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a b s t r a c t

A photochemical trajectory model (PTM), coupled with the Master Chemical Mechanism (MCM)
describing the degradation of 139 volatile organic compounds (VOCs) in the troposphere, was developed
and used for the first time to simulate the formation of photochemical pollutants at Wangqingsha (WQS),
Guangzhou during photochemical pollution episodes between 12 and 17 November, 2007. The simulated
diurnal variations and mixing ratios of ozone were in good agreement with observed data (R2¼ 0.80,
P< 0.05), indicating that the photochemical trajectory model e an integration of boundary layer
trajectories, precursor emissions and chemical processing e provides a reasonable description of ozone
formation in the Pearl River Delta (PRD) region. Calculated photochemical ozone creation potential
(POCP) indices for the region indicated that alkanes and oxygenated organic compounds had relatively
low reactivity, while alkenes and aromatics presented high reactivity, as seen in other airsheds in Europe.
Analysis of the emission inventory found that the sum of 60 of the 139 VOC species accounted for 92% of
the total POCP-weighted emission. The 60 VOC species include C2eC6 alkenes, C6eC8 aromatics, biogenic
VOCs, and so on. The results indicated that regional scale ozone formation in the PRD region can be
mainly attributed to a relatively small number of VOC species, namely isoprene, ethene, m-xylene, and
toluene, etc. A further investigation of the relative contribution of the main emission source categories to
ozone formation suggested that mobile sources were the largest contributor to regional O3 formation
(40%), followed by biogenic sources (29%), VOC product-related sources (23%), industry (6%), biomass
burning (1%), and power plants (1%). The findings obtained in this study would advance our knowledge
of air quality in the PRD region, and provide useful information to local government on effective control
of photochemical smog in the region.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The Pearl River Delta (PRD) region is one of the most populated
city clusters in China, where major cities include Hong Kong,
Guangzhou, Dongguan, and Shenzhen. With its astonishing
economic growth, rapid industrialization and urbanization, the
region is facing more andmore serious air pollution problems, such
as photochemical smog, which is characterized by high concen-
trations of ozone (O3) and fine particulates. Indeed, data collected
: þ852 2334 6389.

All rights reserved.
at a background site (i.e. Hok Tsui) show that the O3 levels in the
PRD region increased at a rate of 0.58 ppbv year�1 between 1994
and 2007 (Wang et al., 2009). Elevated surface O3 levels (above
120 ppbv) are commonly observed in autumn in the region and are
of great concern due to the adverse effect on human health, visi-
bility and global climate change (NRC,1991; Godish, 2004). It is well
documented that ground level O3 formation is caused by reactions
of the key precursors volatile organic compounds (VOCs) and
nitrogen oxides (NOx) in the presence of sunlight (Sillman, 1999).
Most previous studies have shown that O3 production is VOC-
limited in the PRD region (Zhang et al., 2007, 2008; Cheng et al.,
2010). For example, Zhang et al. (2008) reported that photochem-
ical O3 production was sensitive to VOCs at an urban site in
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Guangzhou and a rural site, Xinken, downwind of Guangzhou.
Cheng et al. (2010) also found that O3 formationwas VOC-limited at
a rural site (WQS) in Guangzhou, and an urban site (TC) in Hong
Kong. Hence a greater understanding of which specific VOCs
contribute most to O3 formation in the region is important for
developing effective control strategies. VOCs as a group include
many hundreds of species, and each one reacts at different rate and
with a different reaction mechanism. For example, the initial
reaction rates of VOCs with the OH radical vary by factors of 10,000,
and the different molecular structures of VOCs mean that they
possess intrinsically different potentials for photochemical O3
formation. Furthermore, they are also emitted into the atmosphere
at different mass emission rates, depending on the local and
regional industries, land-use and biogenic sources. Hence, the
relative contribution of VOCs to the photochemical O3 formation
varies from one compound to another (Atkinson, 1990; Carter,
1994) and from region to region (Derwent et al., 1996; Chang
et al., 2005; Cheng et al., 2010).

To understand regional O3 pollution and develop effective
strategies to control O3 formation, computer modeling using
detailed descriptions of the chemical degradation mechanism,
emission inventories, and meteorological conditions has been
effectively employed (Utembe et al., 2005; Derwent et al., 2007a).
A photochemical trajectory model (PTM), using the Master Chem-
ical Mechanism (MCM), has been used to simulate photochemical
O3 formation and other secondary oxidant generated in Europe
(Derwent et al., 1996, 2007a; Evtyugina et al., 2007; Pinho et al.,
2009) . An index, the photochemical ozone creation potential
(POCP), was developed to determine the contribution of each VOC
to the regional O3 formation in north-west Europe. The POCP for
a particular VOC is determined by quantifying the effect of a small
incremental increase in its emission on O3 formation along the
trajectory, relative to that resulting from an identical increase in the
emission (on a mass basis) of a reference VOC, which is taken to be
ethene (Saunders et al., 2003). Ethene is a suitable VOC species to
normalize the POCP values because it is one of the most important
O3 precursors with medium reactivity towards hydroxyl radical,
and its chemical degradation processes are also well-defined.
POCPs are available in the literature from earlier studies in Europe
(Derwent and Jenkin, 1991; Carter, 1994; Derwent et al., 1996, 2003,
2007a). For example, Derwent et al. (1996) described the O3
production from the oxidation of methane and 95 other VOCs in air
parcels advected across north-west Europe. Aromatic and olefinic
hydrocarbons showed the highest POCP values, and halocarbons
showed the lowest. Complementary work in the USA by Carter
(1994) defined maximum incremental reactivity (MIR) as the
amount of O3 (grams) formed per gram of VOC emitted in an urban
area. This work also suggested that aromatics and alkenes had the
highest MIR values. Although regional VOC and NOx emissions vary
significantly, recently available observations and emissions inven-
tory data coupled with the local meteorology in the PRD region
have enabled the development of a detailed chemical model to
assess O3 formation in the region. For example, a number of
intensive field sampling campaigns of air pollutants including O3
and its precursors, and laboratory experiments of emission profiles
of VOC sources have been conducted in the PRD region in recent
years (Wang et al., 1998; Wang and Kwok, 2003; Liu et al., 2008;
Zhang et al., 2008; Guo et al., 2009; Zheng et al., 2010). A detailed
emission inventory of air pollutants in Asia including the study
region has been developed by Streets et al. (2003) initially for the
Transport and Chemical Evolution over the Pacific (TRACE-P)
mission undertaken in 2000, and updated by Zhang et al. (2009) for
the Intercontinental Chemical Transport Experiment e Phase
B (INTEX-B) conducted in 2006. Zheng et al. (2009) recently
developed a highly resolved temporal and spatial PRD regional
emission inventory for 2006 with the use of newly available
domestic emission factors and local activity data. These measure-
ment data and emission inventories provide a solid base to this
study for the development of a detailed chemical model in the PRD
region.

A comprehensive field measurement campaign was simulta-
neously carried out at a non-urban site in inland PRD (WQS) and an
urban site (TC) in Hong Kong from October to December 2007, in
order to better understand the photochemical smog problem in this
region. Using this data set, the causes of a multi-day O3 episode
were analyzed in detail (Jiang et al., 2010). In addition, the spatio-
temporal variability of O3 pollution and the impact of regional
transport were overviewed (Guo et al., 2009), and the seasonal
profiles and annual trends of halocarbons were examined (Zhang
et al., 2010).

In this study, a photochemical trajectorymodele employing the
most updated version of a near-explicit photochemical mechanism
(extended MCM v3.1) that describes the oxidation of methane and
139 non-methane VOCsewas developed to simulate the formation
of photochemical pollutants observed at the WQS rural site in
Guangzhou during a photochemical pollution episode between 12
and 17 November, 2007. The PTMwas applied under a near-realistic
situation in south-east China under anticyclone conditions. In this
work we aimed to identify key VOC species and emission source
categories that are most likely to contribute to regional scale O3

formation in south-east China. First we compare the simulated and
observed pollutant mixing ratios at three sites in the PRD, and then
we simulate the reactivity of individual VOCs by calculating their
individual POCP index. Finally, we identify which VOC species and
emission source categories were likely to contribute most to
regional scale O3 formation in the PRD region, with the aim of
assisting local management strategies and comparing with other
regional airsheds.

2. Photochemical trajectory model (PTM)

2.1. Model description

The PTM is a ground level Lagrangian box model, simulating
complex chemical reactions within a well mixed boundary layer air
parcel, which extends from the Earth’s surface up to the top of
a diurnally varying boundary layer. The boundary layer height is
made to vary from 300 m at night to a maximum of 1200 m during
the daytime, based on radio sounding results obtained in the PRD
region during the October 2004 sampling campaign (Fan et al.,
2008). The horizontal dimensions of the air parcel are 3� 3 km.
When the air parcel moves through the pre-located trajectory, it
sequentially picks up emissions from each defined grid cell of
anthropogenic and biogenic VOCs, CO, NOx, SO2 and experiences
photochemical and deposition processes. In this box model, the
secondary compounds and their precursors react among them-
selves according to the defined chemical mechanism (i.e. MCM).

The transport process within the PTM is defined using backward
trajectory path analysis. In this study, the respective backward
trajectories over a 72-h period arriving at WQS, Tung Chung (TC),
and Central/Western (C/W) were calculated using NOAA-HYS-
PLIT4.8 (Draxler and Rolph, 2003) for 1 hour intervals at the ending
point of 200 m above sea level. The hourly output data of the
Weather Research and Forecasting (WRF) model was used to drive
the model. WRF was run in two nested domains with grid spacings
of 36 km and 12 km. The finest domain covers south-east China.
Grid nudging was adopted in the outmost domain to minimize
integration errors. More details of the model description can be
found in Jiang et al. (2008). WRF simulation was conducted for air
parcel arrival times at the three sites of 0000, 0300, 0600, 0900,
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1200,1500,1800 and 2100 hr during the period of 12e17 November
2007, with three-hour resolution for the entire sampling campaign.

2.2. Master chemical mechanism

The chemical mechanism employed in the photochemical
trajectory model is an extended version of the MCMv3.1, which is
a near-explicit chemical mechanism describing the detailed
degradation of a large number of emitted organic compounds and
the resulting generation of O3 and other secondary pollutants
under conditions appropriate to the atmospheric boundary layer
(Jenkin et al., 1997). It currently describes the oxidation of methane
and 139 non-methane VOCs, and contains around 13,500 reactions
involving 5900 chemical species. The MCM can be accessed via the
University of Leeds website (http://mcm.leeds.ac.uk/MCM).

The system of differential equations in the model is integrated
with a variable order Gear’s method within the FACSIMILE software
suite (Curtis and Sweetenham, 1987). The initial mixing ratios for
the majority of VOC species in the model are set to 0.5 ppb and, for
a small number of species, initial mixing ratios are set up for typical
autumn conditions associated with photochemical pollution
episodes in south-east China, as follows: O3 (20 ppbv), NO2
(20 ppbv), CO (600 ppbv), methane (1.79 ppmv), ethane (4.0 ppbv),
propane (3.5 ppbv), ethene (3.5 ppbv), propene (0.6 ppbv), ethyne
(4.5 ppbv), toluene (5.0 ppbv), m,p-xylene (2.5 ppbv), formalde-
hyde (5.0 ppbv) (Guo et al., 2004, 2007; Barletta et al., 2005; Wang
et al., 2008). In order to evaluate the impact of initial VOC mixing
ratios on the model simulation results, a sensitivity test of the PTM
model was carried out by setting up the initial mixing ratios of the
majority of VOC species (except those list above) to each of the
following values: 0.0 ppbv, 0.25 ppbv, 0.5 ppbv, 0.75 ppbv, and
1 ppbv, respectively. The percentage variation of the simulated O3
mixing ratios was approximately 0.5e1.1% among the five different
initial mixing ratios, indicating that variations in the initial
modeled VOC mixing ratios have no significant influence on the
simulated results.

2.3. Emission inventories

The anthropogenic emission inventory employed in this study
was retrieved from the website http://www.cgrer.uiowa.edu/
EMISSION_DATA_new/index_16.html, which is the INTEX-B
inventory of 2006 (Zhang et al., 2009) . It is one of the most
comprehensive and updated analyses of anthropogenic emissions
in south-east China. The INTEX-B inventory, with a resolution of
0.5� � 0.5� and unit of ton/year, includes six major source cate-
gories: power plants, industry, residential biofuel, residential fossil
fuel, residential non-combustion, and transportation.

The biogenic VOC (BVOC) emissions used in this study are
calculated from the Model of Emissions of Gases and Aerosols from
Nature (MEGAN v2.04), which is defined as the MEGAN emission
inventory (Guenther et al., 2006). MEGAN is a global biogenic
emission model, and is designed for both global and regional
emission modeling with a global coverage of about 1 km2 spatial
resolution. Only emissions of isoprene, a-pinene and b-pinene
obtained from the MEGAN were used in the PTM as these three
species accounted for themajority of the total BVOC emission in the
region.

In addition to the above emission inventories, a 2006-based PRD
emission inventory (21�2704700e23�5601300N and 111�5905000e115�

2404800E, exclusive of Hong Kong and Macau) developed by Zheng
et al. (2009) and an emission inventory for Hong Kong compiled
by Hong Kong Environmental Protection Department (HKEPD)
were also used in this study. The two emission inventories for the
year of 2006, with a high resolution of 3� 3 km, were compiled
with newly available domestic emission factors and local activity
data. These two inventories include six major categories i.e. power
plants, industry, mobile sources, VOC product-related sources,
biogenic sources and biomass burning.

For the target area, the allocation of total VOC emissions from
a source to each VOC is obtained by applying a source profile
database to each source category. The speciation profiles for each
source category were drawn from two major information sources:
a source profile database including vehicle exhaust, gasoline vapor,
paint, asphalt, industrial and residential coal burning, biomass
burning, and the petrochemical industry (Liu et al., 2008), and the
USEPA SPECIATE 4.2 database (http://www.epa.gov/ttn/chief/
software/speciate/, a database of total organic compounds’ profiles
for a variety of sources). The overall emission amount of each VOC
in this study is thus obtained by multiplying the species profile of
a specific source category by the total VOC emission for the same
source category, and summing the emissions of the specific VOC
from the major source categories. To couple with the master
chemical mechanism, the anthropogenic VOC emissions from each
source category were allocated to the 139 VOC species, which
accounted for 93� 5% of the total emissions, taking into consider-
ation that some emitted chemical species do not appear in the
chemical mechanism (MCM v3.1).

2.4. Meteorological and air quality data

The main observational data used to evaluate model perfor-
mance were taken at WQS in Guangzhou (Fig. 1). WQS (latitude
22�430N, longitude 113�330E) is a non-urban site situated at the
mouth of Pearl River estuary, with the Panyu urban centre 30 km to
the northwest, Dongguan city 40 km to the northeast, and Zhuhai
about 50 km to the south. The sampling/measurements were con-
ducted on the rooftop of a building in a secondary school, about
15 m above the ground level. Influence from local emissions was
assumed not to be significant, largely because of the sparse pop-
ulation and light traffic. This site is at the geographical centre of the
PRD region and downwind of the inner PRD in autumn/winter,
which makes it a good location to characterize the air pollution in
the inland PRD. The measurement data therefore represents the
regional pollution in the inner PRD region. Further details about the
site are described in Guo et al. (2009) and Cheng et al. (2010).

Air pollution data were collected at WQS from 23 October to 1
December, 2007. The measured chemical species included O3, CO,
SO2, NOx, and specific VOCs including carbonyls, hydrocarbons, and
halocarbons. During the sampling period, ambient VOC samples
were collected on selected days, i.e., 26e27 October, 13, 15e17, 23
November, and 1 December. A detailed description of the
measurement techniques and VOC quality control and assurance
can be found in Guo et al. (2009). For hydrocarbons and halocar-
bons,102 ambient VOC samples were collected in 2-L stainless steel
flasks and the mixing ratios of 61 species were quantified. For
carbonyls, 32 ambient samples were collected using a carbonyl
sampler (ALDEHYDE, UNIT #7) by passing air through a silica
cartridge impregnated with acidified 2, 4-dinitrophenylhydrazine,
and a total of 11 species were quantified. In addition to the above
chemical measurements, several meteorological parameters were
monitored including wind speed and direction, temperature, rela-
tive humidity and solar radiation.

To further evaluate model performance, measured data from
urban Hong Kong air quality monitoring stations were also used
(http://epic.epd.gov.hk/ca/uid/airdata). The selected stations were
TC and C/W. TC (22�180N, 113�560E) is a residential site located on
northern Lantau Island of Hong Kong, which is a newly-developed
residential town. The C/W station (22�170N, 114�080E) is located at
the northwest of Hong Kong Island and represents a typical Hong

http://mcm.leeds.ac.uk/MCM
http://www.cgrer.uiowa.edu/EMISSION_DATA_new/index_16.html
http://www.cgrer.uiowa.edu/EMISSION_DATA_new/index_16.html
http://www.epa.gov/ttn/chief/software/speciate
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http://epic.epd.gov.hk/ca/uid/airdata


Fig. 1. Location of sampling site in Guangzhou, China (WQS).
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Kong urban site, which is influenced by residential and traffic
emission sources.

3. Results and discussion

3.1. Comparison of simulated and observed data

To evaluate the model performance, the simulated pollutant
mixing ratios were compared with those observed at WQS (Fig. 2).
The simulated NOx showed reasonable agreement with the
observed values on most of the days except on the 15 and 16
November (R2¼ 0.44). The observed peak NOx mixing ratios in the
morning (i.e. 8 a.m.) were 108 ppbv and 128 ppbv on the 15 and 16
November, respectively, while the simulated NOx mixing ratios at 8
a.m. were only 51 ppbv and 63 ppbv, respectively. The difference
may be attributed to chimney emissions of upwind power plants in
Humen town of Dongguan, where the air masses had passed over in
Fig. 2. Comparison of simulated (red dots) and observed (blue lines) O3 and
these two days, and/or the high vertical gradient of NOx due to the
fact that the PTM assumes that pollutants are completely mixed in
the vertical direction. Another important factor for the difference
may be related to the uncertainties in the 2006-based PRD emission
inventory, which showed that there was medium to high uncer-
tainty for the NOx emission and high uncertainty for VOC and CO
emissions (Zheng et al., 2009).

For O3, themodel simulated the diurnal variations verywell, and
the correlation coefficient (R2) of simulated values with observed
O3 mixing ratios was 0.80 (p< 0.05), indicating that together the
PTM and combination of boundary layer trajectories, precursor
emissions and chemical processing provided a reasonable
description of O3 formation in the PRD region. However, the
simulated mixing ratios were generally higher than the observed
values during the sampling periods with peak value differences
ranging from 0.9 to 16%, especially in the afternoon, the simulated
O3 mixing ratios did not decline as rapidly as the observed O3
NOx concentrations at WQS, TC, and C/W from November 12e17, 2007.



Fig. 3. Backward trajectories of air parcels whose arrival time at WQS was 3 p.m. from
12e17 November, 2007.

Fig. 4. Temporal variations of meteorological parameters at WQS between 12
November and 17 November, 2007.
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values. The overestimation of the simulated mixing ratios might be
partially due to the fact that no horizontal dispersion was consid-
ered in this model.

The model simulation was based on the combination of the
2006-based PRD emission inventory (3� 3 km), MEGAN emission
inventory and the INTEX-B inventory (0.5� � 0.5�). The simulation
results using highly resolved 3� 3 km emission inventory were
closer to the observed data than those only based on the INTEX-B
and MEGAN emission inventories (here R2¼ 0.02, p¼ 0.31 for NOx,
R2¼ 0.78, p< 0.05 for O3). The large difference of predicted NOx

mixing ratios between different horizontal grid resolutions indi-
cates that different resolutions of precursor emissions have
a significant impact on model simulations.

To further evaluate the performance of the PTM, comparison of
the simulated O3 and NOx with measured data at other locations
(i.e. TC and C/W) in the PRD region during the 12e17th of
November was conducted. The model simulation was generally
able to capture the diurnal O3 variations and exhibited good
agreement with measurements. For example, the correlation
coefficient (R2) of simulated values with observed O3 mixing ratios
was 0.68 (p< 0.05) and 0.59 (p< 0.05) at C/W and TC, respectively
(Fig. 2). During the period, the weather conditions showed a typical
phenomenonwhich is common in the autumn season. Namely, the
weather is sunny, and the sky is cloudless, and air mass movements
from both North China and South China Sea are weak, which leads
to a fairly stable weather system. In response to the common
meteorological conditions in Hong Kong, the observed O3 mixing
ratios generally remained at a low level of about 40 ppbv at the two
sites between 12 and 17 November, 2007.

In summary, the above results indicated that the PTM can
provide a reasonable description of O3 formation in both O3 episode
and non- O3 episode days in the PRD region. It should be noted that
an exact agreement between simulated and observed mixing ratios
is unrealistic because of the absence of vertical and horizontal
dispersion in the PTM. However, the model simulation results can
guide control strategies for photochemical oxidants under typical
meteorological conditions with elevated O3 mixing ratios over PRD
region.

3.2. Contribution of individual VOCs to O3 formation

3.2.1. The base case model experiment to calculate the POCP values
Fig. 3 shows the backward trajectories of air parcels whose

arrival time at WQS was 3 p.m. from 12 to 17 November, 2007. On
all days the air masses originated from Zhejiang province and
passed through Fujian province including Fuzhou, except for 12
November when the air mass crossed Jiangxi province including
Shangrao. The air mass then passed over Guangdong province
including Huizhou, Shenzhen and Dongguan, and eventually
arrived at WQS on all days. Almost all the air masses had similar
pathways to the receptor site during the photochemical pollution
episode days when a relatively high-pressure systemwas formed in
south-east China, corresponding to an anticyclonic flow structure
over the region. This was accompanied by successive days of high
temperatures (around 27 �C), long hours of sunshine, weak wind
speed (lower than 1.0 m s�1) and nearly cloudless skies, favorable to
the formation of photochemical smog (Fig. 4). Thesemeteorological
features have been frequently associated with elevated O3 mixing
ratios in the PRD region (Wang et al., 1998; Wang and Kwok, 2003;
Lam et al., 2005).

As a typical case for studying regional scale O3 formation,
a backward trajectory from 13 November (3 p.m. arrival time at
WQS) was selected to determine the contribution of each VOC to
the photochemical O3 formation. This trajectory was defined as the
base case experiment to calculate the POCP value of each VOC. Over
a 72-h period this particular air mass trajectory initialized from
Lishui, Zhejiang province, passed over Fujian province including
Fuzhou and Xiamen, then most parts of Guangdong province
including Huizhou, Shenzhen and Dongguan, before ultimately
arriving at WQS (Fig. 5). Wherever the air mass passed over, it
picked up the local emissions of air pollutants. Based on the INTEX-
B inventory, the 2006-based PRD emission inventory, and the
MEGAN emission inventory, the time-integrated NOx and VOC
emissions for this air mass trajectory during the 72-h period were
242 and 317 kg km�2, respectively.

The Photochemical ozone creation potential (POCP) concept is to
provide a VOC ranking under conditions which lead to elevated
ozone. Hence POCP’s calculated using the base case photochemical
trajectory model, would be appropriate for the region under similar
conditions and can be used to describe the relative contribution of
each VOC to O3 formation at the regional scale (Section 1). The
POCP for a given VOC ‘i’ is defined by Eq. (1),

POCPi ¼ ozone increment with the ith VOC
ozone increment with the ethene

� 100 (1)

The POCP for each VOC was calculated from the result of a separate
model experiment, each having the same mass increment in VOC
emission (6.8% of the total integrated VOC emission across the
entire model domain) above the base case experiment. The 72-h



Fig. 5. Climatological chart of wind field and surface pressure at 15:00 on 13
November, 2007.
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PTM was rerun 139 times, once for each VOC species described in
MCM. It is noteworthy that the choice of 6.8% increase in the VOC
emission was arbitrary and had no policy significance. It amounted
to 21.6 kg km�2 in a total VOC emission of 317 kg km�2. The extra
Table 1
POCP values for 139 volatile organic compounds relative to ethene (¼100).

VOC POCP VOC POCP VO

Alkanes Alcohols and Glycols Ar
Ethane 9 Methanol 11 Be
Propane 13 Ethanol 34 To
n-Butane 30 n-Propanol 41 o-
i-Butane 28 i-Propanol 21 m-
n-Pentane 32 n-Butanol 43 p-
i-Pentane 35 2-Butanol 45 Eth
tert-Pentane 14 2-Methyl-1-propanol 38 Pr
n-Hexane 36 2-Methyl-2-propanol 9 i-P
2-Methylpentane 38 3-Pentanol 49 1,2
3-Methylpentane 45 2-Methyl-1-butanol 46 1,2
2,2-Dimethylbutane 19 3-Methyl-1-butanol 50 1,3
2,3-Dimethylbutane 46 2-Methyl-2-butannol 22 o-
n-Heptane 40 3-Methyl-2-butanol 45 m-
2-Methylhexane 39 Cyclohexanol 65 p-
3-Methylhexane 48 Diacetone alcohol 28 5-
n-Octane 34 Propylene glycol 43 3,5
n-Nonane 36 Ethylene glycol 20 Sty
n-Decane 43 Methylbutenol 46 Be
n-Undecane 42 2-Butoxy Ethanol 56
n-Dodecane 43 Al
Cyclohexane 38 Esters Fo

Methyl formate 26 Ac
Alkenes Methyl acetate 5 Pr
Ethene 100 Ethyl acetate 17 Bu
Propene 160 n-Propyl acetate 22 1-
1-Butene 102 i- Propyl acetate 22 Va
cis-2-butene 216 n-Butyl acetate 22 Ac
trans-2-butene 229 s-Butyl acetate 29 Me
Isobutene 91 t-Butyl acetate 4 Cr
1-Pentene 84
cis-2-Pentene 161 Ethers and Glycol Ethers Ke
trans-2-Pentene 161 Methyl ether 26 Ac
2-methyl-1-Butene 93 Diethyl ether 72 Bu
3-methyl-1-Butene 75 Methyl t-butyl ether 16 Pe
2-methyl-2-Butene 202 Diisopropyl ether 54 3-
1-Hexene 91 tert-Butyl ethyl ether 29 Ee
cis-2-Hexene 141 Methyl proxitol 58 Me
trans-2-Hexene 141 Methyl glycol 38 Eth
2-Butene 169 Ethyl glycol 54 Me
Alkynes Butyl oxitol 58 Me
Ethyne 6 n-Butoxypropanol 77 Cy
VOC emission stimulated additional O3 formation over the base
case, and this incremental quantity of O3 can be defined for
a particular point along the trajectory or integrated over the entire
trajectory (Derwent et al., 1996, 1998; Saunders et al., 2003).

In this study, POCP values were calculated for all 139 non-
methane VOCs using the extended MCM v3.1 (Table 1). Similar to
previous studies (Jenkin et al., 2003; Saunders et al., 2003), alkanes
and oxygenated organic compounds have relatively low POCP
values while alkenes and aromatics have high POCP values. The
POCP values for alkanes ranged from 9 to 48, with ethane showing
the lowest value (9). There was an increasing trend for POCP values
with carbon number up to C6, and then the POCP values remained
relatively constant for carbon numbers from C7 to C12. The alkenes
exhibited high POCP values, ranging from 75 (3-methyl-1-butene)
to 229 (trans-2-butene). In addition, the POCP values of aromatics
ranged from �85 to 197 with the highest value for 1,3,5-trime-
thylbenzene and the lowest POCPs (negative) for benzaldehyde and
styrene. The low POCP value for benzaldehyde was likely due to its
rapid photo-oxidation to nitrophenol. As a comparatively unreac-
tive reservoir for both free radicals andNOx, nitrophenol inhibits the
O3 formation. The negative POCP value for styrenemay then also be
attributed to its degradation to benzaldehyde, which is rapidly
oxidized into nitrophenol (Derwent et al., 1996; Jenkin et al., 2003).

For the oxygenated organic compounds, aldehydes showed the
highest mean POCP values, ranging from 30 to 116. The ethers and
C POCP VOC POCP

omatics Chloro and hydrochlorocarbons
nzene 3 Methylchloride 1
luene 36 Methylene chloride 3
Xylene 91 Chloroform 1
Xylene 111 Methylchloroform 1
Xylene 88 Tetrachloroethene 2
ylbenzene 34 Trichloroethene 23

opylbenzene 23 cis-1,2-Dichloroethene 37
ropylbenzene 24 trans-1,2-Dichloroethene 34
,3-Trimethylbenzene 165 Vinyl chloride 68
,4-Trimethylbenzene 179 1,2-Dichloroethane 4
,5-Trimethylbenzene 197 1,1-Dichloroethene 58
Ethyl toluene 68 1,2-Dichlropropane 5
Ethyl toluene 85 1,1-Dichloroethane 4
Ethyl toluene 59 Chloroethane 7
Ethyl-m-xylene 170 1,1,2,2-Tetrachloroethane 7
-Diethyl toluene 145 1,1,2-Trichloroethane 3
rene �33 Organic Acids
nzaldehyde �85 Methanoic acid 2

Ethanoic acid 9
dehydes Propanoic acid 13
rmaldehyde 67
etaldehyde 116 Dialkenes
opionaldehyde 74 Isoprene 171
typraldehyde 63 1-3 Butadiene 113
Butyraldehyde 58
leraldehyde 79 Monoterpenes
ryladehyde 30 a-pinene 152
thacrylaldehyde 35 b-pinene 110
otonaldehyde 50

Hydrobromocarbons
tones Bromomethane 0
etone 8 1,2-Dibromoethane 1
tanone 28
ntanone 45 Other species
Pentanone 26 Dimethoxymethane 17
thyl 1-propyl ketone 33 Dimethyl carbonate 1
thyl n-butyl ketone 47 Ethylene oxide 1
yl n-propyl ketone 45
thyl 1-butyl ketone 65
thyl t-butyl ketone 18
clohexanone 39
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glycol ethers exhibited slightly lower mean POCPs (16e77), fol-
lowed by the alcohols and glycols (9e65) and ketones (8e65). In
particular, acetone, often used as a solvent, showed a remarkably
low POCP value (8), indicating that it could be a potential substitute
for the relatively higher reactivity aromatic VOCs in a solvent. It can
be seen that esters have the second lowest mean POCP values
among the oxygenated species (4e29) whereas organic acids pre-
sented the lowest values (2e13), suggesting their low contributions
to O3 formation. The halocarbons showed negligible mean POCP
values (1e7), with the exception of the chloroethenes (23e68),
which therefore should be considered in the assessment of target
VOC reduction. The negligible POCP values of halocarbons may be
attributed to their low reactivity with OH radicals and the reduced
number of CeH bonds which decreased the number of HO2 radicals
formed (Derwent et al., 1996).

3.2.2. Comparison of POCPs with previous studies
Fig. 6 compares the POCP values of VOCs in the PRD region

obtained by the extended MCM v3.1, with those calculated in
Europe byMCM v3 (Jenkin et al., 2003; Saunders et al., 2003). There
was similar general trend in VOC POCP values between the two
regions, especially for alkanes and some oxygenated organic
compounds like ketones and alcohols, whereby their POCP values
in the two regions were almost the same. However, there were
distinct differences between the PRD region and Europe for the
aromatics and alkenes, with consistently higher POCP values for
alkenes and reactive aromatics in the PRD than in Europe, and
lower values for the least reactive aromatics in the PRD than in
Europe. For example, the trans-2-butene POCP was 229 in the PRD
but 111 in Europe, while those of styrene and benzaldehyde were
�33 and�85 in the PRD compared to 14.5 and�10.4 in Europe. The
large difference between the POCP values may be attributed to
different emissions of NOx and VOCs, variable VOC distributions
and meteorological conditions such as solar radiation and
temperature between the PRD and Europe. Another factor for the
aromatic species may be that the mechanism used in this study
(extended MCM v3.1) has been updated from that used in Europe
study (MCM v3), in particular it represents aromatic degradation
more completely and gives amore reasonable description of known
organic product formation, even though previous studies have
Fig. 6. Comparison of POCP values of target VOCs in the PRD region (using MCM v3.1)
with those reported in Europe (using MCM v3).
shown that the POCPs calculated with MCM v3.1 by Derwent et al.
(2007b) are reasonably similar to those using MCM v3 by Jenkin
et al. (2003) in Europe.

To further evaluate the PTM model results, we compared the
POCP values obtained in this study with those predicted by the
maximum incremental reactivity (MIR) method proposed by Carter
(1994) from smog chamber mechanism studies (Fig. 7). In general,
the POCP values showed a good agreement with the MIR values
(R2¼ 0.80, p< 0.05). Both values indicated that alkenes and
aromatics were the most reactive and alkanes were least reactive
even though the two methods were developed for different
scenarios. However, there were some remarkable differences
between the two schemes. The POCP method showed that trans-2-
butene was the most reactive VOC species, compared to 1,3,5-tri-
methylbenzene for the MIR scale. The POCP scale also showed that
alkenes were stronger contributors to O3 formation compared to
the MIR method. The difference between POCP and MIR schemes is
likely because the POCPs obtained in this study focused on specific
regional emissions, VOC distribution and long-range transport,
while theMIRmethod was associated with the urban scale and was
developed for Los Angeles condition (Carter, 1994).

3.2.3. The Contribution of VOC species to O3 formation
To thoroughly understand the relative contribution of each VOC

to O3 formation in the PRD region, a method combining the POCP
index with the emission inventories is adopted, in which the
importance of each VOC towards O3 formation potential is ranked
using its POCP-weighted emission (Table 2). In other words, the
POCP-weighted value of each VOC was obtained in terms of an
ethene-equivalent method (i.e. the emission of the VOC in the PRD
region (kt yr�1) multiplies by its POCP value/100). Based on the PRD
emission inventory, the sum of the anthropogenic and biogenic
VOC emissions in this region (21�2704700e23�5601300 N and
111�5905200e115�240480E0) is 1180.1 kt yr�1 (Zheng et al., 2009). We
used the total emission from the whole region to calculate the
emissions of individual VOCs e rather than the emission in the
grids where the trajectory passed over e as this would not affect
the relative ranking of the VOCs in terms of their POCP-weighted
value. Table 3 lists the top 15 VOCs with the highest reactivity
(POCPs) and emission rates (kt/yr) in the PRD region. Trans-2-
butene, cis-2-butene, 2-methyl-2-butene, 1,3,5-trimethylbenzene,
2,3-Dimethylbut-2-ene 1,2,4-trimethylbenzene, isoprene, and
propene had high POCP values, while isoprene, toluene, benzene,
ethene, and formaldehyde had elevated emission rates, accounting
Fig. 7. Comparison of POCP and MIR values for 56 volatile organic compounds, which
are available in both MCM (this study) and MIR (Carter, 1994).



Table 2
60 key volatile organic compounds included in the photochemical trajectory model together with their mass emission rates, POCPs and POCP-weighted emissions.

VOC species Emission (kt/yr) POCP POCP-weighteda VOC species Emission (kt/yr) POCP POCP-weighteda

Isoprene 74.10 171 126.71 n-Hexane 7.94 36.17 2.87
Ethene 60.15 100 60.15 trans-2-Hexene 1.91 141.00 2.69
a-pinene 28.80 152 41.65 n-Butane 7.97 30.46 2.43
m-Xylene 37.45 111 43.78 cis-2-Hexene 1.64 140.88 2.30
Propene 25.59 160 41.06 i-Butane 7.81 27.58 2.15
Formaldehyde 40.92 67 27.51 2-Methylhexane 5.43 39.35 2.14
Toluene 66.93 36 24.32 Ethyne 35.92 5.90 2.12
1,2,4-Trimethylbenzene 13.55 179 24.18 3-methyl-1-Butene 2.49 74.74 1.86
b-pinene 20.80 110 19.76 trans-2-Pentene 1.09 170.72 1.86
Acetaldehyde 17.02 116 15.20 n-Octane 5.22 33.98 1.77
o-Xylene 16.73 91 22.88 3,5-Diethyl toluene 1.09 144.85 1.58
cis-2-butene 6.77 216 14.63 Propane 11.95 12.52 1.50
trans-2-butene 6.22 229 14.25 2,3-Dimethylbutane 3.16 45.76 1.44
1-Butene 13.37 102 13.69 n-Decane 3.38 42.68 1.44
1,3,5-Trimethylbenzene 5.58 197 10.97 n-Undecane 3.07 41.83 1.28
m-Ethyl toluene 11.95 85 10.17 2-methyl-1-Butene 1.09 92.51 1.01
i-Propylbenzene 42.23 24 9.99 1-Hexene 1.09 91.03 0.99
2-methyl-2-Butene 4.80 202 9.68 Isobutene 1.09 90.67 0.99
1-3 Butadiene 7.00 113 7.95 n-Nonane 2.63 36.38 0.96
1,2,3-Trimethylbenzene 4.78 165 7.92 p-Ethyl toluene 1.59 59.37 0.94
Methyl 1-butyl ketone 10.60 65 6.89 Propylbenzene 3.99 23.09 0.92
i-Pentane 16.87 35 5.90 n-Butoxypropanol 1.09 77.00 0.84
Ethylbenzene 15.93 34 5.34 Propionaldehyde 1.09 73.67 0.80
1-Pentene 6.22 84 5.25 Acetone 8.76 8.43 0.74
2-Methylpentane 13.78 38 5.23 Cyclohexanol 1.09 64.70 0.70
n-Pentane 14.13 32 4.57 1-Butyraldehyde 1.09 58.34 0.63
o-Ethyl toluene 5.58 68 3.82 2-Butoxy Ethanol 1.09 56.00 0.61
3-Methylhexane 7.17 48 3.47 Cyclohexane 1.44 38.26 0.55
Ethane 34.86 9 3.03 n-Butyl acetate 2.27 22.31 0.51
n-Heptane 7.61 40 3.02 2-Butanol 1.09 45.07 0.49

a Emission amount� POCP value/100.
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for 7.3%, 6.6%, 6.2%, 6.0%, and 4.1% of the total emission rates,
respectively. Other species, such as m-xylene, ethyne, and ethane
also exhibited high emission rates. The most abundant 15 VOC
species accounted for 54.9% of the total VOC emission rates in the
PRD region.

After taking into account both photochemical reactivity (POCP)
and the emission amount of each VOC, isoprene, ethene, a-pinene,
m-xylene, propene, formaldehyde toluene, and 1,2,4-trime-
thylbenzene became the key emitted precursors to photochemical
O3 formation in the PRD region. The top 15 species in terms of
POCP-weighted emissions contributed 74% to the O3 formation in
the region but only accounted for 43% of the total VOC emissions,
suggesting that species with either high reactivity or large
Table 3
The top 15 VOCs with the highest reactivities (POCPs), and emission rates in the PRD
region.

VOC POCP VOC Emission rates
(kt/yr)

Trans-2-butene 229 Isoprene 74.1
Cis-2-butene 216 Toluene 66.93
2-methyl-2-Butene 202 Benzene 62.90
1,3,5-Trimethylbenzene 197 Ethene 60.15
2,3-Dimethylbut-2-ene 190 Formaldehyde 40.92
1,2,4-Trimethylbenzene 179 m-Xylene 37.45
Isoprene 171 Ethyne 35.92
Trans-2-Pentene 171 Ethane 34.86
Cis-2-Pentene 171 a-pinene 28.8
5-Ethyl-m-xylene 170 Propene 25.59
1,2,3-Trimethylbenzene 165 b-pinene 20.8
Propene 160 Acetaldehyde 17.02
a-pinene 152 i-Pentane 16.87
3,5-Diethyl toluene 145 o-Xylene 16.73
Trans-2-Hexene 141 n-Pentane 14.13
emissions do not necessarily have high contributions to O3
formation. For example, trans-2-butene was the most reactive
compound among the VOCs studied, but its contribution to O3
formation only ranked twelfth due to its low emission. In contrast,
ethyne and benzene accounted for a relatively high percentage of
the total VOC emission (3% and 5%, respectively), yet they had
negligible contribution to O3 formation because of their low reac-
tivity. The results imply that the emission quantity together with
reactivity of individual VOCs should be considered when strategies
for photochemical O3 pollution control are formulated and imple-
mented. Furthermore, the sum of the most abundant 60 VOC
species accounted for 92% of the total POCP-weighted emission of
the 139 non-methane VOCs (Table 2). The rest (79 VOCs) were
either emitted in small amount or were relatively unreactive,
resulting in contributions of only 8% to the total POCP-weighted
emissions. The results suggest that a relatively small number of
VOC species are responsible for regional scale O3 formation in the
PRD region.

The relative contribution of individual VOC species to O3
formation in the PRD region was also investigated using an obser-
vation-based model (OBM) (Cheng et al., 2010). Both the OBM and
PTM models used the same data set for model simulations. The
results from both models showed that m,p-xylene, toluene,
o-xylene, and formaldehyde were important precursor species to
O3 formation in the region, and that photochemical O3 formation
can be mainly attributed to a small number of VOC species.
However, there were some important differences between the two
modeling results. For example, POCP-weighted values using PTM
showed that isoprene was the most important contributor to O3
formation, whereas the OBM results found that isoprene had
a negligible effect on the O3 formation. The difference between the
two models might be partly due to the fact that POCP-weighted
values in the PTM incorporated the contributions of VOCs to O3
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Fig. 8. Source contributions to anthropogenic VOC emissions (A) and source contributions to regional ozone formation (B).
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formation at a regional scale, while the OBM results were relatively
site-specific.

3.3. The contributions of VOC emission sources to O3 formation

To determine the relative contributions of the main VOC emis-
sion source categories to O3 formation, for a given source category
each VOC’s fraction by mass was multiplied by the total emission
from that source category, then the emission of each VOC was
multiplied by its POCP. The total POCP-weighted emissions for each
source category were then summed for each VOC species, and the
relative contribution of each source category to the O3 formation
was thus obtained.

Based solely on the highly resolved PRD emission inventory,
mobile sources were the most important contributor to VOC
emissions in the PRD region (47%), followed by VOC product-
related sources (29%), biogenic sources (12%), industry (8%),
biomass burning (2%), and power plants (1%) (Fig. 8). By compar-
ison, when POCP-weighted emissions were taken into account,
mobile sources remained the largest contributor to regional O3
formation (40%), followed by biogenic sources (29%), VOC product-
related sources (23%),industry (6%), biomass burning (1%), and
power plants (1%). The highest contribution of mobile sources to
regional O3 formation is attributed to relatively more reactive
compounds such as alkenes or aromatics present in vehicle exhaust
emissions. The results also indicated that biogenic sources had
a large contribution to regional O3 formation in the PRD region.

4. Conclusions

A photochemical trajectory model (PTM), combing an updated
version of the MCM, boundary layer trajectories, precursor emis-
sions and chemical processing, was developed and employed to
simulate the formation of photochemical oxidants at WQS,
Guangzhou during a photochemical pollution event from 12 to 17
November, 2007. This is the first time that the photochemical
trajectory model containing detailed chemical mechanism was
used in the PRD region to assess the relative influence of individual
VOCs to regional O3 formation. Good agreement between the
simulated and observed diurnal variations of O3 (R2¼ 0.80,
p< 0.05) suggested that the PTM simulation could provide
a reasonable description of O3 formation in the PRD region.
However, the model performance of NOx simulation was inferior
and most of the observed NOx mixing ratios were higher than the
simulated values. The apparent discrepancymay be due to chimney
emissions of upwind power plants in Humen town of Dongguan,
and/or the high vertical gradient of NOx, and/or the high uncer-
tainties in the 2006-based PRD emission inventory.

Model simulations showed that alkanes and oxygenated organic
compounds had relatively low POCP values while alkenes and
aromatics hadhighPOCPvalues. After taking into account bothPOCP
values and emission amounts, the top 15 VOC species contributed
about 74% to the total POCP-weighted emission in the PRD region,
and the top 60 VOC species accounted for 92%, indicating that
regional-scale O3 formation in the PRD region can be mainly attrib-
uted to a relatively small number of VOC species. Further analysis
suggested thatmobile sourcewas responsible for 40% of the regional
O3 formation, followed by biogenic sources (29%), VOC products-
related (23%), industry (6%), biomass burning (1%), and power plants
(1%). The results of this study should assist future policy develop-
ment in targeting specific VOCs and emission source categories
responsible for the air pollution episodes in the PRD region.
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