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Abstract

In this study, online monitoring instruments were used to monitor ozone, NOx and VOCs
at the Guangzhou Panyu Atmospheric Composition Station (GPACS) of the China Me-
teorological Administration from June 2011 to May 2012, so as to obtain their char-
acteristic seasonal and diurnal variations, as well as the impacts of NOx and VOCs5

on local ozone formation and Guangzhou ozone control strategies. The results show
that during the observation period the seasonal variation of ozone concentration was
lower in the spring and winter and higher in the summer and autumn, which is contrary
that of NOx and VOCs. At around 09:00 LT in the summer, autumn and winter, both
the ozone concentration and NO2/NO ratio begin to increase, and the NO2/NO ratio10

reached its maximum after a peak of ozone concentration, but this variation was not
particularly evident in the spring. Aromatics and alkenes are the largest components
for ozone formation potential, among which aromatic toluene, m-xylene, p-xylene and
1,3,5-trimethylbenzene are the most important components, with a total contribution of
about 31.6 % to ozone formation potential. Through the analysis on local ozone con-15

trol by the VOC/NOX ratio, it was found that when the ozone concentration reached
a peak in the summer and autumn in which high concentrations of ozone were prone
to occur, ozone generation was NOx limited, thus NOx emissions must be controlled
to regulate the occurrence of high-concentration ozone events. In the spring and win-
ter, ozone generation was always VOCs controlled. Due to the relatively low ozone20

concentration, although NOx emissions could be controlled to increase ozone concen-
tration, high-concentration ozone events would not occur. Therefore, for the control
of ozone in Guangzhou, in addition to the control of VOCs emissions, more attention
must be paid to reducing NOx emissions, so as to achieve the purpose of controlling
high-concentration ozone.25
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1 Introduction

Along with its rapid economic development and urbanization, the Pearl River Delta has
become one of the most serious pollution areas in China (Chan et al., 2008). Differ-
ent from the air pollution situations of Beijing, Tianjin, Hebei and the Yangtze River
Delta region, which involve particulate matters as the main pollutants (Wang et al.,5

2012; Zhao et al., 2011), due to the unique geographical location and climate as well
as the rapid increase in the emissions of VOCs and NOx (NO+NO2) as ozone pre-
cursors caused by industrial activities and the growing number of motor vehicles, in
the Pearl River Delta high-concentration ozone events occur frequently and are a very
prominent air pollution problem (Wang et al., 2009). Tropospheric ozone is the sec-10

ondary pollutant generated by photochemical reactions of VOCs and NOx under light
conditions (Sillman, 1995). However, VOCs and NOx have no linear relationship with
ozone formation, and their impacts on ozone formation can be described by VOC and
NOx control areas (Zhang et al., 2004; Tie et al., 2007; Geng et al., 2008). In 1977,
Dodge used the model OZIPP (ozone isopleth plotting package) and drew an conclu-15

sion that although the specific actual situations differ, it is generally considered that
when the VOC/NOx ratio is more than 8 : 1, ozone is formed in the NOx control area,
while when the VOC/NOx ratio is less than 8 : 1, ozone is formed in the VOCs control
area (Dodge, 1977). And later this view had been adopted and applied by many re-
searchers during their researches throughout the world (Sillman, 1999; Committee on20

Tropospheric Ozone Formation and Measurement, 1991; Ran et al., 2009). Therefore,
the understanding of the ozone photochemical process can provide a scientific basis
for the effective control of local ozone.

Currently, a greater amount of systematic long-term observation data have been
available on atmospheric ozone and NOx in the Pearl River Delta region, while VOCs25

data which mostly involve short-term intensive observations or non-continuous long-
term observations is not included in the scope of daily observations (Wang et al., 2004;
Shao et al., 2009). Therefore, the relationship between VOCs, NOx and ozone cannot
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be fully revealed to discern the impacts of VOCs and NOx on ozone formation in the
Pearl River Delta region. In order to more effectively solve the problem of ozone pol-
lution in the Pearl River Delta, VOCs, NOx and ozone were observed throughout the
period of one year at GPACS, focusing on analyzing the impacts of NO/NO2 ratio and
VOCs components on ozone formation. In addition, a large amount of research has5

been conducted on ozone formation in the Pearl River Delta (Wang et al., 2005; Cheng
et al., 2010; Guo et al., 2009). Previous studies have shown that ozone was gener-
ated in the VOCs control area of the Pearl River Delta region, but only a small number
of scholars (Li et al., 2008) have analyzed the control areas of ozone formation with
diurnal variation in the Pearl River Delta region. In order to control the occurrence of10

high-concentration ozone events in Guangzhou, the control areas of ozone formation
with diurnal variation are explored in four scenarios herein, i.e. spring, summer, autumn
and winter, thus providing a scientific basis for the control of ozone in Guangzhou.

This study is organized as follows. The second section describes the methodology
in this study, mainly including the sampling point and observation instruments. The15

third section mainly analyzes the observed results, including characteristic analyses
of ozone, NOx and VOCs, the relationship between NO2/NO ratio and ozone forma-
tion, and an analysis of the contribution of VOCs components to ozone formation by
using MIR and an equivalent propylene concentration method. In the final section, the
VOC/NOx ratio analysis method is adopted to analyze the control areas with ozone for-20

mation in the seasonal diurnal variation process, in order to explore the ozone control
strategies in Guangzhou.

2 Methodology

2.1 Measurements

From June 2011 to May 2012, automatic sampling and on-line monitoring were car-25

ried out on ozone, NOx and VOCs. The sampling site was located at the moun-
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tain top of Dazhengang, Nancun Town, Panyu District, Guangzhou City, Guangdong
Province, with an elevation of 141 m, at the latitude of 23◦00.236′ N and longitude of
113◦21.292′ E (Fig. 1). The prevailing wind, wind speed and temperature at the sam-
pling point during the different seasons are shown in Fig. 2 and Table 1. At the sampling
point, northeasterly and southwesterly are the prevailing winds in spring (April, May5

and June), along with southwesterly in summer (June, July and August), southwesterly
in autumn (September, October and November), and northeasterly in winter (Decem-
ber, January and February). In the different seasons, the average wind speed varies
around1.4 m s−1, while the average temperature undergoes more significant changes
from 14.2 ◦C in winter to 29.4 ◦C in summer. This sampling station is a comprehensive10

site which is able to monitor the typical air pollution processes of the Pearl River Delta
in different seasons and under different weather conditions (Deng et al., 2010).

2.2 Instrument description

The data used in this study include the hourly concentration of ozone, NOx and VOCs
during the observation period (June 2011–May 2012). The concentration of ozone15

gas was obtained using an EC9810B ozone analyzer produced by Ecotech Co. of
Australia with the UV photometric method. The concentration of nitrogen oxides gas
was collected using an EC9841B oxynitride (NO/NO2/NOx) gas analyzer produced by
Ecotech with the chemiluminescence method.

VOCs concentration was obtained using a GC5000 analyzer produced by AMA Co.20

of Germany with the GC-FID analysis method. This apparatus is comprised of a low-
boiling-point VOC analyzer and high-boiling-point BTX analyzer, including two sets of
sampling systems and two systems of separated chromatographic columns. A low-
boiling-point VOC analyzer was able to conduct enriched concentration at 13 ◦C, double
adsorption at 20 ◦C, and desorption when the temperature was raised to 200 ◦C follow-25

ing by separation by two-dimensional chromatographic columns. The chromatographic
columns comprised the Al2O3/Na2SO4 plot column with a diameter of 0.32 mm, film
thickness of 5 mm and a length of 60 m, as well as a back flushing column (carbowax)
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with a diameter of 0.32 mm, film thickness of 0.25 mm and length of 30 m. A back flush-
ing column was used to remove the moisture component and high boiling component,
and two types of chromatographic column were polar columns. Through two rounds of
thermal desorption, the low-boiling-point hydrocarbons could be well separated, and
the detector was a flame ionization detector (FID). A BTX high-boiling-point analyzer5

was able to conduct precondensation of volatile organic compounds at 30 ◦C, followed
by thermal desorption, then separation on the DB-1 column to achieve optimum sepa-
ration and prevent interference of related compounds. This column has a diameter of
0.32 mm, thickness of 10 mm and length of 60 m. A flame ionization detector (FID) was
used to detect the system. The detected target compounds were 56 types of VOCs10

designated by the US EPA with the time resolution of once per hour. The analytical
method was described in a previous study (Zou et al., 2013).

3 Results and discussion

3.1 Characteristics of ozone, NOx and VOCs

The seasonal diurnal variation characteristics of ozone, VOCs and NOx are shown in15

Fig. 3. The seasonal variation characteristics of ozone are relatively apparent. The sea-
sonal variation of ozone concentrations display the seasonal pattern of being lower in
the spring and winter and higher in the summer and autumn. Furthermore the increase
range is much larger in late summer and early autumn than the other times, which is
mainly due to the light, temperature and other meteorological factors being different in20

each season (Bloomer et al., 2009, 2010). The seasonal variation in the concentration
of ozone precursors is opposite to that of ozone concentration. NOx concentration is
higher in spring and winter, but lower in summer and autumn and VOCs concentration
is higher in winter, but lower in summer. The diurnal concentration variation of ozone
is unimodal, reaching its maximum at 2.00 p.m., while those of the ozone precursors,25

i.e. VOCs and NOx, show a bimodal variation with a peak in rush hours. These diurnal
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concentration concentrations exhibit consistent characteristics with the law of atmo-
spheric photochemical reactions. In order to further understand the variation in ozone
concentration and reveal its dependence on photochemical reactions, it is necessary
to analyze the variation trend of ozone, shown as follows:

d[O3]/dt = [O3](t+1h)− [O3](t) (1)5

In the equation, [O3](t) represents the ozone concentration at time t, and [O3](t+1 h)
is the ozone concentration for the next hour of time t. A negative growth of variation in
ozone concentration indicates that the chemical loss of ozone plays a dominant role
in the variation in ozone concentration, while the contrary indicates that the generation10

of ozone photochemical reactions plays a key role. The results show that a negative
growth of ozone concentration occurs between 15:00–23:00 LT is presumably due to
titration of ozone by emissions of NOx and the photochemical reaction do not play
a key role. The zero derivative between 00:00–07:00 LT indicates no further titration
with the reduction of NOx emission. And the transmission of ozone plays an important15

role on keeping a relatively stable ozone concentration during the period of time. The
photochemical reaction is intense at noon, and the concentration trend of ozone shows
a positive growth. The photochemical generation of ozone is greater than its chemical
loss (Fig. 4).

3.2 Relationship between NO2/NO ratio and ozone formation20

Atmospheric NO2 and NO are involved in photochemical reactions, including the fol-
lowing:

O3 +NO → NO2 +O2 (2)

O(3P)+O2 +M → O3 +M (3)

NO2 +hv → NO+O(3P) (4)25

These three reactions are also known as the steady-state responses, and the rela-
tionship among the three is called photo stationary state relationship. The relationship
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between NO2/NO and ozone in each season is shown in Fig. 5. At around 08:00 LT
in the summer, autumn and winter, NO2/NO ratio is very low due to the fact that NO
is emitted from vehicle emission and the solar radiation is very weak. And the ozone
concentration is also very low at this time because of titration of ozone. After that,
with the strengthen of solar radiation, the ozone concentration begins to accumulate5

for the photolysis of NO2 and increases with NO2/NO ratio rising. At around 15:00 LT,
the ozone concentration reaches its maximum. NO2/NO ratio subsequently reaches
its maximum by further photochemical reaction (Eq. 2). At around 19:00 LT, with the
increase in NO emissions, the NO2/NO ratio is reduced accordingly. This variation
is not apparent in the spring, which may be due to meteorology in spring. However,10

in the actual atmosphere, the ozone concentration is also affected by VOCs, CO and
other ozone precursors, and their high concentrations will in turn affect the steady-state
cycle.

3.3 Impact of VOCs on ozone formation potential

VOCs appear in various types. Different types of VOCs have different photochemical15

reactivities, thereby leading to different ozone formation potential. Ozone control is
mainly used to control the species with the largest ozone formation potential, which
is the most cost-effective solution. VOCs have three main factors for ozone formation
potential: carbon-number concentration (ppbc), kinetic activity, and mechanism activity.
Therefore, it is necessary to analyze VOCs components through the three factors of20

ozone formation.
For kinetic activity, the propylene-equivalent concentration method (CPE (J)) is ex-

pressed as shown below:

CPE(J) = CJKOH(J)/K(OH)(C3H6) (5)
25

In the equation, J represents a species of VOC, CJ represents the carbon-number
concentration (ppbc) of this species, and KOH(J) and KOH(C3H6) denote the chemical
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reaction rate constant in the free radical reaction of species J and propylene with OH.
The reaction rate constant is shown in Table 2.

For the mechanism activity, the MIR factor weighting method is used with the follow-
ing expression:

Conj.MIR = MIR×Comppbv ×uj/uozone (6)5

In the equation, uj and uozone represent the relative molecular mass of species J in
the VOCs and ozone respectively, Comppbv represents the actual volume mixing ratio,
the Maximum Incremental Reactivity (MIR) factors were developed by Carter (Carter
et al., 1994) in model Scenarios, MIR of each VOCs is from the model and Conj.MIR is10

maximum-increment-activity MIR factor weighting concentration which represents the
maximum ozone concentration generated by this species based on MIR. The maxi-
mum ozone concentrations of different VOCs are used to compare their relative ozone
formation potential. The MIR coefficients are shown in Table 2.

Figure 6 shows the characteristics of VOCs components obtained at the sampling15

point by using the volume mixing ratio concentration (ppbv), carbon number concen-
tration (ppbc), propylene-equivalent concentration (ppbc), and maximum-increment-
activity MIR factor weighting concentration (ppbv) methods. As viewed from the vol-
ume mixing ratio concentration (ppbv), hydrocarbons occupy the largest proportion,
accounting for 59 % of total VOCs concentration, among which low-carbon compounds20

(fewer than five carbon atoms) are dominant, accounting for 41.2 %, followed by aro-
matics (24 %), and alkenes have the lowest proportion, at 17 %. As viewed from carbon
concentration (ppbc), alkanes have the largest proportion of 53 %, the aromatic pro-
portion rises to 36 %, and alkenes have the lowest proportion of 11 %. It is thus shown
that when using the volume mixing ratio concentration, the importance of low-carbon25

alkane compounds will be overestimated. As viewed from the propylene-equivalent
and MIR factor weighting concentrations, the alkenes and aromatics are dominant,
accounting for total proportions of 73 % and 83 % respectively, and alkanes have the
lowest proportion. Total propylene-equivalent concentration accounts for nearly half of
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the total carbon concentration, indicating that the activities of major VOCs components
are lower than propylene at the sampling point. In summary, during the monitoring
period, as viewed from the volume mixing ratio and carbon number concentrations of
VOCs, alkanes and aromatics are shown to be the most important constituents of the
atmosphere at the sampling point. However, as viewed from ozone formation poten-5

tial, aromatics and alkenes are the two species with the largest contributions. Alkanes
content are high, but because of its low reactivity, alkanes have less contribution to the
reactivity of VOCs and ozone formation potential. Although the alkenes concentration
are smaller than that of alkanes, due to its high reactivity, alkenes have greater contri-
butions to ozone than alkanes. Table 3 shows the ozone formation potential ranking of10

VOCs species as calculated by the propylene-equivalent concentration and MIR fac-
tor methods. It can be seen that the results of both methods are partially consistent,
but some differences may also be seen. Among the top 10 species, eight species are
exactly the same, differing only in terms of rank order. It is shown that both methods
can be used to reflect the ozone formation potential of each VOCs species to some15

extent, and especially those with greater contributions to ozone formation have better
consistency. However, since these two methods differ in principle, the calculated ranks
of ozone formation potential are also different. The propylene-equivalent concentration
method only considering kinetic activity ignores the differences in mechanism activities
of the reaction between peroxide radicals and NO, thus when assessing ozone forma-20

tion potential, the species with faster OH reaction rate may be overestimated, such as
isoprene. Although the MIR factor method considers the kinetics and mechanism activ-
ity, due to the fact that the MIR factor involves possible uncertainty and the lack of MIR
data for some species, the MIR factor method cannot become a reliable assessment
approach of ozone formation potential. In summary, aromatics are the species with25

the highest reactivity at the sample point, followed by alkenes. Aromatics have a high
carbon concentration in the ambient atmosphere with high activity, in which toluene,
m-xylene, p-xylene and 1,3,5-trimethylbenzene with higher reactivity are the most im-
portant, with a total contribution to ozone formation potential of about 31.61 %. These
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substances are mainly sourced from large factories and industrial activities (Liu et al.,
2008a). As an industrial city, Dong guan is located in the eastern part of the sampling
point, where EN wind is the prevailing in the autumn and winter at the sampling points.
Dongguan is presumed to have some contributions to VOCs at sampling points in the
autumn and winter. Moreover, isoprene has no high concentration, but ranks at no.5

1 and 3 in terms of OH activity and MIR. Therefore, the choice of green plant species
must consider the isoprene emissions of plants in the greening process at the sampling
point.

3.4 Sensitive areas of ozone formation

As mentioned in Sect. 3.2, if only steady-state reaction occurs in the atmosphere, no10

net formation of ozone exists, but in the actual atmosphere, ozone formation is also
affected by VOCs and other precursors.

OH+RH → R+H2O (7)

R+O2 +M → RO2 +M (8)

RO2 +NO → RO+NO2 (9)15

RO+O2 → R′CHO+HO2 (10)

HO2 +NO → OH+NO2 (11)

NO2 produced by Eqs. (9) and (11) can generate ozone, and the radical regenerated
by Eqs. (10) and (11) can excite a cycle. In the formation of the tropospheric ozone, the20

reaction of VOCs and NOx with free radicals plays an important role. It can be seen that
the ozone formation relies on the VOC/NOx ratio. VOCs and NOx have a non-linear
relationship with the formation of the ozone as a secondary photochemical product,
and their impacts on the ozone formation can be described by the VOCs and NOx con-
trol areas. In 1977, Dodge used the model OZIPP (ozone isopleth plotting package)25

and drew an conclusion that although the specific actual situations differ, it is generally
considered that when the VOC/NOx ratio is more than 8 : 1, ozone is formed in the
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NOx control area, while when the VOC/NOx ratio is less than 8 : 1, ozone is formed
in the VOCs control area (Dodge, 1977). And later this view had been adopted and
applied by many researchers during their researches throughout the world (Sillman,
1999; Committee on Tropospheric Ozone Formation and Measurement, 1991; Ran
et al., 2009). We also use this VOCs/NOx ratio value (8) to research the ozone forma-5

tion in Guangzhou for the reason that the VOC/NOx ratio has not yet been confirm in
Guangzhou to judge whether the ozone is formed in the VOCs control area and NOx
control area.

Most previous studies in the PRD region reported that ozone was VOC-limited
(Zhang et al., 2008b; Guo et al., 2009). However, few previous studies on the region’s10

ozone formation regime have examined the possible diurnal variations in ozone for-
mation regime. An analysis was carried out on the diurnal variation of seasonal ozone
concentration and the VOC/NOx ratio during the monitoring period (Fig. 7). It was
found that high-concentration ozone events are prone to occur in the summer and au-
tumn. In the morning (7:00 to 08:00 LT), the VOC/NOx ratio is less than 8, and ozone15

is formed in the VOCs control area, leading to a decline in VOCs concentration, which
helps to further reduce the ozone concentration. However, when the ozone concentra-
tion reaches a peak at noon, the VOC/NOx ratio is greater than 8, and ozone is formed
in the NOx control area. The NOx emissions must be controlled to achieve the purpose
of controlling high-concentration ozone events, which is similar to the research findings20

of Pearl River Delta (Li et al., 2013). In the spring and winter, the VOC/NOx ratio is al-
ways less than 8, and ozone is generated in the VOCs control area for a long period of
time. Since the ozone concentration is relatively low in these two seasons, although the
control of NOx emissions can increase the ozone concentration, no high-concentration
ozone event will occur. Therefore, for the control of the local ozone, in addition to VOCs25

control, the control of NOx concentration will further reduce high ozone concentration
to prevent the occurrence of high-concentration ozone events.

The high-concentration ozone is seriously harmful to human health, many regulators
are focusing on reducing emissions at peak ozone forming hours (Castellanos et al.,
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2009). In order to further study the ozone control strategies under the conditions of
high-concentration ozone, the days with high-concentration ozone were selected for
analysis in the monitoring period; the day with high-concentration ozone refers to the
day with an hourly ozone value higher than 93 ppbv. It may be seen in Fig. 8 that
under the conditions of high-concentration ozone at noon, the control of NOx concen-5

tration may transiently reduce the peak of high-concentration ozone. However, when
the ozone concentration is relatively low in the morning and at night, the control of the
NOx concentration may transiently increase the ozone concentration. Therefore, when
high-concentration ozone events occur, more attention must be paid to controlling NOx
emissions, so as to achieve the purpose of controlling high-concentration ozone events.10

4 Conclusions

One-year consecutive observation was carried out on the near-surface ozone and its
precursors VOCs and NOx at GPACS, and the seasonal and diurnal variations were
characterized. The results indicate that seasonal variation in the ozone concentration
is significantly shown as being lower in the spring and winter and higher in the sum-15

mer and autumn, while the precursors VOCs and NOx display the opposite seasonal
variation against the ozone. The diurnal concentration variation of the ozone shows
a unimodal variation, which reaches its maximum at 14:00 LT, while that of the ozone
precursors VOCs and NOx display a bimodal variation, which reach their maximum
around rush hour. A negative growth of ozone concentration occurs between 15:00–20

23:00 LT is presumably due to titration of ozone by emissions of NOx and the photo-
chemical reaction do not play a key role. The photochemical reaction is intensive at
noon, so that the variation trend of the ozone concentration shows a positive growth,
and photochemical formation of the ozone is larger than its chemical loss. Through
analyzing the relationship between NO2/NO ratio and ozone concentration, it is found25

that at around 09:00 LT in the summer, autumn and winter, both the ozone concentra-
tion and NO2/NO ratio begin to increase, and the NO2/NO ratio reaches its maximum
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after the peak of ozone concentration. In the spring, the NO2/NO ratio performs differ-
ently from the other three seasons, which may be due to the spring weather factors.
Through analyzing the impacts of the VOCs components on ozone formation, it is re-
vealed that, as viewed from the volume mixing ratio concentration and carbon number
of VOCs, alkanes and aromatics are the most important atmospheric constituents at5

the sampling point. As viewed from ozone formation potential, aromatics and alkenes
are the two species with the largest contributions. Among these, toluene, m-xylene,
p-xylene and 1,3,5-trimethylbenzene are the most important, with a total contribution
to ozone formation potential of about 31.6 %. It should be noted that the concentration
of isoprene emitted by plants is not high, but has a very large contribution to the ozone.10

Through analyzing the diurnal variation law of seasonal ozone concentration and the
VOC/NOx ratio, it is found that high-concentration ozone events are prone to occur in
the summer and autumn. In the morning (07:00 to 08:00 LT), ozone is formed in the
VOCs control area, and the reduction of VOCs concentration helps to further reduce
the ozone concentration. However, when the ozone concentration reaches its peak at15

noon, the ozone is formed in the NOx control area. The NOx emissions must be con-
trolled to achieve the purpose of controlling high-concentration ozone events. However,
in the spring and winter, ozone is generated in the VOCs control area for a long period
of time. Due to the fact that the ozone concentration is relatively low in these two sea-
sons, although the control of the NOx emissions can increase the ozone concentration,20

no high-concentration ozone event will occur. Through further analysis of the days with
high-concentration ozone, it is found that when high-concentration ozone events occur,
more attention must be paid to controlling NOx emissions.
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Table 1. The wind speed and temperature in four seasons (from June 2011 to May 2012) at
GPACS.

Minimum Maximum Mean value Median

Spring Wind speed/ms−1 0 5.4 1.3 1.2
Temperature/◦C 9.4 35.5 22.6 22.9

Summer Wind speed/ms−1 0 6.0 1.4 1.2
Temperature/◦C 23.9 37.1 29.4 28.8

Autumn Wind speed/ms−1 0 5.7 1.5 1.4
Temperature/◦C 16.2 35.3 25.2 25.2

Winter Wind speed/ms−1 0 6.3 1.5 1.4
Temperature/◦C 4.7 26.9 14.2 14.1
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Table 2. Photochemical properties of VOCs and their average mixing ratios at GPACS from
Jun 2011 to May 2012.

Compound MIRa Kb
OH ×1012 Mixing ratio Mixing ratio

(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 2.24 5.16 0.15 0.77
i-Pentane 1.36 3.9 1.72 8.61
n-Pentane 1.22 3.94 1.37 6.86
Methylcyclopentane 1.46 5.1 0.32 1.94
2,3-Dimethylbutane 1.07 6.3 0.13 0.76
2-Methylpentane 1.4 5.6 0.88 5.29
3-Methylpentane 1.69 5.7 0.75 4.51
n-Hexane 1.14 5.6 1.43 8.56
2,4-Dimethylpentane 1.11 5.7 0.37 0.41
Cyclohexane 1.14 7.49 1.65 9.90
2-Methylhexane 1.09 6.9 0.58 4.04
2,3-Dimethylpentane 1.25 5.1 0.26 1.82
3-Methylhexane 1.5 5.1 0.52 3.66
2,2,4-Trimethylpentane 1.2 3.68 0.22 1.79
n-Heptane 0.97 7.15 0.32 2.24
Methylcyclohexane 1.56 10.4 0.26 1.81
2,3,4-Trimethylpentane 0.97 7 0.12 0.96
2-Methylheptane 1.12 8.3 0.08 0.66
3-Methylheptane 0.8 8.6 0.08 0.68
n-Octane 0.68 8.68 0.19 1.54
n-Nonane 0.59 10.2 0.35 3.18
n-Decane 0.52 11.6 0.03 0.29
n-Undecane 0.47 13.2 0.17 1.92
n-Dodecane 0.38 14.2 0.14 1.65

MIRa denotes maximum incremental reactivity (Carter et al., 1994)
kbOH denotes rate constant of VOCs react with hydroxyl radicals at 298 K (Atkinson and Arey,
2003)
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Table 2. Continued.

Compound MIRa Kb
OH ×1012 Mixing ratio Mixing ratio

(ppbv) (ppbc)

Alkenes
Ethene 7.4 8.5 2.99 5.97
Propene 11.57 26.3 1.32 3.96
trans-2-Butene 15.2 64 0.28 1.14
1-Butene 9.57 31.4 0.44 1.77
cis-2-Butene 14.26 56.4 0.22 0.86
trans-2-Pentene 10.47 67 0.03 0.15
1-Pentene 7.07 31.4 0.05 0.23
cis-2-Pentene 10.28 65 0.19 0.97
Isoprene 10.48 101 1.14 5.72
1-Hexene – – 0.67 3.99
Aromatics
Toluene 3.93 5.96 4.59 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 0.41 3.25
o-Xylene 7.58 13.6 0.66 5.28
i-Propylbenzene 2.45 6.6 0.10 0.86
n-Propylbenzene 1.96 5.7 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 2.47
1,2,4-Trimethylbenzene 8.83 32.5 0.21 1.92
1,2,3-Trimethylbenzene 11.94 32.7 0.15 1.32
m-Diethylbenzene 7.08 15 0.12 1.25
p-Diethylbenzen 4.39 10 0.11 1.05

MIRa denotes maximum incremental reactivity (Carter et al., 1994)
kbOH denotes rate constant of VOCs react with hydroxyl radicals at 298 K (Atkinson and Arey,
2003)
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Table 3. Top 10 VOCs species at GPACS based on the Propy-Equiv and MIR scales from
Jun 2011 to May 2012.

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 o-Xylene 5.21
Ethylbenzene 2.85 Ethylbenzene 4.54
Cyclohexane 2.56 1,3,5-Trimethylbenzene 2.87
trans-2-Butene 2.51 trans-2-Butene 2.37
o-Xylene 2.48 1,2,4-Trimethylbenzene 2.22
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Fig.1. Location of observation site at GPACS and its surrounding area (from Google 

Maps). 

 

 

 

Fig.2. The frequency of wind direction plotted by wind rose for four seasons（from June 

2011 to May 2012）at GPACS 

Figure 1. Location of observation site at GPACS and its surrounding area (from Google Maps).
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Figure 2. The frequency of wind direction plotted by wind rose for four seasons (from June 2011
to May 2012) at GPACS
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Fig.3. The diurnal variations of ozone, NOX and VOCs in months（from June 2011 to May 

2012）at GPACS. 

 

 

Fig.4. Average diurnal trends in ozone from June 2011 to May 2012 at GPACS. Colored 

marker represents hourly mean value. The black line gives the standard deviation. 

Figure 3. The diurnal variations of ozone, NOx and VOCs in months (from June 2011 to May
2012) at GPACS.
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2012）at GPACS. 

 

 

Fig.4. Average diurnal trends in ozone from June 2011 to May 2012 at GPACS. Colored 

marker represents hourly mean value. The black line gives the standard deviation. 

Figure 4. Average diurnal trends in ozone from June 2011 to May 2012 at GPACS. Colored
marker represents hourly mean value. The black line gives the standard deviation.
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Figure 5. The relationship between NO2/NO ratio and ozone in four seasons (from June 2011
to May 2012) at GPACS. Colored markers represent hourly mean values.
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Fig.5. The relationship between NO2/NO ratio and ozone in four seasons（from June       

2011 to May 2012）at GPACS. Colored markers represent hourly mean values. 

  

Fig.6. Average fractions of each category based on volume mixing ratio (ppbv), 

carbon-atom-based concentration (ppbC), OH-reactivity-based Propy-Equiv concentration 

(ppbC), and MIR factor weighting concentration. Fractions of each VOCs category

（alkanes, alkenes and aromatics）plotted by bar on four VOCs concentration form (ppbv, 

ppbc, propylene-equivalent concentration and MIR factor weighting concentration) from 

June 2011 to May 2012 at GPACS. 

 

Fig.7. The variation patterns of VOC/NOx ratio and ozone concentration at four seasons 

(from June 2011 to May 2012) at GPACS. Colored markers represent hourly mean value. 

Figure 6. Average fractions of each category based on volume mixing ratio (ppbv), carbon-
atom-based concentration (ppbC), OH-reactivity-based Propy-Equiv concentration (ppbC), and
MIR factor weighting concentration. Fractions of each VOCs category (alkanes, alkenes and
aromatics) plotted by bar on four VOCs concentration form (ppbv, ppbc, propylene-equivalent
concentration and MIR factor weighting concentration) from June 2011 to May 2012 at GPACS.
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Fig.7. The variation patterns of VOC/NOx ratio and ozone concentration at four seasons 

(from June 2011 to May 2012) at GPACS. Colored markers represent hourly mean value. 
Figure 7. The variation patterns of VOC/NOx ratio and ozone concentration at four seasons
(from June 2011 to May 2012) at GPACS. Colored markers represent hourly mean value.
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Fig.8. The variation patterns of VOC/NOx ratio and ozone concentration at high ozone 

episode at GPACS. Colored markers represent hourly mean value. High ozone episode 

refers to the day with an hourly ozone value higher than 93ppbv. 

Figure 8. The variation patterns of VOC/NOx ratio and ozone concentration at high ozone
episode at GPACS. Colored markers represent hourly mean value. High ozone episode refers
to the day with an hourly ozone value higher than 93 ppbv.
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