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Abstract. Guangzhou, one of China’s megacities, is beset
with frequent occurrence of high-concentration ozone events.
In this study, online instruments were used to simultaneously
monitor ozone, nitrogen oxides (NO,) and volatile organic
compounds (VOCs) at GPACS (the Guangzhou Panyu At-
mospheric Composition Station) of the China Meteorolog-
ical Administration, from June 2011 to May 2012, in or-
der to determine their characteristics, the effect of VOCs
on ozone photochemical production and the relationship be-
tween VOC /NO, ratio and ozone formation. The results
showed that during the observation period, the seasonal vari-
ation of ozone concentration was lower in spring and win-
ter compared to summer and autumn, which is opposite
that for VOCs and NO,. In terms of VOCs, aromatics had
the largest ozone formation potential, among which toluene,
xylenes, ethylbenzene, 1,2,4-trimethylbenzene and 1,3,5-
trimethylbenzene were the most important species, with a to-
tal contribution of about 44 %. As the VOC / NO, ratios were
very high during high-concentration ozone events that oc-
cur all year round, we speculate ozone production was likely
to be NO,-limited regime (12:00-16:00 LT) in Guangzhou.
Further investigation based on numerical models is needed
in the future to obtain more detailed and robust conclusions.

1 Introduction

Along with its rapid economic development and urbaniza-
tion, the Pearl River Delta (PRD), whose major cities in-
clude but are not limited to Hong Kong, Guangzhou, Dong-
guan and Shenzhen, has become one of the most polluted
areas in China (Chan and Yao, 2008). Unlike other regions
in China, such as the region surrounding Beijing and the
Yangtze River Delta region, where the main air pollutant
is particulate matter (Zhao et al., 2011; Wang et al., 2012),
high-concentration ozone events occur frequently in the PRD
(Wang et al., 2009) due to its unique geographical location
and climate, as well as a rapid increase in the emission of
ozone precursors (volatile organic compounds (VOCs) and
NO,) from industrial activities and motor vehicles.
Tropospheric 0zone is a secondary pollutant generated by
the photochemical reaction of VOCs and NO, in the pres-
ence of sunlight (Sillman, 1995). Smog chamber studies have
been widely used to investigate the gas-phase photochemi-
cal transformations of NO, and VOCs, as well as their roles
in ozone production. It has been found that VOCs and NO,
have no linear relationship with ozone formation. Instead,
their impact on ozone formation can be described by VOC-
or NO,-limited regimes (Zhang et al., 2004; Tie et al., 2007;
Geng et al., 2008). Numerical simulations in polluted re-
gions, such as Los Angeles in the 1980s, have shown ozone
formation to be NO,-limited when the VOC / NO, ratio is
greater than 8:1 for VOC expressed as the concentration
of carbon atoms (Seinfeld, 1989), a finding which many re-
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searchers later used to explain photochemical ozone forma-
tion in other areas, where specific atmospheric situations may
differ (Seinfeld, 1991; Trainer, 1993; Sillman, 1999; Ran et
al., 2009, 2011; "Li, 2011). Additionally, there is increasing
evidence showing that ozone formation may change with the
time of day (Kanaya et al., 2009; Sillman and West, 2009;
Li et al., 2013). For example, a recent study reported that
ozone formation was VOC-limited in the morning and be-
came NO,-limited during peak ozone hours in most of the
PRD region (Li et al., 2013). Such temporal variations in
ozone formation have also been documented for other places
in the world (Kanaya et al., 2009; Sillman and West, 2009).

In order to understand and therefore reduce the formation
of ozone, it is critical to evaluate the relative importance of
various VOCs in terms of ozone production potential because
individual VOCs exhibit a wide range of reactivity with re-
spect to ozone photochemical formation. Several reactivity
scales have been used to assess the relative ozone form-
ing capacity of individual VOCs species (Atkinson, 1990;
Carter, 1994; Shao et al., 2009; Li and Wang, 2012). One
widely used scaling method is maximum incremental re-
activity (MIR), defined as the maximum amount of ozone
formed per unit of VOCs added or subtracted from the whole
gaseous mixture in a given air mass, which considers the
chemical mechanism and the impact of the VOC / NO, ratio
on ozone production (Atkinson, 2000). Another common ap-
proach is the OH-reactivity scale (e.g., propylene-equivalent
concentration), which is based on assumptions that the re-
actions with OH radicals are dominant in the tropospheric
atmosphere and that the mechanistic factor and its associated
uncertainties are negligible (Darnall et al., 1976; Middleton
etal., 1990).

The formation and levels of ozone pollution have been in-
vestigated in many megacities around the world (Qin et al.,
2004; Stephens et al., 2008) and a number of studies have
also been conducted to explore the formation of ozone in
the PRD (Wang et al., 2005; Guo et al., 2009; Cheng et al.,
2010). Most of these studies have shown that ozone forma-
tion was VOC-limited in the PRD region (Zhang et al., 2008;
Guo et al., 2009). However, few long-term observational data
are available for ozone, NO, and VOCs in the PRD, in par-
ticular, continuous VOC data (Wang et al., 2004; Shao et al.,
2009), which only serves to limit our understanding of ozone
production.

This study aimed to explore the characteristics of VOCs,
NO, and ozone and to examine the possible seasonal and di-
urnal variations in ozone formation in the PRD based on 1
year of observational data for ozone and its precursors col-
lected in Guangzhou, one of the PRD’s megacities. In the
present paper, we document general information about the
sampling site and the data collection procedure (Sect. 2), as
well as the seasonal and diurnal characteristics of ozone and
its precursors (Sect. 3.1). The effects of VOCs on ozone for-
mation, based on estimated MIRs and propylene-equivalent
concentrations, are also presented (Sect. 3.2) and finally,
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Figure 1. The location of observation site at GPACS and its sur-
rounding area. The red pentagram represents the sampling site, and
the golden circle represents Dongguan City. The VOC profiles for
July when the summer prevailing wind is SW and for December
when the winter prevailing wind is NE are shown in the bar charts.

ozone formation regimes in Guangzhou are discussed, based
on variations in VOC / NO, ratios (Sect. 3.3).

2 Experiment
2.1 Site description

From June 2011 to May 2012, simultaneous measurements
of ozone, NO, and VOCs using online instruments were car-
ried out at the Guangzhou Panyu Atmospheric Composition
Station (GPACS) of the China Meteorological Administra-
tion. The GPACS site (23°00’N, 113°21'E, 141mas.l.) is
located on the mountain top of Dazhengang, Nancun Town,
Panyu District, Guangzhou, China (Fig. 1). It is a subur-
ban site (about 15 km south of downtown Guangzhou) where
high-concentration ozone events often occur, and it is also
one of the main observation sites for atmospheric composi-
tion in the PRD. At the measurement site, the relative contri-
butions of the three categories of VOCs (i.e. alkanes, alkenes
and aromatics), remained fairly uniform throughout the ob-
servational period regardless of the large variation in their
concentrations (see Fig. 2). Such uniformity implies that the
air at the GPACS site was sufficiently homogenous with re-
spect to various sources near the surface of the ground. The
prevailing wind, wind speed and temperature at the sampling
site during different seasons are shown in Fig. 3 and Table 1.
At the sampling point, northeasterly and southwesterly winds
prevailed in spring (March, April and May), southwesterly
winds in summer (June, July and August), northeasterly
winds in autumn (September, October and November) and
northeasterly winds in winter (December, January and Febru-
ary). During the different seasons, the average wind speed
remained close to 1.4ms™1, while the average temperature
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Figure 2. Diurnal variation of hourly averaged concentrations of three categories of VOCs in ppbv and in fraction (from June 2011 to May

2012) at GPACS

ranged from 14.2 °C in winter to 29.4°C in summer. When
the prevailing wind was northeasterly in December, the dif-
ference between weekend and weekday VOC concentrations
was very clear, indicating that large amounts of pollutants
were emitted from downtown Guangzhou City. When the
prevailing wind was southwesterly in July, the difference be-
tween weekend and weekday VOC concentrations was mild,
indicating that only small amounts of pollutants were emitted
from the outer suburban areas.

2.2 Instrument description

Ozone was measured using an EC9810B ozone analyzer
(Ecotech Co., Australia) based on the UV-absorption method
and the Lambert-Beer law. NO, was measured by an
EC9841B nitrogen oxide analyzer (Ecotech Co., Australia)
with a heated molybdenum NO,-to-NO converter, and gas-
phase chemiluminescence technology was used to quantify
NO concentrations. It was possible that the measured NO,
may have included some oxidized reactive nitrogen that was
converted by the molybdenum, and thus, the NO, concen-
trations given below are considered the upper limits of their
actual values (Dunlea et al., 2007; Ran et al., 2011).

VOCs were continuously monitored at a 1h sampling
frequency using the GC5000 analysis systems coupled
with flame ionization detectors (FID) from AMA Instru-
ments GmbH (AMA, Germany). This system has been
described in detail elsewhere (An et al., 2014; Zou et
al.,, 2013). In brief, it consisted of two sets of sam-
pling systems and two sets of chromatography column sys-
tems, which includes a low boiling point VOC analyzer
(GC5000VvOC) for C,—Cg VOC species and a high boil-
ing point VOC analyzer (GC5000BTX) for C4—C12 VOC
species. Air samples were enriched in the GC5000VOC an-
alyzer through two-stage trap, and then thermally desorbed
when the temperature increased to 200 °C, followed by sepa-
ration with two-dimensional chromatography. The chromato-
graphic columns consisted of an Al,03 / Na;SO4 plot col-
umn (60 m x 0.32 mm inner diameter x 5 um thickness) and
a CARBOWAX™ back-flushing column (30m x 0.32mm

www.atmos-chem-phys.net/15/6625/2015/

inner diameter x 0.25 um thickness). The back-flushing col-
umn was first used to remove the moisture component
and high-boiling VOC species, and then the plot column
was followed to separate the low-boiling VOC species.
The GC5000BTX pre-concentrated the VOCs at 30°C and
then thermally desorbed them at 270°C; afterwards, the
analyzer separated the compounds in the DB-1 column
(60m x 0.32mm inner diameter x 10 um thickness), in or-
der to achieve optimum separation and prevent interference
from related compounds.

The 56 VOCs designated as photochemical precursors by
the US EPA were used as the target compounds. The gas
standard used was the same as that used by the US EPA Pho-
tochemical Assessment Monitoring Stations (PAMS). Zero
and span gas checks (using PAM calibration gases) were con-
ducted monthly throughout the observation period, together
with adjustment of the retention time. Five-level calibration
curves were used to quantify the VOC concentrations during
the online monitoring. The calibration curves and detection
limits of individual VOCs are listed in Table 2. The correla-
tion coefficient ranged from 0.984 to 0.999, and the detection
limits ranged from 0.03 to 0.09 ppbv. Outliers (about 8 %)
were eliminated before data processing, to guarantee the va-
lidity of the data. The outlier was identified by the VOC data
validation program recommended by US EPA PAMS (Main
et al., 1999). However, the instruments were not intercom-
pared with other VOC measurement systems, and such an
intercomparison is an important priority for future work.

3 Results and discussion
3.1 Characteristics of ozone, NO, and VOCs

The seasonal and diurnal variation characteristics of ozone,
VOCs and NO, are shown in Fig. 4. The seasonal varia-
tion of ozone is readily apparent, being lower in the spring
and winter, and higher in the summer and autumn. Further-
more, the range of increase is much larger in late spring and
early summer than the other periods, which is mainly due
to the sunlight, ambient temperature, other meteorological
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Figure 3. Wind rose diagrams for the frequencies of wind direction in each season from June 2011 to May 2012 at GPACS.

Table 1. The wind speed and temperature in each season (from June 2011 to May 2012) at GPACS.

Minimum  Maximum Mean Median

Spring  Wind speed (ms™1) 0.0 5.4 1.3 1.2
Temperature (°C) 9.4 355 22.6 22.9

Summer  Wind speed (ms™1) 0.0 6.0 14 1.2
Temperature (°C) 23.9 37.1 29.4 28.8

Autumn  Wind speed (ms—1) 0.0 5.7 15 14
Temperature (°C) 16.2 35.3 25.2 25.2

Winter  Wind speed (ms—1) 0.0 6.3 15 1.4
Temperature (°C) 4.7 26.9 14.2 14.1

factors and emission strength of air pollutants being differ-
ent during each season (Bloomer et al., 2009, 2010). In con-
trast, seasonal variation in the concentration of ozone precur-
sors was opposite to that of ozone concentration, with NO,
concentrations being higher in spring and winter and VOC
concentrations higher in winter compared to summer. Aver-
age concentrations of VOCs, NO,. and ozone in each season
are shown in Table 3. The average concentration of VOCs
was about 42.74 ppbv, varying from 34.60 ppbv in March to
63.57 ppbv in November, while the average concentration of
NO, was about 35.51 ppbv, ranging from 21.75 ppbv in Au-
gust to 76.39 ppbv in March, and ozone concentration var-
ied from 9.31 ppbv in January to 29.67 ppbv in September.
The diurnal variation of 0zone concentration was unimodal,
reaching its maximum at 14:00 LT, while the ozone precur-
sors (VOCs and NO,,) showed bimodal variation, with a peak
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during rush hours, although these variations were not always
apparent for some seasons. These variations in diurnal con-
centrations indicate that photochemical precursors gradually
decreased, while their products increased. It should be noted
that the measured NO,. concentrations are in fact upper limits
because the NO, probably includes some oxidized reactive
nitrogen that was converted by the molybdenum. In order to
further understand the variation in ozone concentrations and
reveal its dependence on photochemical reactions, it is nec-
essary to analyze the change rates of ozone with respect to
time in each season, as follows:

d[o
[df] — [Os]y41 — [O3]:. (1)

In the equation, [O3], represents the 0zone concentration
at time 7, and [O3],41 is the ozone concentration for the next
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Table 2. The calibration curves and detection limits of VOC species.

Target compound Calibration curve Correlation coefficient  Detection limit (ppbv)
Ethene y =1.0188x + 0.2659 0.997 0.07
Acetylene y = 1.0409x 4 0.1756 0.998 0.08
Ethane y =1.0162x + 0.2891 0.997 0.08
Propene y = 0.9959x + 0.1506 0.999 0.07
Propane y = 0.9824x + 0.2082 0.998 0.09
i-Butane vy =0.9753x +0.3785 0.994 0.05
1-Butene y =0.9587x + 0.3641 0.994 0.06
n-Butane y=0.9776x +0.3718 0.994 0.05
trans-2-Butene y =0.9746x + 0.2747 0.997 0.05
cis-2-Butene y = 0.9834x + 0.1606 0.999 0.06
i-Pentane y =0.9753x +0.2135 0.998 0.07
1-Pentene vy =0.919x 4+ 0.1626 0.998 0.05
n-Pentane y = 0.9557x 4 0.2038 0.984 0.07
Isoprene y = 1.0304x + 0.1653 0.998 0.07
trans-2-pentene y =0.9753x +0.2135 0.998 0.07
cis-2-pentene y = 0.9557x + 0.2038 0.984 0.07
2,2-Dimethylbutane y=0.9731x +0.1971 0.998 0.07
Cyclopentane y =0.9993x 4 0.1412 0.997 0.06
2,3-Dimethylbutane vy =0.919x +0.1626 0.999 0.07
2-Methylpentane y =0.9557x 4 0.2038 0.984 0.07
3-Methylpentane y =0.9753x +0.2135 0.998 0.07
1-Hexene y = 0.9700x + 0.3300 0.995 0.05
n-Hexane y =0.9915x + 0.2626 0.997 0.06
Methylcyclopentane y =0.9749x 4 0.1832 0.999 0.07
2,4-Dimethylpentane y =0.9993x 4 0.1412 0.999 0.05
Benzene y =0.9753x + 0.2835 0.997 0.06
Cyclohexane vy =0.9841x +0.2744 0.997 0.07
2-methylhexane y =0.9744x 4 0.2979 0.996 0.05
2,3-dimethylpentane y =0.9779x + 0.2953 0.997 0.05
3-methylhexane y =0.9735x +0.3374 0.995 0.05
2,2,A-trimethylpentane  y = 0.9696x + 0.3947 0.994 0.05
n-Heptane y =0.9678x + 0.3635 0.994 0.05
Methylcyclohexane y =0.9819x + 0.3629 0.995 0.05
2,3,4-trimethylpentane  y = 0.9691x 4 0.3994 0.994 0.04
Toluene y = 0.9696x + 0.3397 0.995 0.05
2-methylheptane y = 0.9603x + 0.4835 0.990 0.04
3-methylheptane y =0.9625x + 0.4550 0.991 0.04
n-Octane y = 0.9524x + 0.5082 0.989 0.04
Ethylbenzene y = 0.9629x 4 0.4253 0.992 0.04
m, p- Xylenes y = 0.9541x + 0.5844 0.986 0.03
Styrene y =0.9524x +0.4132 0.991 0.04
0-Xylene y = 0.9515x + 0.4926 0.989 0.04
n-Nonane y =0.9878x +0.1635 0.998 0.04
i-Propylbenzene y =0.9418x 4+ 0.5162 0.986 0.04
n-Propylbenzene y = 0.9426x + 0.5468 0.986 0.04
m-Ethyltoluene y =0.9532x 4 0.4838 0.989 0.04
p-Ethyltoluene y = 0.9554x 4 0.3953 0.992 0.04
1,3,5-Trimethylbenzene  y =0.951x + 0.4724 0.989 0.04
o-Ethyltoluene y = 0.9784x 4 0.0956 0.999 0.04
1,2,4-trimethylbenzene  y = 0.9563x + 0.4509 0.991 0.03
n-Decane y =0.9651x + 0.3068 0.995 0.04
1,2,3-trimethylbenzene  y =0.9537x +0.3191 0.993 0.04
m-Diethylbenzene y = 0.9541x + 0.4494 0.991 0.04
p-Diethylbenzene y =0.9607x 4 0.3788 0.993 0.04
n-Undecane y =0.9519x + 0.3329 0.992 0.04
n-Dodecane vy =0.9890x +0.2711 0.993 0.05
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Figure 4. The seasonal-diurnal variations with daily 1 h averages of ozone, NO, and VOCs from June 2011 to May 2012 at GPACS.

Table 3. Daily average of VOCs categories, NO, and ozone in each season (from June 2011 to May 2012) at GPACS.

Alkanes  Alkenes Aromatics VOCs NO, O3

(ppbv)  (ppbv) (ppbv)  (ppbv)  (ppbv)  (ppbv)

Spring March 20.84 5.26 850 3460 76.39 12.46
April 25.11 5.86 1133 4230 3517  16.02

May 21.45 5.47 1094 3786 2529 2455

Summer  June 19.74 6.62 1423  40.60 2440 24.26
July 20.07 6.72 1290 39.69 2470 24.26

August 22.36 9.12 999 4146 2175 28.26

Autumn  September 20.82 7.80 895 3757 2518  29.67
October 22.26 5.63 889 36.78 2659 25.34

November 39.16 10.24 1416 63,57 3998 21.78

Winter December 33.61 8.47 597 48.05 39.14 20.37
January 32.13 7.96 754 4763  34.82 9.31

February - - - - 5269 9.97

hour after time . In the absence of transport effects, a nega-
tive rate of change in ozone concentration indicates that the
chemical loss of ozone plays a dominant role in the varia-
tion of ozone concentration, while the opposite indicates that
the generation of ozone photochemical reactions plays a key
role. Although wind speed is low at this site, the effect of hor-
izontal transport on daily variations in 0zone concentrations
is difficult to estimate and cannot be ruled out. Here, we in-
terpret all variations as due to chemical production and loss,
understanding that such interpretation is an upper limit to the
effect of chemistry, due to the likelihood of transport also in-
fluencing daily ozone variation. Although diurnal variations

Atmos. Chem. Phys., 15, 6625-6636, 2015

in the change rate of ozone for different seasons show minor
differences, the results indicate that a negative change rate in
0zone concentrations occurs at about 15:00 LT. At this time,
there was a decrease in OH radicals due to the fact that sun-
light, and its associated photochemistry, began to decrease.
At about 19:00 LT, there was no sunlight present to generate
OH radicals, however the titration of ozone by emission of
NO, could still consume ozone, and it was not until 00:00—
07:00 LT that the ozone concentration was seen to stabilize.
After this, the concentration of ozone began to show a posi-
tive change at 08:00 LT, due to the breakup of the nocturnal
boundary layer and increased photochemistry (Fig. 5).

www.atmos-chem-phys.net/15/6625/2015/
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Table 4. Properties of VOCs at GPACS from June 2011 to May

2012.
Compound MIR2 KgH x  Mixing ratio  Mixing ratio
10%2 (ppbv) (ppbC)
Alkanes
Ethane 0.25 0.27 3.66 7.31
Propane 0.46 1.15 4.34 13.02
i-Butane 1.18 2.34 2.67 10.68
n-Butane 1.08 2.54 3.07 12.28
Cyclopentane 224 5.16 0.15 0.77
i-Pentane 1.36 3.90 1.72 8.61
n-Pentane 1.22 3.94 1.37 6.86
Methylcyclopentane 1.46 5.10 0.32 1.94
2,3-Dimethylbutane 1.07 6.30 0.13 0.76
2,2-Dimethylbutane 0.82 2.32 0.37 2.22
2-Methylpentane 1.40 5.60 0.88 5.29
3-Methylpentane 1.69 5.70 0.75 451
n-Hexane 1.14 5.60 1.43 8.56
2,4-Dimethylpentane 111 5.70 0.37 0.41
Cyclohexane 1.14 7.49 1.65 9.90
2-Methylhexane 1.09 6.90 0.58 4.04
2,3-Dimethylpentane 1.25 5.10 0.26 1.82
3-Methylhexane 1.50 5.10 0.52 3.66
2,2,4-Trimethylpentane 1.20 3.68 0.22 1.79
n-Heptane 0.97 7.15 0.32 2.24
Methylcyclohexane 1.56 10.4 0.26 181
2,3,4-Trimethylpentane 0.97 7.00 0.12 0.96
2-Methylheptane 1.12 8.30 0.08 0.66
3-Methylheptane 0.80 8.60 0.08 0.68
n-Octane 0.68 8.68 0.19 1.54
n-Nonane 0.59 10.20 0.35 3.18
n-Decane 0.52 11.60 0.03 0.29
n-Undecane 0.47 13.20 0.17 1.92
n-Dodecane 0.38 14.20 0.14 1.65
Alkenes
Ethene 7.40 8.50 2.99 5.97
Propene 11.57 26.3 1.32 3.96
trans-2-Butene 15.20 64.0 0.28 1.14
1-Butene 9.57 31.4 0.44 177
cis-2-Butene 14.26 56.4 0.22 0.86
trans-2-Pentene 10.47 67.0 0.03 0.15
1-Pentene 7.07 314 0.05 0.23
cis-2-Pentene 10.28 65.0 0.19 0.97
Isoprene 10.48 101 114 5.72
1-Hexene - - 0.67 3.99
Aromatics
Benzene 0.42 1.23 0.62 3.72
Toluene 3.93 5.96 459 32.10
Ethylbenzene 2.96 6.96 1.48 11.81
m,p-Xylene 8.54 20.5 1.41 11.24
Styrene 1.66 58.0 0.41 3.25
0-Xylene 7.58 13.6 0.66 5.28
i-Propylbenzene 2.45 6.60 0.10 0.86
n-Propylbenzene 1.96 5.70 0.23 2.05
m-Ethyltoluene 7.39 18.6 0.25 2.22
p-Ethyltoluene 4.39 11.8 0.21 1.89
1,3,5-Trimethylbenzene  11.75 56.7 0.21 1.86
o-Ethyltoluene 5.54 11.9 0.27 247
1,2,4-Trimethylbenzene 8.83 325 0.21 1.92
1,2,3-Trimethylbenzene  11.94 32.7 0.15 1.32
m-Diethylbenzene 7.08 15.0 0.12 1.25
p-Diethylbenzene 4.39 10.0 0.11 1.05

@ MIR denotes maximum incremental reactivity (Carter, 1994). b kon denotes rate constant of VOCs

react with hydroxyl radicals at 298 K (Atkinson and Arey, 2003).
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Figure 5. Average diurnal trends in ozone for each season during
June 2011 to May 2012 at GPACS. The blue lines represent hourly
mean values and the black bars represent the standard deviation.

3.2 The effect of VOCs on ozone formation

VOCs exhibit a wide range of reactivity, and their concentra-
tions are not proportional to ozone photochemical formation.
The average concentration of VOCs (ppbv) in each season
has been discussed in Sect. 3.1. In order to adequately under-
stand the properties of VOCs observed in the ambient atmo-
sphere and to identify their critical role in 0zone photochem-
ical production, VOC composition and reactivity have long
been of particular concern. VOCs have two main character-
istics that determine their ozone formation potential: kinetic
reactivity and mechanism reactivity. To estimate the reactiv-
ity of VOCs according to their kinetic reactivity, we calcu-
lated the propylene-equivalent concentration (Chameides et
al., 1992; Lawrimore et al., 1995):

kj.oH
kPropy,OH ’

Cj,Propy-Equiv =Cjc X 2
where j represents a species of VOC, C; ¢ represents the
carbon atom concentration (ppbC) of this species and & ; on
and kpropy,oH denote the chemical reaction rate constant in
the free radical reaction of species j and propylene with OH.
k;,on is obtained from a study by Atkinson and Aery (2003).
To estimate for the reactivity of VOCs by the mechanism re-
activity, the MIR-weighted concentration, which represents
the maximum ozone concentration generated by this species
based on estimated MIR, was calculated as per the equation
below:

mi
Cjmir =MIR; x Cjppv x —. ®3)
where C; ppbv represents the actual concentration by vol-
ume (ppbv) for species j, M represents the molecular mass
of ozone, and m ; represents the relative molecular mass of
species j in the VOCs. The MIR; was estimated by selecting
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Figure 6. VOC profiles based on different scales from June 2011 to
May 2012 at GPACS.

the specific MIR value for each of the VOCs from published
studies which were conducted based on modeled scenarios
for Los Angeles in the 1980s (Dodge, 1984; Carter, 1994).
The OH reaction rate constants and estimated MIR coeffi-
cients, as well as their concentrations, for each VOC species
are shown in Table 4.

Figure 6 shows the characteristics of each VOC cate-
gory obtained at the sampling point, with concentrations ex-
pressed on different scales. As can be seen from the non-
weighted concentration by volume and by carbon atom, alka-
nes occupied the largest proportion, accounting for 59 and
53% of the VOC concentration, respectively, followed by
aromatics (24 and 36 %, respectively) and lastly alkenes (17
and 11%, respectively). As can be seen from the Propy-
Equiv and MIR-weighted concentrations, the alkenes and
aromatics were dominant, accounting for 73 and 83 %, re-
spectively. Total Propy-Equiv concentration accounted for
nearly half of the carbon atom concentration, indicating that
the reactivity of major VOCs species was lower than propy-
lene at the sampling point. In summary, during the monitor-
ing period, alkanes and aromatics were shown to have the
highest concentration based on the concentrations by volume
and carbon atoms. However, based on ozone formation po-
tential, aromatics and alkenes were found to make the largest
contributions. While the alkane content was high, because of
their low reactivity, they contribute less to the reactivity of
VOCs and ozone formation potential. Although alkene con-
centrations were smaller than those of alkanes, due to their
high reactivity, alkenes made a greater contribution to ozone
than alkanes, which is consistent with findings from other
locations (Russell, 1995).

Table 5 shows the ranking of ozone formation potential
of VOC species, as calculated by the Propy-Equiv concen-
tration and MIR factor methods, which both yielded simi-
lar results. Among the top 10 species, 8 species were the
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same, differing only in terms of rank order. As a result,
both methods can be used to reflect the ozone formation po-
tential of each VOC species, to some extent, especially for
those which make a greater contribution to ozone forma-
tion. However, since these two methods differ in principle,
the calculated ranks of ozone formation potential are also
different. The Propy-Equiv concentration method only con-
siders kinetic activity and ignores the different mechanism
activities of the reaction between peroxide radicals and NO,
thus when assessing ozone formation potential, the species
with a faster OH reaction rate, such as isoprene, may be
overestimated. On the other hand, the MIR method takes
into consideration the chemical mechanisms and impacts of
VOC / NO, ratios on ozone production, which may also in-
troduce some mechanism and simulation uncertainties (Dim-
itriades, 1996; Ran et al., 2009). In addition, it should be note
that the MIR determined in one location may be different
in another, such that the application of MIR may be only
approximate for Guangzhou. In summary, aromatics were
found to be the species with the highest reactivity at the
sampling site, among which toluene, m-Xylene, p-Xylene,
0-Xylene, ethylbenzene, 1,2,4-trimethylbenzene and 1,3,5-
trimethylbenzene made a total contribution of approximately
44% to ozone formation potential, followed by alkenes.
Toluene, m-Xylene, p-Xylene and 1,3,5-trimethylbenzene
are mainly from large factories and industrial activities (Liu
et al., 2008). Located in the eastern part of the sampling
site, the industrial city of Dongguan (circle on the map in
Fig. 1) are presumed to have made some part of the contri-
bution to these species at the sampling site in the autumn
and winter, when northeasterly winds prevailed at the sam-
pling site. Moreover, while isoprene concentrations were rel-
atively low, it ranks at first and third in terms of OH reactiv-
ity and MIR, respectively. Therefore, isoprene emissions also
need to be considered with respect to the control of ozone in
Guangzhou.

3.3 Relationship between the variation of VOC / NO,
ratios and ozone formation regime

The impact of ozone precursors on ozone formation can be
described as either VOC- or NO, -limited. Assessing whether
an area is VOC- or NO,-limited is an important step towards
reducing regional ozone pollution. The ratios of VOC / NO,
have been widely used to help determine the ozone forma-
tion regime. For example, numerical simulations of ozone
pollution in Los Angeles in the 1980s indicated a transition
from VOC-limited to NO,-limited regime at a VOC / NO,
ratio of approximately 8 : 1 (Seinfeld, 1989). In this study,
we did not perform any modeling work, but used the approx-
imate VOC / NO, ratio to determine if ozone formation was
VOC- or NO,-limited in Guangzhou. It is important to note
that the actual VOC / NO, ratio may be higher than the ra-
tios reported here, as the measured NO, may include some
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Table 5. Relative contributions to ozone formation by the top 10 VOCs species based on the Propy-Equiv and the MIR scales from June

2011 to May 2012 at GPACS.

OH Reactivity Rank MIR Rank

Compound Percentage Compound Percentage

(%) (%)
Isoprene 19.97 Toluene 16.26
m,p-Xylene 7.97 m,p-Xylene 12.48
Toluene 6.62 Isoprene 7.99
Styrene 6.51 Propene 6.30
1,3,5-Trimethylbenzene 3.82 Ethene 6.07
Propene 3.60 0-Xylene 521
Ethylbenzene 2.85 Ethylbenzene 454
Cyclohexane 2.56 1,3,5-Trimethylbenzene 2.87
trans-2-Butene 251 trans-2-Butene 2.37
0-Xylene 2.48 1,2,4-Trimethylbenzene 2.22

oxidized reactive nitrogen, due to the application of a molyb-
denum converter during the measurement phase.

Figure 7 shows the diurnal variations of VOC / NO, ra-
tios, as well as ozone concentrations for each season dur-
ing the measurement period. It can be seen that, in the sum-
mer and autumn, the average VOC / NO, ratio was about
7 :1 from 06:00 to 09:00 LT, and much higher than the 8 : 1
threshold for NO, -limited formation from 12:00 to 16:00 LT,
when ozone concentration reached a relatively high level.
This indicates that ozone formation was likely to be VOC-
limited during the morning and NO,-limited during peak
ozone hours, respectively. However, in the spring and winter,
VOC /NO, ratios were much lower than the ratio of 8: 1,
with an average value of about 7: 1 and 5: 1, respectively.
The results suggest that ozone formation was more likely to
be VOC-limited during the spring and winter.

Figure 8 presents the frequency distributions of hourly
ozone concentrations for each season. As seen in the figure,
high hourly ozone concentrations (i.e., > 80 ppbv) were ob-
served more frequently in summer and autumn, accounting
for about 5 and 3 %, respectively, followed by 2 % in spring.
Hourly ozone concentrations did not exceed > 80 ppbv in
winter. As a result, ozone formation was more likely to be
NO,-limited during high-concentration ozone episodes in
the PRD, a finding which is similar to that reported by Li
et al. (2013). Considering that the impact of VOCs on o0zone
formation was more closely related to the reactivity of indi-
vidual VOC species than to the amount of total VOCs, a VOC
(reactivity) / NO, ratio was used to analyze ozone formation
(Fig. 7). The reactivity-based VOC / NO, ratio was consis-
tent with the non-reactivity-based VOC / NO, ratio, due to
the fact that, regardless of large variations in the concentra-
tion of the different types of VOC:s (i.e., alkanes, alkenes and
aromatics), the relative contribution of each type remained
fairly uniform throughout the observation period, as shown
in Fig. 2.
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Given that high-concentration ozone is particularly harm-
ful to human health, many regulators are focusing on re-
ducing emissions during peak ozone hours (12:00-16:00 LT)
(Castellanos et al., 2009). In order to further study the re-
lationship between the variation of VOC /NO, ratios and
ozone formation during high-concentration ozone events,
36 days with an hourly ozone value higher than 93 ppbv
(i.e., 200pugm=3), a threshold set by a new Chinese ambi-
ent air quality standard (GB 3095-2012, 2012) were selected
for analysis during the monitoring period. Figure 9 shows
that the VOC / NO, ratio during peak ozone hours (12:00-
16:00 LT) was twice as high as the average ratio of 8: 1 for
summer and autumn, suggesting that ozone formation was
likely to be NO,-limited during peak ozone hours (12:00-
16:00LT) in Guangzhou. However, when ozone concentra-
tions were relatively low in the morning (06:00-09:00 LT)
and at night (20:00-00:00 LT), the ratio of VOC / NO, was
about 6 : 1 and 7 : 1, respectively, which indicates that ozone
formation was VOC-limited. It should be noted that, since
we used the VOC / NO, ratio of 8: 1 from Los Angeles to
determine ozone formation regimes in Guangzhou, the anal-
ysis is only approximate in terms of the assessment of VOC
or NO, limitations for ozone control. A more accurate analy-
sis would require a photochemical model and more accurate
measurements of NO, in the Guangzhou region.

4 Conclusions

Ground-level ozone and its precursors (i.e., VOCs and NO,)
were monitored over a 12-month period (from June 2011
to May 2012) at GPACS, which is located in a suburban
area of Guangzhou, where high ozone events often occur.
Observation-based analysis was performed to investigate the
characteristics of VOCs, NO, and ozone in this highly pop-
ulated region.
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Figure 7. The diurnal patterns of VOC / NOy ratios calculated by three different ways, as well as 0zone concentrations, for each season from
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centrations from summer 2011 to spring 2012 at GPACS plotted by
bar.

Ozone concentrations were significantly higher in summer
and autumn, while the opposite was observed for VOCs and
NO,, which were higher in winter and spring. Ozone concen-
tration began to show a net increase at 08:00 LT, likely due to
the breakup of the nocturnal boundary layer and increased
photochemistry, while a net decrease in ozone concentra-
tion occurred at about 15:00 LT, due to the fact that sunlight,
and its associated photochemistry, begin to decrease, lead-
ing to low OH radicals and the titration of ozone by emis-
sions of NO,. In terms of reactivity-based concentration of
VOCs, aromatics had the largest ozone formation potential,
among which toluene, m-, o- and p-Xylene, ethylbenzene,
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Figure 9. The variation patterns of VOC / NO, ratio and ozone con-
centration at a high ozone episode at GPACS. High ozone episode
refers to the day with an hourly ozone value higher than 93 ppbv. A
black level line represents the VOC / NO, of 8 : 1.

1,2 4-trimethylbenzene and 1,3,5-trimethylbenzene made a
total contribution of approximately 44 % to ozone formation
potential. It should be noted that while the concentration of
isoprene emitted by plants is not high, it makes a large con-
tribution to ozone formation (about 8 %), due to its high MIR
reactivity.

We also examined the temporal characteristics of ozone
formation regimes according to the ratio of VOC /NO,,
which indicated that ozone formation was likely to be NO,-
limited during peak ozone hours (12:00-16:00LT) in sum-
mer and autumn, as well as during high-concentration ozone
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events (with an hourly ozone value higher than 93 ppbv)
throughout the year. However, in spring and winter, ozone
formation was more likely to be VOC-limited for an ex-
tended period of time.

It should be noted that the results presented above are
based on observational data, and the discussion of ozone
formation regimes in Guangzhou is only based on a com-
parison with the VOC / NO, ratios reported for Los Ange-
les. Further investigations using numerical simulations are
needed to obtain more detailed and robust conclusions. The
application of various numerical models (e.g., observation-
based model (OBM), Weather Research and Forecasting-
Chemistry Model (WRF-Chem) and the U.S. Environmen-
tal Protection Agency’s Community Multi-scale Air Quality
(CMAQ)) to simulate ozone pollution in the atmosphere is
imperative to fully understand the formation of ozone from
VOCs and NO,.
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