO (r = 0.67), and ethane (r = 0.84), all tracers from incomplete
fossil fuel combustion. During FRAPPÉ, biomass burning and oil and natural gas
operations are the main contributor to the high B/T ratio (Andreae & Merlet, 2001;
Halliday et al., 2016; Moreira Dos Santos et al., 2004).
The lack of correlation of CO with various hydrocarbons in ARIAs suggests these
compounds may have additional sources beyond evaporative and tailpipe emissions or
that CO has an additional source. Ethane, benzene, and the substituted benzenes are the
only species that correlate well and significantly with CO, all of which components of
gasoline, coking, or tracers of incomplete combustion, like low technology coal
combustion and biomass burning. Correlations with a variety of halocarbons with these
tracers of incomplete combustion during ARIAs suggest colocation of VOC sources with
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petrochemical and chemical facilities (Ryerson et al., 2003). Certain hydrocarbons like
m/p-xylene, ethylene, 2-methylpentane, and isopentane during FRAPPÉ correlate better
with CO, suggesting vehicular sources are largely responsible for emissions. Previous
research has indicated industrial VOC emissions appear to be less important compared to
mobile and oil and natural gas in the Front Range, but can have some significant impacts
on the local scale (Pfister et al., 2017).
Table 3.7: Average CH4 and enhancement compared to global monthly average for all
data, data when benzene/toluene (B/T) >1, and when benzene/toluene < 1 for ARIAs and
FRAPPÉ.
North China Front Range,
Plain, ppbv ppbv

Weld County,
ppbv

Average Seasonal CH4

1969.1

1837.7

1853.4

Average CH4 B/T > 1

1985.9

1843.0

1846.0

Average CH4 B/T < 1

1945.7

1867.4

1847.9

Global Average CH4

1842.1

1815.4

1815.4

Enhancement All

127.0

22.3

38.0

Enhancement B/T > 1

143.8

27.6

30.6

Enhancement B/T < 1

103.6

52.0

32.5

Chapter 4. Discussion
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Excluding HHs, we observed alkane (67%), alkene/alkyne (11%), and aromatic
(17%) contributions to total volume mixing ratios similar to L. Li et al. (2015) surface
observations in June and July 2014 in Quzhou (56.81%, 19.23%, and 11.41%,
respectively). When halocarbons are included, alkenes and aromatics both contribute
relatively low amounts to total mixing ratio, approximately 13%, while halocarbons
supply 18% to the total VOC mixing ratio. Vinyl chloride, used in the production of the
polymer polyvinyl chloride, is the most abundant halocarbon with an average volume
mixing ratio of 1.28 ppbv and a standard deviation of 0.51 ppbv in the NCP. Previous
studies in China have observed small mixing ratios of vinyl chloride (10-100 pptv) (Gu et
al., 2019; Ran et al., 2011), while surface measurements at an industrial/petrochemical
site in Korea observed much higher concentrations of 4.0 ± 1.8 ppbv (Na et al., 2001).
Prior studies have shown elevated vinyl chloride levels near landfills as high as 100 ppbv
(Seiber, 1996), on subway stations in Shanghai as large as 788 pptv (Y. Zhang et al.,
2012), and in PVC plastic waste recycling plants in amounts as high as 35 ppbv (Tsai et
al., 2009). Vinyl chloride is not a major O3 precursor in areas of traditional
photochemical smog studies such as LA, the eastern US (Halliday et al., 2015), or Japan
(Okada & Nakagoshi, 2012) and this paper points to the role it has in the NCP.
When ranked by OH reactivity excluding HHs, our results were again similar to
Li et al. (2015) with alkanes, alkenes/alkynes, and aromatics contributing 37%, 41%, and
21%, respectively to total OH reactivity. This study in the Beijing-Tianjin-Hebei region
estimated alkene OH reactivity accounted for 35.7-40.7% of the total (L. Li et al., 2015).
1-Butene was the largest contributors to total OH reactivity in the NCP, contributing
~18% of the total. Isopentane was the largest contributor of the alkanes to OH reactivity
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during ARIAs, representing ~23% of the total alkane OH reactivity, closely followed by
2-methylheptane (20.8% of alkane OH reactivity). Unlike previous studies, isoprene was
not among the top contributors to OH reactivity during ARIAs, instead contributing
2.56% of the total OH reactivity and 6.64% to total alkene OH reactivity.
Aromatics were the largest contributor to OFP, closely followed by alkanes and
alkenes/alkynes. Excluding halocarbons, alkanes, alkenes/alkynes, and aromatics
contributed 31%, 27%, and 41% to the total OFP, again comparable to values found by Li
et al. (2015). Alkanes had the largest influence on POCP as a group, but specific species
like propylene, vinyl chloride, and 1-butene were largely responsible for OFP and POCP.
Propylene, a typical incomplete combustion species, is linked to propane likely from LPG
car exhaust and also correlates with 1-butene, tetrachloroethylene, and trichloroethylene
to produce synthetic rubber in the petrochemical industry (Lau et al., 2010). Vinyl
chloride is also from petrochemical processes producing plastics. These results confirm
that both reactivity scales and emissions rates must be considered together when
formulating O3 control strategies. After the control of NOx, controlling aromatics, such as
toluene and m/p-xylene, alkenes, like 1-butene, and certain halocarbons, particularly
vinyl chloride, would have the greatest positive impact on O3 abatement.
Alternatively, OOs likely from secondary sources compromised most of the
mixing ratio, OH reactivity, and OFP and POCP during the FRAPPÉ campaign in both
Denver and Weld County. While OOs are shown to play a major role in O3 production in
the Front Range, we have no evidence of a strong contribution in the NCP. Box model
estimates suggest oxygenates contribute ~20% to the total VOC volume mixing ratio in
the NCP, but were not measured during ARIAs. A prior study in Beijing in August 2005
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found that about half of the C1-C3 aldehydes were attributed to secondary sources (Y.
Liu et al., 2009). The largest species contributing to volume mixing ratio in the FR are
methanol and ethane, whereas formaldehyde and acetaldehyde constitute the most
towards OH reactivity and OFP. Isoprene contributes ~1.5% to the total OH reactivity in
Denver and Weld County. Since the majority of OOs are produced, rather than emitted,
the control of OO precursors is necessary for O3 control.
Most of the light alkanes are greater by volume mixing ratio over the FR relative
to the NCP but alkenes and aromatics are more enriched over China. Ethane, benzene,
acetylene, and substituted benzenes have strong correlations with CO in both locations,
which showcases the influence of transportation related emissions, biomass burning, and
in China, low technology coal combustion. Ratios of vehicular tracers, such as o-xylene
and m/p-xylene, show emissions ratios comparable to values from the literature of
vehicular sources in China (Y. Liu et al., 2008). For ARIAs, control of vehicle exhaust
emissions might facilitate control of ambient VOCs due to high correlation of the
substituted xylenes. The alkane composition and correlation of VOCs with isopentane in
the NCP and FR were comparable, suggesting vehicular emissions from tailpipe and
gasoline evaporation were sources of selected VOCs. The correlation of incomplete
combustion species with halocarbons in the NCP indicates colocation with petrochemical
sources. Reduction of halocarbon emissions from plastic manufacturing or other sources
releasing vinyl chloride in Hebei might also help control O3. Noticeable CH4
enhancement was detected during ARIAs, suggesting natural gas leakage, but not during
FRAPPÉ. Despite similar ecological environments, location in the midlatitudes, and
position near the mountains, ARIAs and FRAPPÉ have commonalities in VOC
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emissions; however, a “one-solution” approach to VOC reduction will not effectively
reduce O3 production in both places.

Chapter 5. Conclusions
High concentrations of O3 were observed over the NCP and in this study we
investigate the origin of these smog events. Measurements of trace gases including O3,
NOx, VOCs, CFCs, and aerosols were taken in May and June 2016. Twenty-seven
samples analyzed for 74 VOCs and HHs were taken aboard a Y-12 research aircraft in
the PBL. Major conclusions include:
1. Over Hebei concentrations of VOCs were high, with larger median mixing ratios
of alkenes, like propylene and ethylene, and aromatics, such as benzene and
toluene, than the FR. The Colorado FR, particularly Weld County, was richer in
light alkanes such as ethane and propane than the NCP. Average levels of NOx
were larger in the NCP than the FR, but several ppbv of NO2 above 3000 m in
Denver is suggestive of the large variability of NO2 above the PBL.
2. Concentrations of NOx and VOCs throughout the PBL over nonurban parts of
Hebei Province were high enough to generate O3 at a peak rate of ~13 ppbv/hour
below 500 m (PBL mean 5 ppbv/hour). The lower free troposphere up to ~3000 m
was frequently polluted with CO and NO2 averaging ~200 ppbv and ~100 pptv
with peak O3 production rates ~ 5 ppbv/hour (mean 2 ppbv/hour conducive to
long-range transport).
3. Unlike the NCP, where aromatics, alkenes, and alkanes contribute the most to O3
formation, oxygenated organics were a major player in the FR, with alkenes and
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aromatics playing small roles. Halocarbons, particularly vinyl chloride, also
contribute to O3 production in the NCP, but not in the FR.
4. Ratios of various NMHCs such as acetylene to ethane, isopentane to n-pentane,
and o-xylene to m/p-xylene indicate the presence of extensive biomass burning
and vehicular emissions during ARIAs, while oil and natural gas operations are
dominant during FRAPPÉ. The correlation of incomplete fossil fuel combustion
tracers with halocarbons in the NCP may indicate colocation with petrochemical
sources.
This paper shows in order to improve aloft O3 concentrations in the NCP, NOx
and VOCs from petrochemical processes, vehicular emissions, and biomass burning
sources and NOx should be targeted. The control of aromatics, such as toluene and m/pxylene, alkenes, like 1-butene, and certain halocarbons, such as vinyl chloride, would
have the greatest positive impact on O3 abatement. However, in the Front Range, oil and
natural gas operations and vehicular emissions contribute to produce oxygenates like
formaldehyde and acetaldehyde important in O3 production. While similarities in sources
between the NCP and FR are evident, it is apparent the same approach will not yield
similar results when trying to control O3. Future work will investigate greenhouse gases,
ozone destroying halocarbons, the production potential of SOAs, and export of pollutants.
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